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In this paper, we study the statistical properties of Principal Components Regression with Laplacian
Eigenmaps (PCR-LE), a method for non-parametric regression based on Laplacian Eigenmaps (LE).
PCR-LE works by projecting a vector of observed responses Y = (Y7, ..., Y;) onto a subspace spanned
by certain eigenvectors of a neighbourhood graph Laplacian. We show that PCR-LE achieves minimax
rates of convergence for random design regression over Sobolev spaces. Under sufficient smoothness
conditions on the design density p, PCR-LE achieves the optimal rates for both estimation (where the
optimal rate in squared L2 norm is known to be n~2/25+4)) and goodness-of-fit testing (n~4/#s+d)),
We also consider the situation where the design is supported on a manifold of small intrinsic dimension m,
and give upper bounds establishing that PCR-LE achieves the faster minimax estimation (n~25/(2s+m))
and testing (n=4/Astm)y rates of convergence. Interestingly, these rates are almost always much faster
than the known rates of convergence of graph Laplacian eigenvectors to their population-level limits; in
other words, for this problem regression with estimated features appears to be much easier, statistically
speaking, than estimating the features itself. We support these theoretical results with empirical evidence.

Keywords: Laplacian Eigenmaps; non-parametric regression; principal components regression; Sobolev
space; minimax rates.

1. Introduction

Laplacian Eigenmaps (LE) [8] is a method for nonlinear dimensionality reduction and data representa-
tion. Given data points {X,,...,X,} C R LE maps each X; to a vector (Vi 4+ -+ »Vg,;) according to the
following steps.

1. First, LE forms a neighbourhood graph G = (V, W) over the points {X|,...,X,}. The graph G
is an undirected, weighted graph, with vertices V = {X;,...,X, }, and weighted edges Wij which
correspond to the proximity between points X; and X;.

2. Next, LE forms an (unweighted) graph Laplacian matrix L € R™*", a symmetric and diagonally
dominant matrix with diagonal elements L; = >, W;;, and off-diagonal elements L;; = —Wj;.
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3. Finally, LE takes the eigendecomposition L = >/ ;A kvkv,;r, and outputs the vectors
(V-5 Vki) € RX foreachi=1,...,n.
A natural way to use LE is by taking the collection of vectors {(v, ;, ..., Vg )}i_, to be features in a

downstream regression algorithm. In this paper, we study a simple method along these lines: Principal
Components Regression with Laplacian Eigenmaps (PCR-LE), a method for non-parametric regression
which operates by running ordinary least squares (OLS) using the features output by LE. Given pairs of
design points and responses (X;,Y;), ..., (X,,Y,), PCR-LE computes an estimate? e R,

Fi=argmin Y —fI3, (1.1)

fespan{vy,...,vk}

where Y = (Yy,...,Y,) € R"is the vector of responses and || - ||, denotes the usual Euclidean norm in
R". (For a formal definition of LE and PCR-LE, see Section 2.2.)

LE has been practically very successful, and by now has been used for various statistical tasks such
as spectral clustering, manifold learning, level-set estimation, semi-supervised learning, etc. At this
point there exists a rich literature [9, 15, 16, 19, 23, 27, 28, 44, 59, 60, 69] explaining this practical
success from a theoretical perspective. Loosely speaking, these works model the design points as being
independent samples from a distribution P with density p, and show that in this case the eigenvectors of
the graph Laplacian L are good empirical approximations of population-level objects. These population-
level objects are eigenfunctions ;,—meaning solutions, along with eigenvalues p;, to the equation
Apyr, = p ¥ —of a density-weighted Laplacian operator defined via

Apf = ! div(p? V). (1.2)
p

(Here div stands for the divergence operator, and V for the gradient. See (2.4) for the formal definition
of (o, ¥).) These eigenfunctions in turn characterize various interesting structural aspects of p, such
as the location and number of high- and low-density regions, the shape and intrinsic dimension of its
support and so forth.

These aforementioned works justify LE as method for data representation, by establishing that
each feature vector (v ;,...,vg ;) serves an empirical approximation to an idealized representation
(W (X)), ..., ¥g(X;)). They also provide quantitative guarantees for the accuracy with which LE
approximates this ideal representation. However, this theory does not focus on the statistical properties
of PCR-LE for classical regression problems such as estimation and testing. That is the major question
we address in this paper. We adopt the usual model of non-parametric regression with random design,
where one observes independent pairs (X;, Y7), ..., (X,,Y,) of design points and responses. We assume
the design points {X;, ..., X} are sampled from an unknown distribution P supported on Z" C R4, and
the responses follow a signal plus Gaussian noise model,

Y, =foX) +w;,  w; ~N(@O,1), (1.3)

with noise variables w; independent of design points X;. The regression function f; is unknown but
assumed to belong to a Sobolev space H*(Z"). We consider two settings: one where 2 is a full-
dimensional domain, and the other where 2" is a low-dimensional submanifold of R¥. In each setting,
we derive upper bounds which imply that the PCR-LE estimatefand a test using the statistic T= |[7||%
are statistically optimal methods for two classical problems in non-parametric regression: estimation and
goodness-of-fit testing.
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Sobolev spaces and spectral series regression. To analyse PCR-LE, we work in a classical situation
where the regression function is assumed to belong to a (Hilbert-)Sobolev space. For an open domain
2 C R4, the Sobolev space H*(Z") consists of all functions f € L*>(2") which are s-times weakly
differentiable, with all order-s partial derivatives D*f € L?(2"). We study regression over Sobolev
spaces in part because, generally speaking, the minimax rates are well understood; as mentioned before,
when the domain 2 is full-dimensional they are n=2%/>%49 for estimation, and n=*/®*+9 for testing.
For this reason, regression over Sobolev spaces is a good setting to see whether PCR-LE measures up to
more standard minimax optimal approaches, which have strong theoretical guarantees but are less often
used in practice. We give a more specific comparison between PCR-LE and some of these more classical
methods in Section 6.

We also view PCR-LE as being particularly well suited for regression over Sobolev spaces due to
their close connection with spectral series regression. Spectral series regression computes generalized
empirical Fourier coefficients @, := }l >t Y (X)), and truncates to the K-lowest frequency
eigenfunctions of Ap, producing the estimate

K
f@) =D ayx. (1.4)
k=1

Spectral series regression is intrinsically linked with Sobolev spaces. That is because under appropriate
boundary conditions, a ball in the order-s Sobolev space consists of functions f = >, a, ¥, € L>(Z)
for which the generalized Fourier coefficients {a;}32, satisfy the decay condition >, a,% pp < C (See
Section 2.3 for more details). This decay condition justifies the truncated series estimator (1.4), since
it means the truncation will incur only a limited amount of bias for any f;, € H*(Z"). For this reason
spectral series regression over Sobolev spaces has been well-studied—at least when .2~ = [0, 1]9—since
at least Rice [51],' and its optimality properties are by this point generally well understood.

PCR-LE serves as an empirical approximation to spectral series regression, since as already
mentioned the eigenvectors v, are empirical approximations to the eigenfunctions v, of Ap. Viewed
in this light, a major advantage of PCR-LE is that it operates without needing knowledge of the design
distribution P. This is an advantage because in our context P is an unknown and potentially complex
distribution: for example, it can be highly non-uniform, have a complicated support which may be a
submanifold of R? or both. In contrast, spectral series regression relies on diagonalizing the density-
weighted Laplacian Ap, and in our context must be viewed as an oracle method; to emphasize this
we henceforth refer to the estimator defined in (1.4) as population-level spectral series regression. On
the other hand, intuitively PCR-LE incurs some extra error using an empirical approximation to the
underlying basis {1, };2: our work shows that in many cases, this extra error is not enough to change
the overall rate of convergence.

1.1  Main contributions

Summarized succinctly, our main contribution is to theoretically analyse non-parametric regression
with PCR-LE and establish upper bounds which imply that this method often achieves optimal rates
of convergence over Sobolev spaces.

1" And proposed much earlier in the context of density estimation by Cencov [67].
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Rates of convergence: population-level spectral series regression. As we have already mentioned, the
minimax optimal rates over Sobolev spaces are generally well known, as are upper bounds for population-
level spectral series methods which match these rates. However, we could not find precisely stated results
applying to our setting, which is quite general in the following respects.

*  We consider Sobolev spaces H*(Z") for all combinations of s and d. This includes the subcritical
regime where the smoothness parameter s satisfies s < d/2; in this regime H*(Z") does not
continuously embed into the space of continuous functions C%(2).

*  We consider general design distributions P, which may satisfy certain regularity conditions but are
not limited to being, say, the uniform distribution over [0, l]d .

For completeness, we analyse population-level spectral series methods in this general setting, and
establish upper bounds showing that such methods converge at the ‘usual’ rates of n=2%/ @+ for
estimation and n~*/®#*4 for testing. This analysis relies heavily on certain asymptotic properties of the
continuum eigenfunctions v, and eigenvalues p;, which hold for quite general second-order differential
operators . including the density-weighted Laplacian £ = Ap.

Rates of convergence: PCR-LE. The rest of our results consist of various upper bounds on the rates of
convergence for the PCR-LE estimatorf, and a test using the statistic |[?||%. These upper bounds quantify
how PCR-LE can take advantage of either smooth higher order derivatives, low intrinsic dimension of
the design distribution or both, in an optimal manner. We consider two kinds of assumptions for the
design distribution P, which we refer to as the flat Euclidean and manifold settings. In the first case we
suppose the design distribution P has support .2~ which is a full-dimensional set in R?, and that the true
signal f;, lies in a ball in the Sobolev space H*(.Z"), (See Section 2.1 for the formal assumptions.) In this
case our main contributions are as follows:

*  We show that the PCR-LE estimator?has in-sample mean-squared error on the order of n=2%/(>s+d),

for any number of derivatives s € N and dimension d (Theorems 1 and 3).

¢ We show that a test based on the statistic |[?||%, calibrated to have controlled type I error, has non-

trivial power so long as the squared L> norm of fo 1s at least n~4/@s+d) for any number of derivatives
s € N and dimension d € {1,2,3,4} (Theorems 2 and 4).

We then consider the behaviour of PCR-LE in the manifold setting, where the design distribution is
supported on an (unknown) domain 2" which is a submanifold of R? of intrinsic dimension m € N, m <
d. (Again see Section 2.1 for the formal assumptions.) In this case, our main contributions are as follows:

*  We show that the PCR-LE estimator?has in-sample mean squared error of at most 72/ 2+ when
s € {1,2,3} and for any m € N (Theorem 7).

¢ We show that a test based on the statistic |[?||%, calibrated to have controlled type I error, has non-

trivial power so long as the squared L> norm of Jo 1s at least n~4/Gstm when s € {1,2,3) and
m € {1,2,3,4} (Theorem 8).

To the best of our knowledge, the minimax rates for non-parametric regression with random design
over unknown manifolds have only been worked out for Holder classes, and even in this case the
calculations are only for s < 2 bounded derivatives [12, 73]. Our upper bounds confirm that these
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TABLE 1 Summary of PCR-LE estimation rates over Sobolev balls. The bold font marks minimax
optimal rates. In each case, rates hold for all d € N (in the flat Euclidean setting), and for all
m € N,1 < m < d (in the manifold setting). Although we suppress it for simplicity, in all cases when
the PCR-LE estimator is optimal, the dependence of the error rate on the radius M of the Sobolev ball
is also optimal.

Smoothness order Flat Euclidean Manifold
<3 n—2s/(2§+d) n—2§/(2s+m)
s>3 n—28/2s+d) n—6/(6+m)

TABLE 2 Summary of PCR-LE testing rates over Sobolev balls. The bold font marks minimax optimal
rates. Rates when d > 4s assume that f;, € LY "), and depend on Wfoll 42y Although we suppress it
for simplicity, in all cases when other PCR-LE test is optimal, the dependence of the error rate on the
radius M of the Sobolev ball is also optimal.

Smoothness Dimension Flat Euclidean Manifold

order

s=1 dim(%2) < 4 n—4s/(4s+d) 4/ @s+m)
dim(%2) >4 n—1/2 n-1/2

s=2o0r3 dim(2) <4 n—4s/(4s+d) s/ @s+m)
4 <dim(Z) < 4s n—28/Qs=1)+d) =28/ QGs=1)+m)
dim(Z) > 4s n—1/2 n-l/2

s>3 dim(Z2) <4 n—4s/@s+d) n—12/(12+d)
4 <dim(Z) < 4s n—28/Q(s=1)+d) p—6/(4+m)
dim(Z) > 4s n—1/2 n-1/2

rates are the same for Sobolev spaces—in estimation, when loss is measured in empirical norm—for the
values of s and m mentioned above.

In all these cases, our bounds also depend optimally on the radius M of the Sobolev ball under
consideration. However, for some values of s (number of derivatives) and d (dimension), there do exist
gaps between our upper bounds on the error of PCR-LE and the minimax rates. Although we do not give
corresponding lower bounds verifying the tightness of our analysis, we believe these gaps reflect the true
behaviour of the method rather than some looseness in our analysis, and we comment more on this at
relevant parts in the text. For completeness, we summarize all of our upper bounds—those which match
the minimax rates, and those which do not—in Tables 1 and 2.

Perspective: regression error versus feature reconstruction. We now pause for a moment, to emphasize
that in a certain respect the aforementioned rates of convergence for PCR-LE are quite surprising.
Remember that PCR-LE is a regression method using features (eigenvectors v, of the graph Laplacian
L) which are themselves empirical estimates of population-level quantities (eigenfunctions v, of the
density-weighted Laplacian Ap). It seems reasonable to expect that the error of PCR-LE should be
decomposed into two parts: first, the error with which these empirically derived features estimate their
continuum limits; second, the error with which, given ideal population-level features, the regression
function is estimated.
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Crucially, our analysis does not work in this way. This is important because all known upper bounds
on the rates at which v, — 1, as n — oo are much slower than the minimax rates for regression
over Sobolev classes. For instance, the best currently known upper bound on the empirical L? error
% i (v — ¥, (X,)? is only of the order of n=2/“4+4 [19], which is slower than the minimax
estimation rate over H*(Z") for any s € N,s > 1.” Although this upper bound may not reflect the
true rate of convergence of graph Laplacian eigenvectors—this is still an active area of research, and
no lower bounds are known—it seems very unlikely that the true rate matches the minimax estimation
rate n=2%/ 25+ 'which after all approaches the dimension-free rate 1/ for large values of s. The bottom
line is that the rate at which graph Laplacian eigenvectors are known to converge to density-weighted
Laplacian eigenfunctions is too slow to explain the upper bounds we establish for PCR-LE.

Instead of relying on convergence of eigenvectors to eigenfunctions, our analysis proceeds via a
bias-variance decomposition at the level of the graph. As usual for OLS estimates, the variance term
depends only on the degrees of freedom df (?) = tr(VKVID = K. More surprisingly, the bias can also
be upper bounded without appealing to concentration of eigenvectors vy, . .., Vg around eigenfunctions
Yy, ..., Yg; for instance, we show in Lemma C.1 that for estimation the squared bias is at most of the
order of f(;r L’fy /(A 1)

Ultimately, our upper bound on the error of PCR-LE is determined entirely by a pair of graph
functionals: the quadratic form foT L’fy, and the graph Laplacian eigenvalue Ay, . This brings a couple
of advantages:

» First, it eliminates the need to analyse convergence of eigenvectors to eigenfunctions, which is critical
in order to get sufficiently fast rates of convergence for PCR-LE, as we have already explained.
Instead, we only have to consider these two graph functionals, both of which are known to converge
at faster rates than graph Laplacian eigenvectors.

* Second, in order to obtain upper bounds on |[?— b ||ﬁ we do not require that these graph functionals
themselves converge to population-level limits, but only that they be stochastically bounded on the
right order. The latter is a much weaker requirement.

To derive our upper bounds on the error of PCR-LE, we directly analyse the quadratic form fOT L*f,
and the eigenvalue A, |, using some existing results as well as deriving some new ones which may be
of independent interest.

To summarize, our work demonstrates, broadly speaking, that regression using estimated features
can be analysed independently from the estimation error of the features themselves. Regression using
learned features—that is, a feature representation derived from the data itself—is a general and widely
applied paradigm, and we believe this observation may have consequences outside of its application to
PCR-LE in this work.

1.2 Related work

Laplacian smoothing. In a previous paper [31], we (the authors) considered an alternative method for
non-parametric regression via neighbourhood graphs: Laplacian smoothing, defined as the solution to

2 To make matters worse, PCR-LE, when deployed optimally, does not use a single eigenvector vy, for a fixed index k € N, but
rather many eigenvectors vq,...,vg with K growing in n. As K grows larger, the rate at which vk — g gets slower, since the
population-level object being estimated is less regular; see [15, 28].
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the following optimization problem,

minimize ||Y — f|3 + AfTLf. (1.5)
feR®

Laplacian smoothing is a penalized method for regression, where the penalty functional f ' Lf serves as
a discrete approximation to the continuum functional J(f) := f IVf(x) ||2p2 (x) dx [13]. In the univariate
setting (d = 1), this casts Laplacian smoothing as a discrete and density-weighted alternative to a first-
order thin-plate spline estimator, which is defined as the solution to

. 1 )
minimize ;Z(Y,. —fXN?+IP). (1.6)

feH'®) n =

When d = 1 the first-order thin-plate spline estimator enjoys excellent theoretical properties, such as
being minimax optimal over the first-order Sobolev space H'(R). However, when d > 2 the story
changes dramatically: the problem (1.6) is in fact not even well-posed. In contrast, in this previous
paper, we showed that Laplacian smoothing was a well-posed and consistent estimator for any (fixed)
dimension d, and achieved minimax optimal rates for estimation and testing so long as d € {1, 2,3, 4}.

However, Laplacian smoothing neither takes advantage of smooth higher order derivatives, nor is it
provably optimal over H' (Z") for dimensions d > 5. One of our motivations for considering PCR-LE
was to find an estimator which addressed these deficiencies. In this work we indeed establish that PCR-
LE has much stronger optimality properties than those we derived for Laplacian smoothing, or indeed
those known for any other method of regression using neighbourhood graphs.

One way to interpret this difference between PCR-LE and Laplacian smoothing is to view the latter as
a ridge regression problem. This follows from writing the Laplacian smoothing penalty as a (weighted)
ridge penalty in the spectral domain, fTLf = Do )»k(v,jf)z. Dhillon et al. [20] establish conditions
under which principal components regression can have smaller risk than ridge regression using the same
set of features. Viewed in this light, our work shows this phenomenon occurs when the features are
eigenvectors of a neighbourhood graph Laplacian and the estimand is a function in Sobolev space. It
also establishes that principal components regression can obtain the minimax rate of convergence even
when ridge fails to do so. Interestingly, this is not the case if the function class in question is an RKHS
[21], and further motivates the study of regression over Sobolev spaces in the subcritical regime, where
surprising new phenomena emerge.

Other related work.Much of the work regarding regression using neighbourhood graph Laplacians deals
with semi-supervised learning, where in addition to the labelled data (X, Y), ..., (X, Y,) one observes
unlabelled points (X, 10 Xp)s and the task is to produce an estimate at labelled and unlabelled points
alike. To this end, the landmark paper of [75] proposed to interpolate the observed values by harmonic
extension, i.e. compute the Laplacian matrix Ly corresponding to a graph formed over all design points

Xy, ..., X}, and then solve the constrained problem

minimize ' Lyf subjectto f, =Y, fori=1,...,n.
feRN

3 This can be explained by reference to the Sobolev Embedding Theorem, since it is an implication of this theorem that
convergence of a sequence of functions {fy}yeny — f in first-order Sobolev norm implies pointwise convergence only when
d=1.
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Conventional wisdom says that harmonic extension is sensible only when the responses are noiseless,
Y; = fy(X;), and that in the noisy setting one should instead solve the penalized formulation

n
minimize Y, — )2 4+ Af TLyf. 1.7
inim §< P+ TLyf (1.7)

Notwithstanding their intuitive appeal, both the constrained and penalized problems have issues when
d > 1 and n/N — 0: the estimates tend towards degeneracy, meaning they are ‘spiky’ at labelled data
points and close to constant everywhere else [17, 18, 48]. One solution to this problem is to instead use
LE for semi-supervised learning (SSL-LE), i.e. compute the eigendecomposition Ly = zﬁzl Mgy
and, letting U € R™*X be the matrix with entries Uy, = uy.; and columns Uy, . .., U, solve the problem.

n
Ce 2

jeiminimize, | 2, ~1)" as)
[46, 74] analyse SSL-LE in a particular asymptotic regime where the number of labelled points 7 is held
fixed while the number of unlabelled points N —n — oo. They show that the SSL-LE estimator achieves
minimax optimal rates—as a function of the number of labelled points n—over Sobolev spaces. However,
in the particular asymptotic regime when 7 is fixed and N —n — o0, the n lowest frequency eigenvectors
of the graph Laplacian Ly all converge to their continuum limits. Consequently, the SSL-LE estimator
converges to the population-level spectral series estimator, and the analysis of SSL-LE reduces to that
of the population-level method. As we have already explained, the supervised setting (where N = n) we
consider in this work is very different, and analysing PCR-LE necessitates an entirely different approach,

In this supervised setting, there has been relatively little work regarding random design regression
with neighbourhood graph Laplacians. Aside from our own work on Laplacian smoothing, summarized
above, we highlight two other related papers: Lee et al. [46], who analyse a variant of PCR-LE, but derive
suboptimal rates of convergence, and Garcia Trillos and Murray [26], who study Laplacian smoothing

.....

fo € CH(Z), which is slower than the minimax rate (log n/n)~/4+4 for this function class [65].

Most work on supervised learning using graphs adopts a fixed design perspective, treating the design
points X; = x;,...,X, = x, as vertices of a fixed graph, and carrying out inference with respect to
the conditional mean vector (f,(x;), ..., fy(x,)). In this setting, matching upper and lower bounds have
been established that certify the optimality of graph-based methods for estimation [38, 42, 43, 53, 54,
71]) and testing [55-58] over different ‘function’ classes (in quotes because these classes really model
the n-dimensional vector of evaluations). This setting is quite general, because the graph need not be a
geometric graph defined on a vertex set which belongs to Euclidean space. On the other hand, depending
on the data collection process, it may be unnatural to model the design points as being a priori fixed, and
the estimand as being a vector which exhibits a discrete notion of ‘smoothness’ over this fixed design.
Instead, we adopt the random design perspective, and seek to estimate a function that we assume exhibits
a more classical notion of smoothness.

Roadmap. We now outline the structure of the rest of this paper. In Section 2, we give our formal
modelling assumptions, and precisely define the PCR-LE estimator and test we study. Propositions 1
and 2, in Section 2.3, show that under rather general (non-parametric) conditions on the design
distribution, population-level spectral series methods achieve minimax rates of convergence over
Sobolev classes. Then in Sections 3 and 4 we give our main upper bounds on the error of PCR-LE.
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These upper bounds (summarized above) hold under similarly general conditions, and imply that the
PCR-LE estimator and test are also minimax rate-optimal. In Section 5 we examine the empirical
behaviour of PCR-LE, and show that even at moderate sample sizes PCR-LE is competitive with
population-level spectral series regression. We conclude with some discussion in Section 6.

Notation. We now introduce some notation; for ease of reference, we include a table summarizing
notation in Appendix A.

We frequently refer to various classical function classes, starting with the Lebesgue space L2(.2"),
defined differently depending on whether 2~ < R< is a full-dimensional open set or a compact
Riemannian manifold. When .2~ C R is a full-dimensional open set, letting dv denote the Lebesgue
measure, the space L?(2) refers to the set of v-measurable functions f for which |[f||i2 @) = Ir Zdv <
0o. When 2 is a compact Riemannian manifold, letting du denote the volume form induced by the
embedding of .2 into RY, the space L?(.2") refers to the set of u-measurable functions f for which
|[f||i2 ) = f f2du < oco. We also define an inner-product over these spaces: for a measure P which

admits a density p with respect to v, we define (f, g)p := [ f(x)g(x)p(x) dv(x); likewise, if P admits a
density p with respect to u, (f,g)p = ff(x)g(x)p(x) du(x). We refer to the norm |[f||%, = (f.f)p as
the squared L2 (P)-norm. The inner product (f, g) p and squared norm |[f||123 have empirical counterparts
{fr8hy = 3 it fXDg() and [If 17 = § 3, [F X1

We use CK (Z) to refer to functions which are k times continuously differentiable in 2, either
for some integer k > 1 or for k = oo. We let C2°(Z") represent those functions in C*°(Z") with
support V compactly contained in 2", meaning V is compact and V. C 2". We write 9f/dr; for the
partial derivative of f in the ith standard coordinate of R¢, and use the multi-index notation D*f :=
alelfy 0% x, ... 0%x, for multi-indices @ € N4, Recall that for a given multi-index o € N, a function f
is a-weakly differentiable if there exists some h € L'(2") such that

/hg=(—1>'“‘/fD"‘g, for every g € C2°(2).

If such a function / exists, it is the ath weak partial derivative of f, and denoted by D*f := h. For
functions f which are |«|-times classically differentiable, this coincides with the classical definition of
derivative, and so we use the same notation for both.

For a vector v € R", we write ||v|| = ||v|l, for Euclidean norm and |v| = ||v||; for £; norm; we will
sometimes abuse notation by taking ||v||ﬁ = %||v||2. We let d »-(x', x) be the geodesic distance between
points x and x’ on a manifold 2. Then for a given § > 0, B(x,§) is the radius-§ ball with respect
to Euclidean distance, whereas B 4-(x, 8) is the radius-6 ball with respect to geodesic distance. Letting
T.(Z") be the tangent space at a point x € 2, we write B, (v, §) C T,.(Z") for the radius-§ ball centred
atve T (Z).

For sequences (a,) and (b,), we use the asymptotic notation a, < b, to mean that there exists a
number C such that a, < Cb, for all n. We write a, < b, when a, < b, and b, < a,. On the other
hand we write a,, = o(b,) when lima, /b, = 0, and likewise a,, = w(b,)) when lim a,,/b, = oo. Finally
aV b := max{a,b} and a A b := min{a, b}.

2. Preliminaries

We begin in Sections 2.1-2.2 by precisely defining the models (random design points, Sobolev regression
functions) and methods (PCR-LE) under consideration. Then in Section 2.3, we analyse the behaviour
of population-level spectral series regression.
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2.1 Non-parametric regression over Sobolev spaces

As mentioned, we will always operate in the usual setting of non-parametric regression with ran-
dom design. We observe independent random samples (X;,Y;),...,(X,,Y,), where the design points
X,,...,X, are sampled from a distribution P with support Z~ C R4, and the responses follow (1.3). We
now formulate two sets of assumptions on the design distribution P, in which the support 2" is either a
flat Euclidean or manifold domain. We also review the definition of L2-Sobolev spaces in both cases.

Flat Euclidean setting. We will use the phrase flat Euclidean to refer to a design P satisfying the following
pair of conditions:

*  The support 2 of the design distribution P is an open, connected and bounded subset of RY, with
Lipschitz boundary.

* The distribution P admits a Lipschitz density p with respect to the d-dimensional Lebesgue measure
v, which is bounded away from 0 and oo,

0 < pmin S PX) < prax <00, forallxe 2.

Note that at various points we will also assume that the density p € C¥(.2") for some integer k > 1.
For a flat Euclidean domain and an integer s > 1, the order-s Sobolev space is defined as follows.

DEFINITION 1. (Sobolev space on a flat Euclidean domain). For an integer s > 1, a function f € L2(2)
belongs to the Sobolev space H*(Z") if for all ¢ € N9, la| < s, the weak derivatives D*f exist and
satisfy DYf € L*>(2). The jth order semi-norm for f € H*(%') is flaicay = Z|a\=j ID*f 122, and
the corresponding squared norm

S
2 o 2 2
Vs 2y = W12 0y + D W lEicrys
j=1

induces the Sobolev ball
H(Z M) = {f € H'(Z) : fllgscay <M}

When s > 1 our results will also require that f; satisfy a zero-trace boundary condition. Recall that
H?(Z') can alternatively be defined as the completion of C*°(2") in the Sobolev norm || - || s 4. The
zero-trace Sobolev spaces are defined in a similar fashion, as the completion of CZ°(Z") in the same
norm.

DEFINITION 2. (Zero-trace Sobolev space). A function f € H*(Z") belongs to the zero-trace Sobolev
space Hy(2") if there exists a sequence f, f5, . . . of functions in CZ°(Z") such that

hIl’l ”fk —f||Hv(£‘) = 0
k— 00

The normed ball Hy(2"; M) := Hy(Z") N H* (2" M).

Boundary conditions play an important role in the analysis of spectral methods, as we explain further
in Section 2.3. For now, we limit ourselves to pointing out that for functions f € C*°(Z"), the zero-trace
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condition can be stated more concretely, as implying that ka / on* (x) =0foreachk=0,...,s—1,and
for all x € 9.2". (Here d/(dn) is the partial derivative operator in the direction of the normal vector n.)

Manifold setting. As in the flat Euclidean case, we start with some regularity conditions on the design.
For the second condition, recall that the reach R is the largest radius of a ball which can be rolled around
the manifold .2"; mathematically,

r>0

R:= [sup :Vz e RY, inf |[z—x||<r, ¥ ye X st ||z—y| = inf ||z—x||] .
xeZ xeZ

We will use the phrase manifold design to refer to a design P satisfying the following conditions:

e The support 2" of the design distribution P is a closed, connected and smooth Riemannian manifold
(without boundary) embedded in R9, of intrinsic dimension 1 < m < d.

e The manifold 2 has positive reach R > 0.

* The design distribution P admits a Lipschitz density p with respect to the volume form du induced
by the Riemannian structure of 2", which is bounded away from 0 and oo,

0 < prin S PX) <Pprax <00, forallxe 2.

There are several equivalent ways to define Sobolev spaces on smooth manifolds. We will stick with
a definition that parallels our set-up in the flat Euclidean setting as much as possible. To do so, we first
recall the notion of partial derivatives of a function f defined on 2". These are defined with respect
to a local coordinate system. Letting 7y, ...,r,, be the standard basis of R™, for a given chart (¢, U)
(meaning an open set U C 27, and a smooth mapping ¢ : U — R™) we write ¢ =: (x,...,x,,) inlocal
coordinates, meaning x; = r; o ¢. Then the partial derivative df /dx; of a functionf : Z° — Ratx e U
is

of . d(fop™h
=
X; ar;

1 1

().

The right-hand side should be interpreted in the weak sense of derivative. As before, we use the multi-
index notation D*f := dlolf/3%1x, ... 39%x .

DEFINITION 3. (Sobolev space on a manifold). A function f € LX(2) belongs to the Sobolev space
H(Z) if for all @ € N |a| < s, the weak derivatives DYf exist and satisfy D*f € L*(Z").
The jth order semi-norm |f|g; 9, the norm |[f||ps(2-), and the ball H*(2"; M) are all defined as in
Definition 1.

As we defined them, the norm ||f| s -y and ball H* (Z; M) are highly non-intrinsic, in that they
depend on the choice of local coordinates. However, any two coordinate systems will result in equivalent
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norms,* and so the definition of H*(.2") is independent of local coordinates. Additionally, all of our upper
bounds on the estimation and testing error of PCR-LE hold up to constant factors, regardless of what
choice of local coordinates is made. For an alternative, more intrinsic definition of a Sobolev space on a
manifold, see [34].

2.2 Principal components regression with Laplacian Eigenmaps

We now formally define the estimator and test statistic we study. Both are derived from eigenvectors
of a graph Laplacian. For a function n : [0,00) — [0,00), and a radius parameter ¢ > 0, let
G = ({X;,...,X,}, W) be the neighbourhood graph formed over the design points {X|,...,X,}, with
a weighted edge W;; = n(||X; — X;||/¢) between vertices i and j. We refer to 7 as a similarity kernel, or
just kernel for short.

Then the neighbourhood graph Laplacian L, , : R" — R is defined by its action on vectors u € R"
as

L X, - X,
(Lyeu); = 2t dm(Z) > (“i - ”j) ’7( p ) 2D
=1

(Here dim(Z") stands for the dimension of 2. It is equal to d in the flat Euclidean setting and equal
to m in the manifold setting. The pre-factor (ne2Hdim(2)) 1 ensures non-degenerate stable limits as
n — 00,& — 0). Note that (nedim(Z)+2y . L,, = D — W, where D € R™" is the diagonal degree
matrix, D;; = > Wy

The graph Laplacian is a positive semi-definite matrix, and admits the eigendecomposition L, , =
> My, where for each k € {1,...,n} the eigenvalue-eigenvector pair (A, v;) satisfies

2
L, evi=Mves vz = 1.

We will assume without loss of generality that each eigenvalue A of L, , has algebraic multiplicity 1, and
so we can index the eigenpairs (A;,v),..., (%,,v,) in ascending order of eigenvalue, 0 = A; < A, <
L <A,
The PCR-LE estimator f defined in (1.1) simply projects the response vector Y onto the first K
eigenvectors of L, .. Since the eigenvectors of the graph Laplacian are orthonormal with respect to the
Euclidean inner product on R", we can more simply write this as

n’vn

F=VeViy, (2.2)

where Vi, € R™X s the matrix with kth column Vi ik = V-

4 Recall that norms || - II{ and || - |2 on a space .# are said to be equivalent if there exist constants ¢ and C such that

cllflt = fllz = Cliflly - forallf € 7.
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The PCR-LE test statistic is
~ . 1
T:=|fl?>= ZYTVKVI}VY, (2.3)

and can be used to determine whether f, = 0.

2.3 Population-level spectral series regression

We now establish some upper bounds on the error of population-level spectral series regression when
fo € H*(Z'), which imply that such methods achieve optimal rates of convergence for both estimation
and testing. The upper bounds we establish are ‘usual’ in the sense that they match the rates n=2/(2s+4)
(estimation) and n~%/“s+d) (testing) which are already known in many cases. However, they are unusual
in that we treat both the case where s < d/2 and thus the Sobolev space H*(%Z") does not continuously
embed into C(Z"), and the case where P is not the uniform distribution over the unit cube. The upper
bounds given in this section serve two purposes: first, to clarify what the rates are in these less-
typically studied settings; second, to show that even in this general setting, population-level spectral
series regression can always obtain the optimal rates. The latter point is important since the method we
focus on for the most part, PCR-LE, is an empirical approximation to population-level spectral series
regression.

Spectrally defined Sobolev spaces. Suppose we have a flat Euclidean design P supported on 2. Recalling
the density-weighted Laplacian A p, defined in (1.2), we consider the eigenvector equation with Neumann
boundary conditions,

9
ApY=py. oY =0ond2. 2.4)

The eigenvector equation (2.4) has enumerable solutions (o, V), (0, ¥,),..., sorted as usual in
ascending order of eigenvalue [27]. These eigenvalues and eigenfunctions can be used to give a spectral
definition of Sobolev spaces: these are the spaces

(L) = [Zaktﬁk eLX(2): ) aip; < oo} , (2.5)

k=1 k=1

with norm |[f||2t%px(%) = a,%p,i for f = > a, ¥, and corresponding ball
(X M) = {f € L) Wl sy <M} (2.6)

Under appropriate regularity conditions JZ°(Z") consists of functions f € H*(:Z") which also satisfy
some additional boundary conditions. For instance if p € C*°(2") and 32" € C"! then Dunlop et al.
[22] show that for any s > 1,

JALS

H(X) = [f e HS(Z) : 5
n

=0ondZ, forallOfrfs—l], 2.7
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and likewise > (27) = #%(2) N H¥ () for any s > 0. Additionally, the norms ||| s
and |[f [l s g are equivalent.

Estimation with spectral series regression. Recall the population-level spectral series estimator f defined
in (1.4). We now give an upper bound on the mean-squared error of f.

ProPOSITION 1. In the flat Euclidean setting, assume additionally that 8 2 € CH!, p € C®°(Z), f, €
(X ;M) and |[f0||12D < 1. Then there exists a constant C which does not depend on f;, M or n such

that the following statement holds: if the population-level spectral series estimator in (1.4) is computed

with parameter K = max{ I_M 2nJ d/Qstd) , 1}, then

)—2s/(2s+d) 1 ] 289

n

E [|[}7—f0||%,] < Cmax [M2 (M2n

When the Sobolev ball radius n~!/2 < M, the upper bound in (2.8) is of the order of
MZ%(M?n)~2/@s+d) This is well known to be the minimax rate of estimation over the Sobolev classes
H ([0, l]d; M) whens > d/2;seee.g. [33, 66, 72] and references therein, and specifically Theorem 3.2 of
[33] for a matching lower bound in the context of non-parametric regression with random design. On the
other hand there seems to have been much less study of minimax rates over H*([0, 1]¢; M) when s < d/2.
In this subcritical regime, the Sobolev space contains functions without continuous representatives, and
certain questions become more subtle; see our remark after Theorem 3. However, Proposition 1 confirms
that in this regime the minimax rates (with loss measured in squared-L2 (P) norm) are still of the order
of M? (Mzn)’%/ @st+d) gince a matching lower bound follows from the known estimation rates over
C*([0,1]%) < H*([0, 11%) [64].

Testing with spectral series regression. In the goodness-of-fit testing problem, one asks for a test
function—formally, a Borel measurable function ¢ that takes values in {0, 1}—which can distinguish
between the hypotheses

H, : fy =/, versus H, : f, € °(Z ;M) \ {f§}. (2.9)

To fix ideas, here and throughout we focus on the signal detection problem, meaning the special case
where f = 0.5 We are interested in how large |1 ||129 needs to be in order for a level-a test to have power
of at least b, for some a,b € (0,1). For more background on non-parametric goodness-of-fit testing
problems, see [40]. _ _

A natural test statistic for the signal detection problem is 7 = |[f||%,. The population-level spectral
series test ¢ = 1{7’ > K/n + /2K /an?} has bounded Type I error, Eyl@] < a(l + o(1)) so long
as (M?n)>4/Gs+d) < p_ Proposition 2 gives an upper bound on the Type II error that holds over all
fo € (2" M) for which |[fy||3 is sufficiently large.

PRroOPOSITION 2. Fix a,b € (0, 1). In the flat Euclidean setting, suppose additionally that the density p is

known, that 3.2" € C"!, p € C¥(), fy € H°(Z ;M) for some s > d/4, and |[f0||24(%) < 1. Then

there exists a constant C which does not depend on f;,, M or n such that the following statement holds: if

5 This is without loss of generality since all the test statistics we consider are easily modified to handle the case when fé‘ is not
0, by simply subtracting fa‘ (X;) from each observation Y;, with no change in the analysis.

€202 4940y00 /| uo 3senb Aq 98€59Z//€2Z/E/Z |L/BI0N./IEIEW/WO0D"dNO"jWapede//:SdjY WOy papeojumoq



LAPLACIAN EIGENMAPS REGRESSION 2437

the population-level spectral series test ¢ is computed with parameter K = max{ LM 2nJ 24/ @stD 1}, 1f

(M2n)2/Gs+d) < and if

1
I3 = C min[Mz(Mzn)“‘S/ tstd), - (2.10)

then the Type 11 error is upper bounded, E [1 — ¢] < b.

Assuming again that n~ /2 < M, the right-hand side of (2.10] is M?(M?n)~*/@s+d 'matching the
usual minimax critical radius over Sobolev space. (See [32, 39, 40]; specifically, Ingster and Sapatinas
[39] show that the minimax squared critical radius is of the order of n~4/@std) \when M = 1, and
simple alterations of their analysis imply the rate M>(M?n)~*/@s+4) for general M.) On the other
hand, when s < d/4 the minimax regression testing rates over H*(.2") are not known. If one explicitly
assumes f; € L*(Z ; 1)—note that H°(2") does not continuously embed into L*(.2") when s < d/4—
then the minimax critical radius for regression testing is of the order of n~!/? [32], and is achieved
by a test using the naive statistic ||Y||ﬁ. In other words, the regression testing problem over Sobolev
spaces fundamentally changes when s < d/4, and hereafter when we discuss testing we will limit our
consideration to s > d/4.

The main takeaway from Propositions 1 and 2 is that population-level spectral series methods for
regression achieve optimal rates of convergence, when the regression function f; is Sobolev smooth
and the design distribution P is known a priori and satisfies an appropriate notion of smoothness.°
We reiterate that when the design distribution is unknown, these methods have to be treated as oracle
methods, in contrast to PCR-LE. As we will see, PCR-LE achieves comparable rates of convergence
when p is sufficiently smooth but potentially unknown.

Of course, it is worth pointing out that other methods besides PCR-LE are statistically optimal for
non-parametric regression even when p is unknown. We comment more on some of these in Section 6,
after we have derived our major results regarding PCR-LE.

3. Minimax optimality of PCR-LE

In this section we give upper bounds on the error of PCR-LE in the flat Euclidean setting. We will divide
our theorem statements based on whether the regression function f;, belongs to the first order Sobolev
class HY(2) or a higher order Sobolev class (H(S)(% ) for some integer s > 2), since the details of the
two settings are somewhat different.

3.1 First-order Sobolev classes

We begin assuming f, € H (2, M). We show thatf and a test based on T are minimax optimal for all
values of d for which the minimax rates are known.

Estimation with PCR-LE. PCR-LE depends on the kernel n and two tuning parameters, the graph radius
¢ and number of eigenvectors K. We will need to make some assumptions on each.

6 The assumption p € C%°(Z") could likely be weakened, but since this would not substantially add to the main points of
Propositions 1 and 2, we do not pursue the details further.
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(K1) The kernel function 7 is a non-increasing function supported on [0, 1]. Its restriction to [0, 1] is
Lipschitz, and n(1) > 0. Additionally, it is normalized so that

/ n(lzl) dz = 1.
Rd

(P1) The number of eigenvectors is given by

K = min { {(Mzn)d/(z'kd)J \Y, l,n} . 3.1
If K < n, then additionally
1 1/d
Co( Og”) <& < comin{l, K"/, (3.2)
n

In (3.2) the numbers Cy and ¢, are constants that do not depend on n, f, or M, but may depend on
P and d. For instance, C,, is sufficiently large to ensure that the neighbourhood graph is connected with
high probability.

We now have our first main theorem, regarding the estimation error of PCR-LE. The proof of this
theorem, along with the proofs of all subsequent results, can be found in the Appendix.

THEOREM 1. In the flat Euclidean setting, suppose additionally f, € H (27, M). There are constants
¢, C and N (not depending on f;,, M or n), such that the following statement holds for all » > N and any
8 € (0, 1): if the PCR-LE estimatorfis computed with a kernel 7 satisfying (K1), and parameters ¢ and
K satisfying (P1), then

n

N 1 1
If = follz < C(5M2(M2n)‘2/(2+‘“ A 1) V-, (3.3)

with probability at least I — § — Cnexp(—cne?) — exp(—K).

From (3.3) it follows immediately that when n~'/> < M < n!/_ then with constant probability
Ilf — f0||ﬁ < M?(M?n)~2/@+4 'matching the minimax estimation rate over Sobolev classes.
Some other remarks:

*  Radius of the Sobolev ball. When M = o(n~'/?) then computing PCR-LE with K = 1 achieves the
parametric rate |[f f0||2 < n™", and the zero-estimator f = 0 achieves the better rate |U‘ f0||
M?. However, we do not know what the minimax rate is in this regime. On the other hand, when
M = w(n'/?), then computing PCR-LE with K = n achieves the rate |[?— f0||ﬁ < 1, which is better
than the rate in (2.8). This is because we are evaluating error in-sample rather than out-of-sample.
However, in truth these are edge cases, which do not fall neatly into the framework of non-parametric
regression.

*  Meaning of pointwise evaluation. There is one subtlety introduced by the use of in-sample mean
squared error. Since elements f € H*(Z") are equivalence classes, defined only up to a set of measure
zero, one cannot really speak of the pointwise evaluation f;(X;), as we do by defining our target of
estimation to be (f(X;),...,fy(X,)), until one selects a representative of each equivalence class f.
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Implicitly, we will always pick the precise representative f§ € f;, (as defined in [24]), and the notation
fo(X;)’ should always be interpreted as f;; (X;). To be clear, however, it does not really matter which
representative we choose, since all versions agree except on a set of measure zero, and so any two
80>y € fo satisfy g, (X;) = hy(X;) forall i = 1,...,n almost surely. For this reason we can write
Jfo(X;) without fear of ambiguity or confusion.

e Tuning parameters. The assumptions placed on the kernel function 7 are needed for technical reasons.
They can likely be weakened, although we note that they are already fairly general. The lower bound
on ¢ imposed by (3.2) is of the order of the connectivity threshold, the smallest radius for which the
resulting graph will still be connected with high probability. On the other hand, as we will see in
Section 3.3, the upper bound on ¢ is needed to ensure that the graph eigenvalue A is of at least the
same order as the continuum eigenvalue py; this is essential in order to obtain a tight upper bound
on the bias of]?. Finally, we set K = L(Mzn)d/ (2+d)J (when possible) to optimally trade-off bias and
variance, as is typical.

*  High-probability guarantees. The upper bound given in (3.3) holds with probability 1 — § — o(1).
Under the stronger assumption that £, is M-Lipschitz, we can establish the same guarantee (3.3) with
probability 1 — 8%/n — Cnexp(—cne?) — exp(—K); in other words, we can give a high-probability
guarantee (for details see [31]). In this case a routine calculation shows that IE[H}? —fo ||%] will also
be on the some order as (3.3). We also suspect that high-probability guarantees will hold so long as
IVfllLa(2-y is bounded for some sufficiently large ¢ < oo, but it remains an open question whether
such guarantees can be obtained in the Sobolev case (¢ = 2) which is the focus of this work.

Testing with PCR-LE. Consider the test ¢ := 1{7" > t,}, where t, is the threshold

K 1 2K
t, = — 4+ - —.
n n a

This choice of threshold 7, guarantees that ¢ is a level-a test. As we show in Theorem 2, when d < 4,
¢ and K are chosen appropriately, and the alternative f; is sufficiently well separated from 0, the test ¢
has Type II error of at most b.

(P2) The number of eigenvectors is given by

K = min {L(Mzn)Zd/(4+d)J \% l,n} . (3.4

If K < n then additionally the graph radius ¢ satisfies (3.2).

THEOREM 2. Fix a,b € (0, 1). The PCR-LE test ¢, computed with threshold z,, is a level-a test: Ey[¢] <
a. Additionally, in the flat Euclidean setting, suppose f, € H 1 (Z"; M), and that d < 4. Then there exist
constants C and N that do not depend on f;,, such that the following statement holds for all n > N: if ¢
is computed with a kernel 7 satisfying (K1), and parameters ¢ and K satisfying (P2), and if f; satisfies

iz = o (m2am 4@ A2y [ L1 M vi (3.5)
olp = " . a b bn2/d n’ ’

thenE;[1 —¢] < b.
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Although (3.5) involves taking the maximum of several different terms, the important takeaway of
Theorem 2 is that if n=1/2 < M < n@=9/4_then ¢ has small worst-case risk as long as f; is separated
from 0 by at least M (M 2n) 4/ . This 1mphes that ¢ is a minimax rate-optimal test over H'(2"; M)
when d € {1,2,3}. As mentioned previously, when d > 4 the first-order Sobolev space H'(.2") does not
continuously embed into L*(.2"), and in this case the optimal rates for regression testing over Sobolev
spaces are unknown.

3.2 Higher order Sobolev classes

We now consider the situation where the regression function displays some higher order regularity, f;, €
HS(% ; M) for some s € N, s > 2. We show that the PCR-LE estimator and test continue to be optimal
for all orders of s, as long as the design density is itself also sufficiently regular, p € C*~1(2"). In
estimation, this is the case for any dimension d, whereas in testing it is the case only when d < 4.

Estimation with PCR-LE. In order to show that]A‘is an optimal estimator over Hf)(% ; M), we will require
that & be meaningfully larger than the lower bound in (P1).
(P3) The number of eigenvectors is given by

K = min H(Mzn)d/@”d)J v 1,n] .

If K < n then additionally

Lo\ /4
G, max[ (E) ,(Mzn)—1/<2<s—1>+d>] < & < comin{l, K="/}, (3.6)
n

Crucially, when 7 is sufficiently large the two conditions in (P3) are not mutually exclusive.

THEOREM 3. In the flat Euclidean setting, suppose additionally f, € Hy(Z ,M) and p € 2.
There exist constants ¢, C and N that do not depend on f;, such that the following statement holds all
for all n larger than N and for any § € (0, 1): if the PCR-LE estimatorfis computed with a kernel n
satisfying (K1), and parameters ¢ and K satisfying (P3), then

~ 1 1
If = foll2 < C(EM%M%)—ZS/@W’) A 1) V-, (3.7)

n

with probability at least 1 — 6 — Cn exp(—cne?) — exp(—K).

Theorem 3, in combination with Theorem 1, implies that in the flat Euclidean setting PCR-LE is a
minimax rate-optimal estimator over Sobolev classes, for all values of s and d. Some other remarks:

*  Sub-critical Sobolev spaces. Theorems 1 and 3 do not require that the smoothness index s of the
Sobolev space satisfy s > d/2, a condition often seen in the literature. In the sub-critical regime
s < d/2, the Sobolev space H*(.Z") is quite irregular. It is not a Reproducing Kernel Hilbert Space
(RKHS), nor does it continuously embed into C%2), much less into any Holder space. As a result,
for certain versions of the non-parametric regression problem—e.g. when loss is measured in L*°
norm, or when the design points {X,...,X,,} are assumed to be fixed—in a minimax sense even
consistent estimation is not possible. Likewise, certain estimators are ‘off the table’, most notably
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RKHS-based methods such as thin-plate splines of degree k < d/2. Nevertheless, for random design
regression with error measured in squared L?(P)-norm, the population-level spectral series estimator
f obtains the standard minimax rates n~ 22+ for all values of s and d. Theorems 1 and 3 show
that the same is true with respect to PCR-LE, when error is measured in empirical norm.

*  Smoothness of design density. As promised, Theorem 3 shows that PCR-LE achieves optimal rates
of convergence so long as the unknown design density p is sufficiently smooth, p € C*~1(2).
The requirement p € C*~'(2) is essential to showing that]? enjoys the faster minimax rates of
convergence when s > 1, as we discuss in Section 3.3.

Testing with PCR-LE. The test ¢ can adapt to the higher order smoothness of f;,, when ¢ and K are chosen
correctly.
(P4) The number of eigenvectors is given by

K = min H(Mzn)”/““d)J v 1,n} . (3.8)

If K < n then additionally the graph radius ¢ satisfies (3.6).
When d < 4 and n is sufficiently large, it is possible to choose ¢ and K such that both (3.6) and (3.8)
are satisfied, and our next theorem establishes that in this situation ¢ is an optimal test.

THEOREM 4. Fix a,b € (0,1). The PCR-LE test ¢, computed with threshold 7, is a level-a test: Eg[¢] <
a. In the flat Euclidean setting, suppose additionally that f, € Hy(Z , M), that p € C~1(2") and that
d < 4. Then there exist constants ¢, C and N that do not depend on f, such that the following statement
holds for all n > N: if the PCR-LE test ¢ is computed with a kernel 7 satisfying (K1), and parameters &
and K satisfying (P4), and if f, satisfies

11 M? 1
2 g2 \—4s/(As+d) , . —1/2 \/7 2 Z
Vollp = - ((M (M*n)~ An'1?) [ ~+ b} v bnzs/d) v (3.9)

then E, [1 — ¢] < b.

Similarly to the first-order case, the main takeaway from Theorem 4 is that when n= /2 < M <
nAs=d)/4d (hen ¢ is a minimax rate-optimal test over H(S)(% ). However, unlike the first-order case,
when 4 < d < 4s the minimax testing rate over Hy(2") is still of the order of M?(M?n)=4s/Gs+d) byt
we can no longer claim that ¢ is an optimal test in this regime.

THEOREM 5. Under the same set-up as Theorem 4, but with 4 < d < 4s. If the PCR-LE test ¢
is computed with a kernel n satisfying (K1), number of eigenvectors K satisfying (3.8), and ¢ =
(M2n)71/(2(s71)+d)’ and if

C s/ (s _ 1 1 M? 1

thenE;[1 —¢] < b.

Focusing on the special case where M < 1, Theorem 5 says that ¢ has small Type II error whenever
Ifyll3 = n=2/C6=D+d and 4 < d < 4s. This is smaller than the estimation rate n=2/s+9_but larger

than the minimax squared critical radius n~=4/“s+4)
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At a high level, it is intuitively reasonable that PCR-LE should have more difficulty achieving
the minimax rates of convergence for testing, as opposed to estimation. To obtain the faster rates of
convergence for testing, PCR-LE must use many more eigenvectors than are necessary for estimation,
including some eigenvectors which correspond to very large eigenvalues. It is known that the approxi-
mation properties of eigenvectors corresponding to large eigenvalues are very poor [15, 28], and when
d > 4 this prevents us from establishing that PCR-LE is an optimal test. That being said, although we
suspect ¢ is truly suboptimal when d > 4, our analysis relies on an upper bound on testing bias. Since
we do not prove a matching lower bound, we cannot rule out that the test ¢ is optimal for all s < d/4.
We leave the matter to future work.

3.3 Analysis of PCR-LE

We now outline the high-level strategy we follow when proving each of Theorems 1-5. We analyse the
estimation error of ]AC, and the testing error of ¢, by first conditioning on the design points {X;,...,X,}
and deriving design-dependent bias and variance terms. For estimation, we show that with probability at
least 1 — exp(—K),

I —foll2 < ~2& G.11)
A3 n
K+1
bias variance

For testing, we show that ¢ (which is a level-a test by construction) also has small Type IT Error, E [1 —
@l < b/2,if

o2 » Baso ol +32~/2_[\/g+ 1], (3.12)

Mkt n b

bias variance

These design-dependent bias-variance decompositions are reminiscent of the more classical bias-
variance decompositions typical in the analysis of population-level spectral series methods (for instance
(B6) and (B7)), but different in certain key respects. Comparing (3.11) and (3.12) with (B6) and (B7),
we see that two continuum objects in the latter pair of bounds, the Sobolev norm |[f0||?yfs @) and the
eigenvalue pg |, have been replaced by graph-based analogues: the graph Sobolev seminorm (L;, .fo. /o),
and the graph Laplacian eigenvalue Ay, ;. These latter quantities, along with the empirical squared
norm |[f0||ﬁ, are random variables that depend on the random design points {X,...,X,}. We proceed
to establish suitable upper and lower bounds on these quantities that hold in probability.

Graph Sobolev seminorms. In Proposition 3 we restate an upper bound on the first-order graph Sobolev
semi-norm (L, .f,f), from [31].

PropPOSITION 3. (Lemma 1 of Green et al. [31]). In the flat Euclidean setting, suppose additionally f €
H'(2"). There exist constants c, C that do not depend on f or n such that the following statement holds
for any § € (0, 1): if n satisfies (K1) and ¢ < c, then

C
Lyl oSn = 5 Wiy (3.13)

with probability at least 1 — 4.
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Proposition 3 follows by upper bounding the expectation E(L, .f.f), = (Lp.f.f) p—Wwhere Lp, is
the non-local Laplacian operator defined in (3.15)—by (a constant times) the squared Sobolev norm
|[f||§{1 2y and then applying Markov’s inequality.

In this work, we establish that under certain conditions analogous bounds hold for the higher order
graph Sobolev seminorm (L; f.f),, when s € N,s > 2.

PROPOSITION 4. In the flat Euclidean setting, suppose additionally that f € Hy(2") and p € 2.
Then there exist constants ¢ and C that do not depend on f or n such that the following statement holds
for any § € (0, 1): if n satisfies (K1) and Cn~V/QG6=D+d) — o < ¢ then

C
(Lol ofn = 5 W2y (3.14)

with probability at least 1 — §.

We now summarize the techniques used to prove Proposition 4, emphasizing the reasons for the
conditions imposed on f, p and . The following discussion is non-rigorous—for the complete and formal
proof see Section D.

To upper bound (Lj, ., f), in terms of |[f||%1s () We introduce an intermediate quantity: the non-local
Sobolev seminorm (L f,f) p- This seminorm is defined with respect to the iterated non-local Laplacian
Lp,=Lp,o---oLp,, where Lp, is a non-local approximation to Ap,

llz — xlI
Lpof ) = 7 / (f2) —f(x)) n( ) dP(z). (3.15)
Proposition 4 is proved by showing the pair of inequalities,

(Lyof f) Lia o fp llfll,ZS(%, (3.16)

"_8

where the first inequality above is probabilistic and holds with probability 1 — §, and in the second
inequality C may depend on parameters such as s,d, 2" but does not depend on n or the specific f €
Hy(Z).

The first inequality in (3.16) is shown by bounding the expectation of the graph Sobolev semi-norm
in terms of the non-local Sobolev seminorm and applying Markov’s inequality. A complication is that
unlike in the first-order case, when s > 2 then (L; f,f), is itself a biased estimate of the non-local
seminorm (L f,f) p. This is because (L} .f.f), is a V-statistic, meaning it is the sum of an unbiased
estimator of (Lf,’ off)p (in other words, a U-statistic) plus some higher order, pure bias terms. We show
that these pure bias terms are negligible when ¢ is sufficiently large. This is where the lower bound
Cn~V/C6=D+d) ~ ¢ in the statement of Proposition 4 comes from.

The derivation of the second inequality in (3.16) differs in the technical details based on whether s
is even or odd; we focus our discussion on the case where s is odd although the general ideas are the
same in either case. When s is odd, in a nutshell we establish the desired upper bound by arguing that

the iterated non-local Laplacian L(Y b/ f satisfies the approximate equality

L(s D2, (s 1)/2A(s 1)/2f
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n
[ll fRd XI5 (|lx||) dx is a constant that is finite under the assumptions of (K1). The approximate equality

and then applying the known upper bound (Lp g, g)p < C||g||f11(y.) with g = Aﬁf*l)ﬂf. Here 0. =

above relies on Taylor expansions of both f and p, which is the reason we require that p € C*~1(.2").
The approximate equality also breaks down near the boundary of 2, and instead we show Lfﬁ;l)/ 2fis
close to 0 using the zero-trace property of f.

An important aspect of the ultimate result is that, since we are ultimately interested only in an upper
bound on the rate of convergence of PCR-LE, it is enough to have an upper bound on the graph-Sobolev

seminorm that has the right dependence on |[f||%1s @) and does not depend on n. This means we do not
have to show that (L}, .f.f), ~ |lf||12_p(e%~) which would be substantially more challenging.

Neighbourhood graph eigenvalues. On the other hand, several recent works [15, 16, 27] have analysed
the convergence of graph eigenvalues A; towards o, defined in (2.4). They provide explicit bounds on
the relative error |\, — o, |/, which show that the relative error is small for sufficiently large n and
small e. Crucially, these guarantees hold simultaneously for all 1 < k < K as long as pg = 0@ 2).
These results are actually stronger than are necessary to establish Theorems 1-4—in order to get rate-
optimality, we need only show that for the relevant values of K, Ax /o = §£2p(1)—but the guarantees
hold only when 2" is a manifold without boundary.

In the case where 2" is assumed to have a boundary, the graph Laplacian L, is a reasonable
approximation of the operator Ap only at points x € 2 for which B(x,e) € 2. In contrast, at points
x near the boundary of 2", the graph Laplacian is known to approximate a different operator altogether
[11].7 This renders analysis of Ay substantially more challenging, since its continuum limit is not p;.
Rather than analysing the convergence of A, we will instead use Lemma 2 of [31], whose assumptions
match our own, and who give a weaker bound on the ratio A;/p; that will nevertheless suffice for our
purposes.

ProposiTiON 5. (Lemma 2 of [31]). In the flat Euclidean setting, there exist constants ¢ and C such that
the following statement holds: if 7 satisfies (K1) and C(logn/n)'/¢ < ¢ < ¢, then

1
)Lkzc~min[pk,—2] forall 1 <k <n, (3.17)
&

with probability at least 1 — Cn exp{—cne?}.

By our assumptions on P, p; = A, = 0. Furthermore, Weyl’s Law (B4) tells us that under the
assumptions of the flat Euclidean setting k>/¢ < py forall k € N,k > 1. Combining these statements
with (3.17), we conclude that with high probability Az > K*/? so long as K < 7.

Empirical norm. Finally, in Proposition 6 we establish that a one-sided bound of the form ||f; ||% 2 ||%
holds whenever |[f0||%, is itself sufficiently large.

ProprosITION 6. In the flat Euclidean setting, suppose additionally thatf € H*(Z", M) for some s > d/4.
There exist constants ¢ and C that do not depend on f; or n such that the following statement holds for

7 This is directly related to the boundary bias of kernel smoothing, since the graph Laplacian can be viewed as a kernel-based
estimator of Ap.
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any 6 > 0: if

1 s/d
Fllp = CM(E) (3.18)

then with probability at least 1 — exp{—(cn A 1/6)},

11 Ilfollp- (3.19)

"_2

To prove Proposition 6, we use a Gagliardo—Nirenberg interpolation inequality (see e.g. Theorem
12.83 of Leoni [47]) to control the fourth moment of f € H*(Z") in terms of ||f||» and [f|HS(%), then
invoke a one-sided Bernstein’s inequality as in [70, section 14.2). Note carefully that the statement (3.19)
is not a uniform guarantee over all f € H°(2"; M). Indeed, such a statement cannot hold in the sub-critical
regime (25 < d).® Fortunately, a pointwise bound—meaning a bound that holds with high probability
for a single f € H*(Z )—is sufficient for our purposes.

Finally, invoking the bounds of Propositions 3—6 inside the bias-variance tradeoffs (3.11) and
(3.12) and then choosing K to balance bias and variance (when possible) leads to the conclusions of
Theorems 1-5.

As pointed out by a reviewer, the proof techniques outlined above rely heavily on special properties
of the Euclidean norm. To analyse the statistical error of PCR-LE for more general types of losses,
very different approaches might be needed. We think the question of whether PCR-LE would attain the
optimal rates for, say, £” losses with p > 2, would be an interesting direction for future work.

3.4 Computational considerations

Our focus in this paper is primarily on the statistical efficiency of PCR-LE. In this section we briefly
discuss some computational aspects of the method.

Sparsification. First, we note that one very nice aspect of neighbourhood graphs is that the graph
Laplacian L, , is typically quite sparse. For instance, choosing ¢ < (log n/ n)'/? will result in a Laplacian
with O(nlog n) non-zero entries. Our theory shows that this choice of ¢ results in optimal estimators and
tests when s = 1.

However, in the higher order case (s > 2), our optimality results hold only under meaningfully
larger choices of ¢ (see (P3) and (P4)), and the resulting neighbourhood graph G will be much denser:
the average degree will grow polynomially in the sample size n as n — 00, so there will be more non-
zero entries in the graph Laplacian, which increases the computational burden of PCR-LE. To address
this issue, in Appendix J we review some approaches to spectral sparsification, in which one efficiently
computes a sparse graph G that approximates G in a spectral sense. The hope is that the PCR-LE estimator
f computed with respect to the sparsified graph G, has similar statistical propertles as f while being
much faster to compute. To that end, we provide upper bounds on |[f f0|| ;» which show that under

8 This is because in the sub-critical regime, for any set of points {x1, . .., xn} there exists a sequence of functions {f : k € N} C
HS(Z; 1) satisfying fi(x;) = 1 foreachi=1,..., n—and therefore Itfkll,% = l—but for which |[fk||%, — Oas k — oo.
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mild conditions on é—provably achieved by many spectral sparsification algorithms—the estimator ]V‘
achieves the same rates of convergence as f.

Beyond eigendecomposition. As currently defined PCR-LE requires taking a full eigendecomposition of
L. Naively this requires O(n>) time, and when 7 is large this may be prohibitive. However Frostig et al.
[25] show that in a general setting—outside of the context of graphs or graph Laplacians—it is possible
to compute an approximate solution to PCR by solving a ‘few’ ridge regression problems, without ever
needing to find the spectral decomposition. In the case of PCR-LE each ridge regression is equivalent to
Laplacian regularization, which can be approximately computed in time nearly-linear in the number of
edges in G [68]; this means that when G is sparse or has been sparsified, Laplacian regularization can
be solved in 5(n) time. [Here 5(-) hides poly(log n) factors.]

Unfortunately, in Frostig et al. [25] the number of ridge regressions used to approximately compute
PCR depends inversely on the spectral gap A, | /(Ag, 1 —Ag) which for neighbourhood graphs is usually
quite small. The subsequent work of Allen-Zhu and Li [2, Jin and Sidford 41] sharpen the dependence
on the spectral gap, and the topic remains an area of active research.

Another interesting idea is to consider whether graph-based estimators besides PCR-LE could
achieve the optimal rates of convergence. An obvious candidate would be penalized regression involving
the Laplacian raised to a certain power, i.e. the solution to

n
minimize Y. — £)2 + A TLf.
nim §< =ML

Obviously this can also be solved without needing a full eigendecomposition of the Laplacian. However
we are unable to show that it is statistically optimal except in a very few special cases; namely when
s=1landd=1,2,3,4.

3.5 Out-of-sample error

LE is defined only at the observed samples and so our statements on the estimation error of PCR-LE
are based on mean-squared error at the data. Although it is common to measure error in this way, in the
context of random design regression it is arguably a bit unnatural; for instance, in-sample mean-squared
error has no formal relationship to prediction risk. Also, the lower bounds on estimation error for random
design regression—discussed in Section 2.3—are with respect to integrated L? loss. So as a formal matter
our upper bounds cannot be compared with known lower bounds, at least in the sub-critical regime where
s < d/2 and there is no coupling between || - ||, and || - || p.

In Green [30], we discussed a post-processing scheme based on kernel smoothing that takes an
estimatorf defined only at the design points, and gives the function

1 o ol 1X=xl Y7 sy [ 1Xi=x]
T, () = Zi-;lw(lxixuh)l;‘p( 7 )fl’ lfz'ﬁ( 2 )>0

0, otherwise.

This is well defined for any x € R?.

We showed that under appropriate conditions the resulting Th’,f has comparable L?(P) error to the
in-sample mean-squared error of]?. These conditions are exactly the ones of Theorem 1 (forf, € H &)
or Theorem 3 (for fy € Hy(Z£"),s > 2), plus the following.
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(K2) The kernel function 1 is supported on a subset of [0, 1]. Additionally, v is Lipschitz continuous

on [0, 1], and is normalized so that

/ vz dz = 1.

If s > 2 then ¢ additionally satisfies the higher order kernel conditions,

o0 o o
/ Y(z)dz =1, / ZY(z)dz=0, forz=1,...,s4+d—2, / 2Ty (|12)) dz < 0.
—0o0 —0o0 —00

(P5) For constants ¢y and C,, the bandwidth parameter h satisfies

log(1/h)\ /¢
Co( og(n/ )) < h < egn V@D,

Combined with our results on the in-sample error of PCR-LE, Theorem 19 of Green [30] yields the

following upper bound on estimation error.

THEOREM 6. In the flat Euclidean setting, there exist constants ¢, C and N that do not depend on f;
or n such that each the following statements hold with probability at least 1 — 8§ — Cnexp{—cne?} —
Cexp{—cnhd} foralln > N, and for any 6 € (0, 1).

Iffye H Y2 ;M) for Cn=/? < M < cn'/, the LE estimator f is computed with parameters ¢ and
K that satisfy (P1), and the out-of-sample extension Th’nf is computed with bandwidth 7 = p—1/Q+d)
and kernel i that satisfies (K2), then

-~ C B
1T,0f = follp < EMZ(M%) 2/(2+d)

Iff, € Hs(,%”'M) for Cn™ 12 <M < cen®/?and p € C°~1(Z) for some s € N,s > 1, and the LE

estimator f is computed with parameters ¢ and K that satisfy (P3), and the out-of-sample extension
Ty, nf is computed with bandwidth /1 = n=1/@6=D+d and kernel y that satisfies (K2), then

-~ C
”Th’nf _f()”% S EMZ(Mzn)—ZY/(ZS"rd)'

The implication is that Th’,f is a rate-optimal estimator with loss measured in L?(P) norm.
Another advantage of extending f to a function defined out-of-sample is that in principle it allows

for tuning the hyperparameters of PCR-LE using cross-validation or other sample-splitting techniques.

4. Manifold setting

In this section we consider the manifold setting, where it is known that the minimax rates depend only
on the intrinsic dimension m; more specifically, [3, 12] show that for functions with Holder smoothness
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s, the minimax estimation rate is n~ 25/t and the testing rate is n~4/@s+m) 9 Op the other hand, a
theory has been developed [5-7, 10, 49, 50] establishing that the neighbourhood graph G can ‘learn’ the
manifold 2 in various senses, so long as 2" is locally linear. We build on this work by showing that
when P is supported on a manifold 2" and f; € H*(Z"), PCR-LE achieves the faster minimax estimation
and testing rates.

4.1 Upper bounds

This section will proceed similarly to Section 3.2, with two differences. First when 2" is without
boundary, as is assumed in the manifold setting, it is easy to deal with the first-order (s = 1) and higher
order (s > 1) cases all at once. Second and more importantly, we will establish PCR-LE is optimal only
when the regression function f, € H*(2"; M) for s € {1, 2, 3}.

Estimation with PCR-LE. To ensure thatfis an in-sample minimax rate-optimal estimator, we choose
the kernel function n, graph radius ¢ and number of eigenvectors K as in (P3), except with ambient
dimension d replaced by the intrinsic dimension m.

(K4) The kernel function 7 is a non-increasing function supported on a subset of [0, 1]. Its restriction
to [0, 1] is Lipschitz, and n(1) > 0. Additionally, it is normalized so that

/ n(lzl) dz = 1.
Rn‘l

(P5) The number of eigenvectors is given by
K = min {L(M2n)”’/(zs+"’)J A l,n} .
If K < n then additionally
lo

1/m
Co max[ (—g) ,n—l/@(s—l”m)] <& < cymin{l,K~1/™}., 4.1
n

THEOREM 7. In the manifold setting, suppose additionally f, € H*(Z",M) andp € C~NZ) fors < 3.
There exist constants ¢, C and N that do not depend on f;, such that the following statement holds all for
alln > N and for any § € (0, 1): if the PCR-LE estimator?is computed with a kernel n satisfying (K4),
and parameters ¢ and K satisfying (PS5), then

P 1 1
If —foli<cC (EMZ(M%)—Z‘/‘?S*’") A 1) v, (4.2)

with probability at least 1 — § — Cn exp(—cne™) — exp(—K).

o Although [3] considers density testing, usual arguments regarding equivalence of experiments [14] imply that the same rates
apply to regression testing.

€202 4940y00 /| uo 3senb Aq 98€59Z//€2Z/E/Z |L/BI0N./IEIEW/WO0D"dNO"jWapede//:SdjY WOy papeojumoq



LAPLACIAN EIGENMAPS REGRESSION 2449

Testing with PCR-LE. Likewise, to construct a minimax optimal test using ?, we choose ¢ and K as in
(P2), except with the ambient dimension d replaced by the intrinsic dimension .
(P6) The number of eigenvectors is given by

K = min { L(Mzn)zm/(4s+m)J Vv l,n} .

If K < n then additionally the graph radius ¢ satisfies (4.1).

THEOREM 8. Fix a,b € (0, 1). The PCR-LE test ¢, computed with threshold z,, is a level-a test: Ey[¢] <
a. In the manifold setting, suppose additionally f, € H*(Z", M), thatp € W ) and that s < 3 and
m < 4. Then there exist constants ¢, C and N that do not depend on f;, such that the following statement
holds for all n > N: if the PCR-LE test ¢ is computed with a kernel 7 satisfying (K4), and parameters &
and K satisfying (P6), and if f; satisfies

c 11 M? 1
2 . v 2 g2\ —4s/ (ds+m) —-1/2 202 L
ollp = - ((M (M?n) AR ) [\/;Jr b} v —bn2s/m) v, (4.3)

then E, [1 — ¢] < b.

Focusing on the case M =< 1,'% the upper bounds in Theorems 7 and 8 imply that PCR-LE attain the
optimal rates of convergence over Sobolev balls H*(Z") for s € {1,2,3}.

Unlike in the full-dimensional case, in the manifold setting our upper bounds on the estimation and
testing error of PCR-LE do not match the minimax rate when s > 4. In this case, the containment
H(Z';1) € H>(Z';1) implies that the PCR-LE estimatorfhas in-sample mean-squared error of at
most of the order of n=%©*+™ and that the PCR-LE test has small Type II error whenever |[f0||123 >
n—12/(2+m). however, these are slower than the minimax rates.

We now explain this difference between the flat Euclidean and manifold settings. At a high level,
thinking of the graph G as an estimate of the manifold 2", we incur some error using Euclidean distance
rather than geodesic distance to form the edges of G. This is in contrast with the full-dimensional setting,
where the Euclidean metric exactly coincides with the geodesic distance for all points x,z € 2~ that are
sufficiently close to each other and far from the boundary of 2. This extra error incurred in the manifold
setting using the ‘wrong distance’ dominates when s > 4.

As this explanation suggests, by building G using the geodesic distance one could avoid this error, and
might obtain superior rates of convergence. However this is not an option for us, as we assume 2 —and
in particular its geodesics—are unknown. Likewise, a population-level spectral series estimator using
eigenfunctions of the manifold Laplace—Beltrami operator will achieve the minimax rate for all values
of s and m; but this is undesirable for the same reason—we do not want to assume that 2~ is known. It is
not clear whether this gap between population-level spectral series regression and the PCR-LE estimator
is real, or a product of loose upper bounds.

Finally, as in the full-dimensional case, when the intrinsic dimension m > 4 we cannot choose the
graph radius € and number of eigenvectors K to optimally balance testing bias and variance. Instead,
reasoning as in the proof of Theorem 5 shows that when 1 < s < 3, the PCR-LE test has power against

19 To the best of our knowledge, the minimax rates for general M in the manifold setting have not been worked out.
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alternatives with L?(P) norm satisfying the inequality in (3.10), except with the ambient dimension d
replaced by m.
4.2 Analysis

The high-level strategy used to prove Theorems 7 and 8 is the same as in the flat-Euclidean setting. More
specifically, we will use precisely the same bias-variance decompositions (3.11) (for estimation) and
(3.12) (for testing). The difference will be that our bounds on the graph Sobolev seminorm (Lj, ,fo, /o) s

graph eigenvalue A and empirical norm |[f0||ﬁ will now always depend on the intrinsic dimension m,
rather than the ambient dimension d. The precise results we use are contained in Propositions 7-9.

PROPOSITION 7. In the manifold setting, suppose additionally that f € H*(2"; M) and p € C*~1(Z") for
s = 1,2 or 3. Then there exist constants ¢ and C that do not depend on f, n or M such that the following
statement holds for any § € (0, 1): if n satisfies (K4) and Cn~V/Q6=Dtm) - ¢ ¢ then

C
(Lnofof)n < E“f”[z.[x(%), 4.4)

with probability at least 1 — 26.

In the manifold setting, appropriate bounds on the graph eigenvalues A; have already been derived
in [15, 28, 29]. The precise result we use is a direct consequence of Theorem 2.4 of [16].

PRroOPOSITION 8. In the manifold setting, there exist constants ¢ and C such that the following statement
holds: if 7 satisfies (K4) and C(logn/n)!/" < ¢ < c, then

1
A >c- min[kz/m, —2] foralll <k <n, 4.5)
&

with probability at least 1 — Cn exp{—cne™}.

(For the specific computation used to deduce Proposition 8 from Theorem 2.4 of [16], see [31].)
Finally, we have the following lower bound on the empirical norm ||f|],,.

ProPOSITION 9. In the manifold setting, suppose additionally that f, € H*(Z", M) for some s > m/4.
There exists a constant C that does not depend on f;, such that the following statement holds for all § > 0:
if

1 s/m
IvollpoM(g) , (4.6)

then with probability at least 1 — exp{—(cn A 1/6§)},

1
ol = = Ifoll2. 4.7)

We prove Proposition 9 in a parallel manner to its flat Euclidean counterpart (Proposition 6), by first
using a Gagliardo-Nirenberg inequality to upper bound the L*(.2") norm of a Sobolev function defined
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FiG. 1. In-sample mean squared error (mse) of PCR-LE (LE) vs. population-level spectral series (SS) estimator, as a function of
sample size n. Each plot is on the log-log scale, and the results are averaged over 400 repetitions. All estimators are tuned for
optimal average mse, separately at each value of n. The black line shows the minimax rate (in slope only; the intercept is chosen
to match the observed error).

on a compact Riemannian manifold, and then applying a one-sided Bernstein’s inequality. Finally,
combining Propositions 7-9 with the conditional-on-design bias-variance decompositions (3.11) and
(3.12) leads to the conclusions of Theorems 7 and 8.

5. Experiments

In this section we empirically demonstrate that the PCR-LE estimator and test are reasonably good
alternatives to population-level spectral series methods, even at moderate sample sizes n. In order to
compare the two approaches, in our experiments we stick to the simple case where the design distribution
P is the uniform distribution over .2~ = [—1, 1]%, and we have simple closed-form expressions for the
eigenfunctions of Ap. In general, it is not easy to analytically compute these eigenfunctions, which is
part of the appeal of LE and PCR-LE.

Estimation. In our first experiment, we compare the mean-squared error of the PCR-LE estimatorfto
that of its population-level counterpartf. We vary the sample size from n = 1000 to n = 4000; sample
n design points {X;,...,X,} from the uniform distribution on the cube [—1, 11¢; and sample responses
Y; according to (1.3) with regression function fy = M/ p‘;(/z - Yg for K =< nd/@st+d) (the pre-factor
M/ p}!z is chosen so that Voﬁp( 2y = M?). In Fig. 1 we show the in-sample mean-squared error of
the two estimators as a function of n, for different dimensions ¢ and order of smoothness s. We see
that both estimators have mean-squared error converging to zero at roughly the minimax rate. While
unsurprisingly the population-level spectral series estimator has the smaller error, generally speaking
the error of PCR-LE approaches that of the population-level spectral series method as n gets larger.

Testing. In our second experiment, we compare the PCR-LE test ¢ against the population-level spectral
series test @.!! The set-up is generally the same as that of our first experiment, but the details are
necessarily somewhat more complicated. First we take a collection . = {M/ ,oli/ Zl/fk}zzl of functions
H 1(% ;M). Then, for each f, € .#, we run a given test ¢ (either the PCR-LE test ¢ = ¢, or the
population-level spectral series test ¢ = @) and record whether it was a false negative or true positive.
We repeat this process over 100 replications, giving a Monte Carlo estimate of the type IT error Eg [1 — @]
for each f, € #. Finally, we measure quality of the test by reporting the smallest value of |f; ||120 such
that E;[1 — ¢] < b.

1 In this experiment, we calibrate the tests by simulation rather than using theoretically-motivated cut-offs.
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FIG. 2. Worst-case testing risk for PCR-LE (LE) and spectral series (SP) tests, as a function of sample size n. Plots are on the
same scale as Fig. 1, and the black line shows the minimax rate. All tests are set to have .05 Type I error, and are calibrated by
simulation under the null.
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FiG. 3. Mean squared error of PCR-LE (red), and population-level spectral series ( ) estimators as a function of tuning

parameters. Top row: the same regression function fp as used in Fig. 1. Bottom row: the regression function fy o< > ; 1/ p]: / 2‘//k-
For all experiments, the sample size n = 1000, and the results are averaged over 200 repetitions. In each panel, all tuning parameters
except the one being varied are set to their optimal values.

In Fig. 2, we see that both the PCR-LE and population-level spectral series tests perform similarly,
and converge at roughly the minimax rate.

Tuning parameters. Our first two experiments demonstrate that PCR-LE methods have comparable
statistical performance to population-level spectral series methods. PCR-LE depends on two tuning
parameters, and in our final experiment we investigate the importance of both, focusing now on
estimation. In Fig. 3, we see how the mean-squared error of PCR-LE changes as each tuning parameter
is varied. As suggested by our theory, properly choosing the number of eigenvectors K is crucial: the
mean-squared error curves, as a function of K, always have a sharply defined minimum. On the other
hand, as a function of the graph radius parameter ¢ the mean-squared error curve is much closer to flat.
This squares completely with our theory, which requires that the number of eigenvectors K be much
more carefully tuned that the graph radius ¢.
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6. Discussion

In this work, we have derived upper bounds on the rates of convergence for regression with PCR-
LE, which imply that in various settings the PCR-LE estimator and test are minimax rate-optimal over
Sobolev classes. Importantly, these upper bounds hold under non-parametric conditions on the design
density p, and allow for p to be unknown and, potentially, supported on a low-dimensional manifold. Our
results help explain the practical success of methods which leverage graph Laplacian eigenvectors for
regression. They also distinguish such methods from more traditional spectral series procedures, which
rely on a density-dependent basis and thus require the density be known a priori.

Of course, there do exist other methods for non-parametric regression which achieve optimal
rates of convergence under similar (or indeed weaker) conditions on p. These include other graph-
based approaches—e.g. Laplacian smoothing—methods besides spectral series methods—e.g. kernel
smoothing, local polynomial regression, thin-plate splines—and continuum spectral projection methods
which use the eigenfunctions of an operator defined independently of p. To be clear, we do not advocate
PCR-LE over these alternatives. Rather, we view our results as theoretically justifying a place for
regression using LE in the non-parametric regression toolbox.

That being said, PCR-LE does have certain advantages over each of the aforementioned approaches.
We now conclude by outlining some of these advantages (limiting our discussion to estimation):

e Optimality when d > 5. As mentioned in the introduction, Laplacian smoothing (defined via (1.5))
provably achieves minimax optimal rates over H L) only whend € {1, 2,3,4}[31, 53]. In contrast,
PCR-LE is optimal over H' (.2") for all dimensions d, and also over the higher order Sobolev spaces
H(Z).

*  Dependence on intrinsic dimension. When the design distribution is non-uniform, an oft-
recommended alternative to population-level spectral series regression is to run OLS using
eigenfunctions of a density-independent differential operator. As a concrete example, let A be
the unweighted Laplacian operator on RY, A = Zfl: 1 3°f/ axl?. Denoting the eigenfunctions of A
(under Neumann boundary conditions) by ¢;,¢,,..., and letting @ € R"K be the matrix with
entries ®; = ¢, (X;) and columns @,,..., P, one could compute an estimator by solving the
following OLS problem:

C e 2
minimize Y - .
fespan{®y,..., Pk} ” f”n

Unlike with spectral series regression, this approach can produce reasonable estimates even when
the sampled eigenfunctions (¢ (X;),...,¢;(X,)) € R" are not approximately orthogonal. Indeed
in the flat Euclidean setting such a method will in fact be minimax rate-optimal, though the upper
bounds may come with undesirably large constants if p is very non-uniform. However in the manifold
setting we know of no guarantees for the method, and suspect it may converge at suboptimal rates or
even be inconsistent. The justification for this claim is that the eigenfunctions ¢, have no underlying
relationship to the Sobolev space H*(.2") except when 2" is a full-dimension set in R?. In contrast,
PCR-LE uses features which are empirical approximations to eigenfunctions v, of the density-
weighted Laplace-Beltrami operator Ap. The eigenfunctions of Ap are appropriately adapted to
the geometry of the manifold 2, and as a result PCR-LE is consistent and in certain cases minimax
optimal, as we have shown.
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*  Dependence on design density. In Appendix H, we give a simple univariate example of a sequence
of densities and regression functions {(p", fé") : n € N} such that the expected in-sample mean
squared error of PCR-LE is smaller than that of either kernel smoothing or least squares using
eigenfunctions of A. This is possible because PCR-LE induces a completely different bias than these
latter two methods. In particular, when f, and p satisfy the so-called cluster assumption—meaning
fo is piecewise constant in high-density regions (clusters) of p—then the bias of PCR-LE can be
much smaller (for equivalent levels of variance) than that of kernel smoothing or least-squares with
eigenfunctions of A.

* We emphasize that this does not contradict the well-known optimality properties of, for example,
kernel smoothing over Holder balls. Rather, in the standard non-parametric regression set-up—which
we adopt in the main part of this paper, and in which P is assumed to be equivalent to Lebesgue
measure—the biases of PCR-LE and kernel smoothing happen to be equivalent. But when P is
sufficiently non-uniform, this is no longer the case.

Grounding each of these three points on a firmer and more complete theoretical basis would be, in
our view, a valuable direction for future work.
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APPENDIX

A. GREEN ET AL.

A. Notation Table

TABLE A3 Notation.

Symbol Definition

VA domain, either an open set in R? or a compact manifold embedded in R,

v Lebesgue measure

n volume form induced by the embedding of .2 into R?

P probability measure associated with the design points

p density of the probability measure, either with respect to v or u.

LX(%) set of square-integrable functions, either with respect to v or u [ 2t 2dv < oo or
S oS 2dp < 00

ck2) functions which are k-times continuously differentiable in 2

C () functions in C*°(%Z") which are compactly supported in 2

H(Z) order-s Sobolev space (Definition 1 in the flat Euclidean setting, Definition 3 in the
manifold setting.)

H‘S(% ) order-s zero-trace Sobolev space (Definition 2)

-1y Euclidean distance

do () geodesic distance

B(x,6) Ball in Euclidean distance, centred at x with radius &

By (x,6) Ball in geodesic distance

B. Upper bounds on population-level spectral series regression

In this section we first give the proof of Proposition 1, then of Proposition 2. In both cases the structure
of the analysis, which is fairly classical and straightforward, can be usefully compared with our analysis
of PCR-LE (see Section 3.3).

Proof of Proposition 1. We decompose risk into squared bias and variance,

EIf — foll3 = EIE[f] - £, I3 + EIIf — E[f1113. (B.1)

Since the eigenfunctions {,} form an orthonormal basis of L2(Z) (with respect to the inner-
product (-,-)p) and f € J°(Z") C L2(2), we can write the squared bias in terms of squared Fourier
coefficients of f, leading to the following upper bound,

_ o 1 o0
o —EFE = D (fo¥)d < —— D pptfo Vi)p <

2

S
k=K+1 Pr+1 12k PK+1
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On the other hand, the variance term can be written as the sum of the variance of each empirical Fourier
coefficient, and subsequently by the law of total variance we derive that

K

K
Ellf — E[f1I} = > Var[(Y.9),] = D Var[ELY., ), X, ... X,1] + E[Var[(Y, ¥),1X,..... X, 1]

k=1 k=1

K
= > Var [y v ] + B 1]
k=1

1 2 K
= 2E [ (oOw0)*] + = (B.2)
Consequently,
- Wol3ss K 1 X
EIf —fol} < =2 1 2 4 [(fooof : Zwk(xnz] . (B3)
[pK+l] n n k=1

The claim of the proposition then follows from variants of two classical results in spectral geometry.
The first is a Weyl’s Law asymptotic scaling of the eigenvalues of Ap due to [22]; formally, there exist
constants ¢ and C (which will depend on P and d) such that

ck*? < pp < CK*? forallk e N, k> 2. (B.4)

The second is a local analogue to Weyl’s Law, which says that there exists a constant C (again depending
on P and d) such that

K

sup [Z (wk(x)f} < CK forallK e N. (B.5)
xeZ k=1

Equation (B.5) is a direct implication of (B.4) along with Theorem 17.5.3 of [36]. Plugging the upper
bounds (B.4) and (B.5) back into (B.3), and recalling that E[(fO(X))Z] = |U‘0||1% < 1, we conclude that

~ o2 K

2 H(X)
Ellf = follp = C(m ;) (B.6)
If n='/2 > M, then taking K = 1 implies E|If — £l

LMsz D yolances squared bias and variance, and yields the claim. (]

< C(M? + 1/n). Otherwise, setting K =

Proof of Proposition 2. We briefly lay out the main ideas needed to prove Proposition 2, following the
lead of [39] who prove a similar result in the special case where M = 1 and P is the uniform distribution
over 2 = [0, l]d, and referring to that work for more details.
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We begin by computing the first two moments of the test statistic T. The expectation is

n—1) =

- K K
E[T] = D o V)b + —+ JE[(fO(X))2 : Z(ka(x»ﬂ.
k=1 k=1

To compute the variance, we decompose 7 = 7"1’ 1+ 7"1’2 + ’7:1’3 + T, into the sum of 3 U-statistics and
the remaining diagonal terms, defined in terms of the equivalent kernel « (x, x') = Zszl Y ()Y () as

1
Tipim 5 D WX, Tipi=— 3. (o) + w0 (X)) K (X, X)
I<i#j=n I<i#j=n

1 1 <&
Ti3:=— Z JoXfo(X)k (X, X)), T, := 3 Z Y2 (X;, X
i=1

1<i#j<n

The variances of each statistic can be found by routine computation (see [39]), and in particular satisfy
the upper bounds

2K 0C o,
Var(TLl) =< n_’ Var(Tl,z) =< ;”fo”p
i (K K (i) CK?
Var(T) 3) < c(;ufoum ﬁmn;(%), Var(T,) < n—3(1 + uf0||24(%))

where (i)—(iii) hold due to local Weyl’s law, i.e. (B.5). Upper bounds on Type I and Type II error,

C(K/n? +|lfo||p+K/n|Vo||p+K/n2|U‘o||L4(gg)
(Zk 1<foa1//k VZK/an)Z

il

Eylg] < (1 + CK/nz)a, Efo[l -9l <
follow from Chebyshev’s inequality. From (B.4) (Weyl’s Law), we have that

2
ol Zes 2

112 o
(K + 1)25/d’

Z%,wk R > ol —

k=1 K+1

and it can be verified that so long as

ol 2s 2 \/’ \/’
2 (2)
Wfollp = ((K+1)2s/d ( )) (B.7)

for a sufficiently large constant C, then ]Efo[l — @] < b. The two summands in (B.7) are bias and standard
deviation terms, respectively. When M? < nl, setting K = 1 gives the desired result. Otherwise,
choosing K = LM2nJ 2d[@std) balances these two terms, and leads to (2.10). O
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C. Graph-dependent error bounds

In this section, we adopt the fixed design perspective; or equivalently, condition on X; = x; for i =
1,...,n. We take G = ({x|,...,x,}, W) to be a fixed graph on {x,,...,x,} with Laplacian matrix L =
> Avevy . The randomness thus all comes from the responses

Y, =fo(x) +w, (C.1H

where the noise variables w; are independent N(0, 1). In the rest of this section, we will mildly abuse
notation and write f, = (fy(x;), ..., fy(x,)) € R™.
C.1  Upper bound on Estimation Error of PCR-LE

LemmA C.1. Suppose we observe (Y},x;),..., (¥, x,) according to (C.1). Then for any integer s > 1,
and any integer 1 < K < n, the PCR-LE estimator f of (2.2) satisfies

= (Lfo.fo)n | 5K
I = follz < ASO Ofn 4 =2 (C.2)
K+1 n
with probability at least 1 — exp(—K) if 1 < K <n.
Proof of Lemma C. 1. By the triangle inequality,
P 1ol =2 (IEF ol + IF — E712) - (€3)

The first term in (C.3) (approximation error) is non-random, since the design is fixed. The expectation
7 K
Ef = > 1 (Vi fo) Vs so that

2 n
1 2
= - (Vk,f()>
n k=K+1

n

Z (Vs Jo) Vi

IEF — foll2 =

N

In the above, the last equality relies on the fact that v, are orthonormal with respect to the usual Euclidean
inner product (-, -). Using the fact that the eigenvalues are in increasing order, we obtain

n

1 (L*
LS e < Zf\skao < ool
n nA A3
k=K+1 K+1 k=K+1 K+1
Observe that (v, €) 4 Z, where (Z,,...,Z,) ~ N(0,1,,,). Again using the orthonormality of the

eigenvectors vy, we have

K

~ —~ 1 a1
IF = Efllz = = > o) =~ > 7.

k=1 k=1
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Thus |[? — Eﬂlﬁ is equal to 1/n times a 2 distribution with K degrees of freedom. Consequently, it
follows from a result of [45] that

P(mﬁ Ef)|? > g + 2§¢2+ %’) < exp(—1).

Setting t = K completes the proof of the lemma.

C.2  Upper bound on Testing Error of PCR-LE
In the following Lemma, we upper bound the Type I and Type II error of the test ¢ = 1{7: >1,).

LemMma C.2. Suppose we observe (Y;,x;),.. ) according to (C.1). Fix (a,b) € (0,1). Then

Egle] < a, and if additionally f, # O satisfies

ol = LElolodn [\f NS = 4

K+1

o (Y, x,

for some s € N, s > 1, then Efo[l — @] <b.
Proof of Lemma C.2. We first compute the expectation and variance of T, then apply Chebyshev’s

inequality to upper bound the Type I and Type II error.
Expectation. Recall that T= % Z,If: Y, vk)z. Expanding the square gives

o1& K &
EIT] =~ > E[(Y,v)?] = —+ > {fy. v
k=1 k=1

Thus E[ == Zk 1o vk — «/2K/n - y/1/a. Furthermore, it is a consequence of (C.4) that
(L n \/ZK V2K /1 2 32
—Z(fo,vk - —\/1/ > lfylly — f° o Vijaz= ==|\/-+Z+=]| (S5
K+1 n n a b bn
Variance. Recall from the proof of Lemma C.1 that (g, v;) 4 z, for (Z,,...,Z,) ~ N(O,1,,).

Expanding the square, and recalling that Cov[Z, Z?] = 0 for Gaussian random Varlables, we have that
Var [ (¥, v)?] = Var[ 20 v) 2 + 222 = 400, v + 2.

Moreover, since COV[ZZ, Zg] =0foreachk =1,..., K, we see that

K K 2

I 2K aifym)

Var [] = 5 3 Var [(Yo?| = T+ 32 =05
k=1

k=1
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Bounds on Type I and Type Il error. The upper bound on Type I error follows immediately from
Chebyshev’s inequality.

The upper bound on Type II error also follows from Chebyshev’s inequality. We observe that (C.5)
implies K, [T] > t,, and apply Chebyshev’s inequality to deduce

- ta>

3 2 T4 12
Py (T <1,) =Py, (IT - B, (717 > 1 (T1 - 1,1?) = [, _ta]z [, 171 —ta]2

Thus we have upper bounded the Type II error by the sum of two terms, each of which are no more than
b/2, as we now show. For the first term, after noting that (C.5) implies E, [T] — 1, = V2K /n - /2/b,
the upper bound follows:

2K /n* b
< -
2=2

(5711,

On the other hand, for the second term we use (C.5) in two ways: first to conclude that Eﬁ) [?] —t, >
ﬁ . Zszl (o vk)z, and second to obtain

4/nZZkK:1<fO’Vk>2< 4/m% 36 fo i) - 16 -

[Efoﬁ] —fa]z ) (% 215=1<fo,vk)2/2)2 T Xifo?

NSARNY

D. Graph Sobolev semi-norm, flat Euclidean domain
In this section we prove Proposition 4. The proposition will follow from several intermediate results.
1. In Section D.1, we show that if f € HS(%’;M), then

s C82 2
(Lpofif)p+ WM , (D.1)

S| =

(Lyof oSy <

with probability at least 1 — 26.

We term the first term on the right-hand side the non-local Sobolev semi-norm, as it is a kernelized
approximation to the Sobolev semi-norm (Af, f) p. The second term on the right-hand side is a
pure bias term, which as we will see is negligible compared with the non-local Sobolev semi-norm
as long as & « n~1/CG=D+d),

2. In Section D.2, we show that when x is sufficiently in the interior of 2", then Lﬁ‘,’ of () is a good
approximation to A];,f(x), aslongasf € H*(%Z) and p € C*~1(Z") for some s > 2k + 1.

3. In Section D.3, we show that when x is sufficiently near the boundary of 2", then L’,‘,’ J () 18
close to 0, as long as f € Hy(Z") for some s > 2k.

Var[T]  2K/m® +4/m® 3 (fo. )

€202 4940y00 /| uo 3senb Aq 98€59Z//€2Z/E/Z |L/BI0N./IEIEW/WO0D"dNO"jWapede//:SdjY WOy papeojumoq



2464 A. GREEN ET AL.

4. In Section D.4, we use the results of the preceding two sections to show that if f € Hf)(% M)
and p € C°~1(2"), there exists a constant C which does not depend on f such that

(Lpofof)p < CM?. (D.2)

Finally, in Section D.5 we provide some assorted estimates used in Sections D.1.
Proof of Proposition 4. Proposition 4 follows immediately from (D.1) and (D.2). O

One note regarding notation: suppose a function g € H*(U), where £ € N and U is an open set. Let
V be another open set, compactly contained within U. Then we will use the notation g € H*(V) to mean
that the restriction gy, of g to V belongs to HEY (V).

D.1  Decomposition of graph Sobolev semi-norm

In Lemma D.3, we decompose the graph Sobolev semi-norm (a V-statistic) into an unbiased estimate of
the non-local Sobolev semi-norm (a U-statistic), and a pure bias term. We establish that the pure bias
term will be small (in expectation) relative to the U-statistic whenever ¢ is sufficiently small.

LEMMA D.3. Forany f € L?>(2), the graph Sobolev semi-norm satisfies
Ly of Sn = USE) + BEL(), (D.3)

such that E[US)(f)] = (“.1‘1)

né
term Bf,% (f) satisfies

(L}, f.f)p- If additionally f € H'(2;M) and & > n~'/4, then the bias

El1B® <C_82M2 D4
BRG] = 5 (D.4)

Notice that |[f||i,1 ) < IfII%, @) and % < 1. Then (D.1) follows immediately from Lemma
D.3, by Markov’s inequality.

Proof of Lemma D.3. We begin by introducing some notation. We will use bold notation j = (j;,...,J,)
for a vector of indices where j; € [n] for each i. We write [n]® for the collection of all such vectors,
and (n)° for the subset of such vectors with no repeated indices. Finally, we write D,f for a kernelized
difference operator,

and we let D;f (x) := (Dj| o--- oDjj) ().
In this notation,

1 n
Lyof () = —5 > D ),
i=1
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and it is easy (L; f.f), as the sum of a U-statistic and a bias term,
1 n
Lol la =~ D Lo X)) - F(X)
i=1

1 1
= ptlgsdt2) Z Dif (Xp) - f (X)) + 51 gs(d+2) Z Dyf (X)) - f(X)
ije(ms+! ije
[n]ﬁ»l\(n)H»l

=U2 ()
=B ()

When the indices of ij are all distinct, it follows straightforwardly from the law of iterated expectation
that

EIDif (X,) - f(X)] = e TTIEBILy f (X)) - f (X)) = e TF2LY, f.f) ps

which in turn implies E[US(f)] = E;—gl) ALy ) p-

It remains to show (D.4). Notice that for any i,j € [#n] it is the case that Djf X)) = —Df (Xj). Thus,
by adding and subtracting f (X;,), we obtain by symmetry that

1
> DX Ky =5- X D) (f) —10x).
[nr“l\(n)»‘+l [n]”‘J\(n)f+1

and consequently

Bl 3 oy | <5 3 B[yl freo o]

ije ije
[n]x-H \(n)s-H [n]x-%—l \(n)s-H

It follows from Lemma D.8—given later in Section D.5—ij € [n]5t! which contains a total of k + 1
distinct indices,

B[|pyroc] - [ —rog)|] = ¢t

This shows us that the expectation of |By, . (f)| can bounded from above by the sum over several different
terms, grouped according to the number of distinct indices |ij|, as follows:

2
s ) U Giil-1d
BB < Crzht 2 e
L
[n]s+1 \(n)s+l

s—1
e 5 (ned)k

= 1 25 d sn'
ne P (ne%)
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Finally, we note that by assumption ne? > 1, so that in the above sum the factor of (nsd)k

k = s — 1. We conclude that

is largest when

2
€ 2
]E[IBf,,g(f)I] <Ci(s— 1)—n823+dM ,

which is the desired result.
D.2  Approximation error of non-local Laplacian

In this section, we establish the convergence Llf?,s — O’,I;AI;,f as ¢ — 0. More precisely, we give an

upper bound on the squared difference between L’;,’ of and a,’]‘ A’;,f as a function of €. The bound holds for
allx e Z,,,andf € H(Z'), as long as s > 2k + 1.

LEMMA D.4. Let s € N,s > 3. In the flat Euclidean setting, suppose additionally that f € H*(Z"; M),
and p € C~1(Z). Let Lp . be defined with respect to a kernel 7 that satisfies (K1). Then there exist
constants C; and C, that do not depend on f, such that each of the following statements hold.

e Ifsisoddand k = (s — 1)/2, then

ILh of = of ARf 22z, < CiMe (D.5)

e Ifsisevenand k = (s — 2)/2, then
ILp of — oy Apflli2( 25, < CoME”. (D.6)

We remark that when k = 1 and f € C3(.2") or C*(2"), statements of this kind are well known,
and indeed stronger results—with L% (.2") norm replacing L?>(2") norm—hold. When dealing with the
iterated Laplacian, and functions f which are regular only in the Sobolev sense, the proof is somewhat
more lengthy, but in result is similar in spirit.

Proof of Lemma D.4. Throughout this proof, we shall assume that f and p are smooth functions, meaning
they belong to C*°(Z"). This is without loss of generality, since C*°(Z") is dense in both H*(Z") and
12, and since both sides of the inequalities (D.5) and (D.6) are continuous with respect to || -
g2y and || - |l gs—1 27y norms.

We will actually prove a more general set of statements than contained in Lemma D.4, more general
in the sense that they give estimates for all k, rather than simply the particular choices of k given above.
In particular, we will prove that the following two statements hold for any s € N and any k € N\ {0}.

* Ifk > s/2, then for every x € Z,,

Lp o f(x) = g (x)e* (D.7)
for a function g, that satisfies
k
”gs”Lz(%{E) = C”p”(jq(%)M, (D.8)

where g = 1 if s = 0 or s = 1, and otherwise g = s — 1.
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» Ifk < s/2, then for every x € 2,

Ls—1)/2]-k
Ly f) =0y - Apf0)+ D gajrn@e? + g ek (D.9)
j=1
for functions g; that satisfy
gl 27y < ClIPIEs 1 5y M- (D.10)

In the statement above, recall that H0(.2;,) = L*(%;,). Additionally, note that we may speak of the
pointwise behaviour of derivatives of f because we have assumed that f is a smooth function. Observe
that (D.5) follows upon taking k = [ (s — 1)/2] in (D.9), whence we have

2
(LI;’,J(X) - o*,;‘A’,Zf(x)) =& (g,0)°

for some g, € L*(2,,C-M - Ipllcs—1(2)), and integrating over 2, gives the desired result. (D.6)
follows from (D.9) in an identical fashion.

It thus remains to establish (D.9), and (D.7) which is an important part of proving (D.9). We will do
so by induction on k. Note that throughout, we will let g; refer to functions which may change from line
to line, but which always satisfy (D.10).

Proof of (D.7) and (D.9), base case. We begin with the base case, where k = 1. Again, we point out
that although the desired result is known when s = 3 or s = 4, and f is regular in the Holder sense, we
require estimates for all s € N when f is regular in the Sobolev sense.

When s = 0, the inequality (D.7) is implied by Lemma D.6. When s > 1, we proceed using Taylor
expansion. For any x € 2, we have that B(x,e) € 2 . Thus for any X € B(x,¢), we may take an
order s Taylor expansion of f around x' = x, and an order g Taylor expansion of p around x’ = x, where
g = 1 if s = 1, and otherwise ¢ = s — 1. (See Section 1.2 for a review of the notation we use for Taylor
expansions, as well as some properties that we make use of shortly.) This allows us to express Lp .f (x)
as the sum of three terms,

s—1 g—1

=8 ] ()t

A
ji=tjp=0717/2°

s—1
1 1 P / q .. ||)C/ —)C” /
+ mé}‘,/ﬂ (dle) (x —X)rx/(x,P)n( . )dx

1 j " — x| /
+W/3g r;,(x;f)n( - )dP(x).

Here we have adopted the convention that Z;'):l =0.
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Changing variables to z = (x' — x) /&, we can rewrite the above expression as

s—1 g—1

LP,sf(x) 2 Z Z

J1=1ja= 0

g1t

/ A FQd2p@n (12ll) dz

= Z / dif@rd,, (p)n (lzll) dz

/ zh+x(x§f)ﬂ (lzl) p(zh + x) dz

= G1(x) + Gy (x) + G3(x).

We now separately consider each of G, (x), G,(x) and G3(x). We will establish thatif s = 1 or s = 2,
then G, (x) = 0, and otherwise if s > 3 that

Ls=1)/2)-1 '
G (x) =0,Apf(x) + z g2(j+l)(x)€2] + gs(x)g“'*z
j=1

On the other hand, we will establish that if s = 1 then G,(x) = 0, and otherwise for s > 2

1l 200y < Co* Ml st 2y D.11)

this same estimate will hold for G5 for all s > 1. Together these will imply (D.7) and (D.9).
Estimate on G (x). If s = 1, then s — 1 = 0, and so G| (x) = 0. We may therefore suppose s > 2.
Recall that

s=lazl jitjp—2

G =22

J1=1j2=0

—— / & f@dzp@n(lz) dz (D.12)
Ji1:J2+ JBQO,1)

=8j1jp (X

The nature of g;, ;. (x) depends on the sum j; +j,. Since df} fdff is an order j; +j, (multivariate) monomial,
we have (see Section 1.2) that whenever j; + j, is odd,

8j1j, (O = /3{ dif(2)d2p@n(|zll) dz =0

In particular this is the case when j; = 1 and j, = 0. Thus when s = 2, G;(x) = g; (x) = 0. On the
other hand if s > 3, then the lowest order terms in (D.12) are those where j; 4 j, = 2, so that either
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ji =landj, =1, orj;, =2andj, = 0. We have that

1
81100 + 580() = / d\f @dip@n(zl) dz + & d,%f(Z)n(IIZII)dZ

_ Z ZDe‘lf(x)Der(X) / ity (el de

i1=1i=1

p<x) Z Z Deteif(x) / R n(|l2l]) de

i1=1i=1

= ZDeﬂx)De'p(x) / z n(IIZII)dz+p © ZDzef(x) / Zn(llzl) dz

i=1
= O.UAPf(x)9

which is the leading term order term. Now it remains only to deal with the higher order terms, where
Ji +J» > 2, and where it suffices to show that each function g; ; satisfies (D.10) for j = min{j; +j, —
2,5 — 2}. Itis helpful to write g; ;. using multi-index notation,

gp®= D> D D'f()D™p(x) / 2 (|1zl]) dz,

leer|=/1 lea|=)2

where we note that | |, BO.1) 2217y (||z])) dz| < oo for all a,,, by the assumption that 7 is Lipschitz
on its support. Finally, by Holder’s inequality we have that
ID*' D% pll gs-i+2 2y < ID*' fll =42 (2) 1D Pl cs—i42 27
= ||Dalf||HS*j1 (5{')||Dazp||cs*(iz+l)(i%f)
< M-l

and summing over all |o;| = j; and |, | = j, establishes that g; . satisfies (D.10).

Estimate on Gz(x) Note immediately that G,(x) = 0 if s = 1. Otherwise if s > 2, then ¢ = s — 1.

Recalling that |r} ﬂg (xp)| < Ce~ 1||p||Cs 12 forany z € B(0, 1), and that d’xf( -) is a j-homogeneous
function, we have that

|Gz<x>|<2 /B( (@) @] kel iz s

“2pl e 1(%)21,/(0] df) @| - nizi e (D.13)
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Furthermore, for eachj = 1,...,s — 1 convolution of d’,;f with n only decreases the Lz(%) norm,
meaning

/7 (/B(o,l) () @] -t "Z)z e = /gf (/B«M) [CHICIRIED dZ) - (/B«M) D dz) dx

: /3(0,1) /jfg [(d]f) (x)]z n(llzll) dx dz

< 1dfI2 -
(D.14)

In the above, we have used both that |d’J @] < |d/f(x)| for all z € B(0,1), and that the kernel is
normalized so that [ 7(||z]|) dz = 1. Combining this with (D.13), we conclude that

s—1 2
, 2t o) L @) ol )
/%|G2(x)| ax < € (e pllera) ; /%(ﬂ o (@) @ maznrdz) ax

55— 1

< (= Ml r)) DIl

j=1

establishing the desired estimate.

Estimate on G(x). Applying the Cauchy—Schwarz inequality, we deduce a pointwise upper bound on

1G5 ()2,
2
1G5 (0)|* < (%) : (/ e u)|2n(IIZII)dZ) : (/ n(IIZII)dZ)
B(0,1) B(0,1)

2
2
S(pmzax) / [P 6| m(l12l]) dz.
g B(0,1)

Applying this pointwise over all x € £, and integrating, we obtain

/ 1G] dx<(’ﬂ)/ /BO 175D P izl ded
(”ma") /B o / 17 G izl d dz

pmaxg

€202 4940y00 /| uo 3senb Aq 98€59Z//€2Z/E/Z |L/BI0N./IEIEW/WO0D"dNO"jWapede//:SdjY WOy papeojumoq



LAPLACIAN EIGENMAPS REGRESSION 2471

with the last inequality following from (1.2). Noting that p,,) . = lIpllcoc2y < IPlles-1 (2)> We see that
this is a sufficient bound on [|Gs |2 2;)-

Proof of (D.7) and (D.9), induction step. We now assume that (D.7) and (D.9) hold for all order up to
some k, and show that they then hold for order k + 1 as well. The proof is relatively straightforward,
once we introduce a bit of notation. Namely, for any ¢,j € N such that 1 <j < ¢ <, we will use gf to
refer to a function satisfying

18] Npre-i¢ 27410y < CIPIE M- (D.15)

Note that gf x) = 8(s—0)+ (x), so that g; (x) = gj(x). As before, the functions gf may change from line
to line, but will always satisfy (D.15). We immediately illustrate the purpose of this notation. Suppose
g€ HK(%(S; C||p||’éq(5{)M) for some £ < s. If £ < 2, then by the inductive hypothesis, it follows that
forany x € 21 1).

Lp,g(x) = gh(x)e" 2. (D.16)
On the other hand if 2 < ¢ < s, then by the inductive hypothesis, it follows that for any x € 2 1),

Le=1/21-1
Lpg(x) =0,Ap20) + D g5 ,me¥ +gj(x)e 2. (D.17)
=1

Proof of (D.7). If s < 2(k + 1), then by the inductive hypothesis it follows that for all x € £}, we have

L’I‘,’Sf(x) =g, - e5=2k for some g € LZ(%(E, C||p||kcs,l(9/,)M). Note that we may know more about

L’;,f (x) than simply that it is bounded in L2-norm, but a bound in L?-norm suffices. In particular, from
such a bound along with (D.16) we deduce that for any x € 5&”(,c +1)es

Ly f () = (Lp, o Ly f)(x) = Lp g, (0)e* 2 = gj(x)e* 2D, (D.18)
establishing (D.7).
Proof of (D.9). If s > 2(k + 1), then by the inductive hypothesis we have that for all x € 2},

Ls—1)/2]1-k

Lif@ =ofabfm+ D gy @e¥ + g ek,
J=1

Thus for any x € %k+1)8,

Ls—1)/2]—k

L) = (LP’S o L’,E,’Sf) @) = 0fLp AR+ D Lpgyin@e? + Lp g, (0"
j=1

There are three terms on the right-hand side of this equality, and we now analyse each separately.
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1. Noting that A’;, e H 22, C||p||’és,,(%)M), we use (D.17) to derive that
(s—2k—1)/2—
Lo Apf) =0, AR 0+ D g eY + gl 5 (0et
=1
(s—1)/2—(k+1)
=0, A5 O+ D g e F g e (D.19)
j=1

where in the second equality we have simply used the fact gf () = g(s—p)+;(x) to rewrite the
equation.

2. Supposej < [(s — 1)/2] — k. Then we use (D.17) to derive that

L(s—2j—2k—1)/2]—1
s=2(+k)  \ 2i | s=2(j+k) 2 (i+k
Lpe82jin® = 0 Apagan@+ D0 gy W+ g 0T (e 2D
i=1
L(s—1)/2]—(+k+1)
— 2i
= g2(j+k+1)(x) + Z gz(i+j+k+1)(x)a + g, ()¢

i=1

s—2(+k+1)

where in the second equality we have again used gf (X) = &(5—1)+j(¥), and also written o, Apf =
g;_z(/+k) = 82(j+k+1)- since the particular dependence on the Laplacian Ap will not matter. From

here, multiplying by %, we conclude that

L(s=1)/2]=(+k+1)

2 2 24 2041
e7Lp (8241 %) = &o(jpat1) Y + Z 82 (itj+ht1)X)E ) 4 g (x)e*2*FD
i—1

Ls=1)/2]=(k+1)
2j 2 —2(kt1
= 8kt @ + > Baimks 1y DE + g (e 2D,

m=1
(D.20)
with the second equality following upon changing variables to m = i + j.
3. On the other hand if j = [ (s — 1) /2] — k, then the calculation is much simpler,
i —2(j+k i s—2(j+k)— _
69 Lp o811y () = gifz((;ik; ()Y 272 = g (r)et2EHD, (D:21)
4. Finally, it follows immediately from (D.17) that

Lp,g,(x)e’ ™% = g (x)es~2k+ D), (D.22)

Plugging (D.19)-(D.22) back into (D.18) proves the claim.
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D.3  Boundary behaviour of non-local Laplacian

In Lemma D.5, we establish that if f is Sobolev smooth of order s > 2k and zero-trace, then near the
boundary of 2" the non-local Laplacian L’;,,gf is close to 0 in the L?-sense.

Lemma D.5. Let s,k € N. In the flat Euclidean setting, suppose additionally that f € Hy(2"; M). Then
there exist numbers ¢, C > 0 that do not depend on M, such that for all ¢ < c,

1LY o2 9y < CEXTOMP,

Proof of Lemma D.5. Applying Lemma D.6, we have that

( pmax) ( pmax

k 2 k—1
”LP’gf”LZ(akE(%')) E ”L f||L2(3k (f)) 5 o S - |lf||L2(ak (5[))
Thus it remains to show that for all ¢ < c,
2 2 2, 2
”f”LZ(Bkg(ftlf)) ZA ) (f(x)) dx = C18 Y”]CHHY({%”) (D23)
ke

We will build to (D.23) by a series of intermediate steps, following the same rough structure as the proof
of Theorem 18.1 in Leoni [47]. For simplicity, we will take k = 1; the exact same proof applies to the
general case upon assuming ¢ < c/k.

Step 1: Local Patch. To begin, we assume that for some ¢, > 0 and a Lipschitz mapping ¢ : R
[—co, ¢ol, we have that f € C2° (U, (c)), where

Uy(co) = {y € 0(0.¢p) : 9_yp) < ¥a}»

and here Q(0, ¢) is the d-dimensional cube of side length ¢, centred at 0. We will show that for all
0 < & < ¢, and for the tubular neighbourhood V(e) = {y € Q(0,¢() : d(v_y) < ¥4 < ¢(v_y) + ¢},
we have that

F@I* dx < Ce>1f s v o)y
Vg (e)

Fora giveny = (v/,y,) € V,(¢), letyy = (', #(')). Taking the Taylor expansion of f(y) around y = y,,
because u is compactly supported in V,;, it follows that

s—1
1 . : Yd S
fO) =f0p) + > D00 (a = ()Y + /¢ e DD 2) (v —2)" T de=>
=

(s— 1!

ol < ce*! /4) |D*Uf (v, 2)| dz.
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Consequently, by squaring both sides and applying Cauchy—Schwarz, we have that

Yd 2 Vd
FOP < Csz“—“( / Dear ()| dz) < ce! / IDeaf D) de.
o) o)

Applying this bound for each y € V,,(¢), and then integrating, we obtain

¢ )+e

/ I dy < / FO sy ) dyydy
Vo (e) Q4—1(co) Yo ()

dO)+e  fya 5
< Ce»! / / / \Dtf(y,2)|" dzdy,dy, (D.24)
Qi1 o) Joon

where we have written Q,_;(0,c,) for the d — 1-dimensional cube of side length ¢, centred at 0.
Exchanging the order of the inner two integrals then gives

oO)+e  rya 5 ¢ +e pe 5
/ / |DS€df(y/’Z)| dZ dyd = / / |DS€df(y/, Z)| dyd dZ
é0" ¢ é0O z

¢ )+e )
<Ce / |D*f(y,2)|" dz
$0)

o ] 5
< Ce / |D*f(y,2)|" dz.
¢0"

Finally, plugging back into (D.24), we conclude that

co
Fo)I*>dy < Ce* / / Dif(,2)|* dedy < Ce¥ |l y o
Ve (e) Q4-1(0,c0) /()
Step 2: Rigid motion of local patch. Now, suppose that at a point x, € 92", there exists a rigid motion
T : RY — RY for which T(xy) = 0, and a number C,, such that for all ¢ - Cy < ¢,
T (Qr(x,c) N9, 27) SV, (Coe) and T (Qr(xg,co) N 27) = Uy (co).

Here Q7(xg,cp)) is a (not necessarily coordinate-axis-aligned) cube of side length c(), centred at x.
Define v(y) := f(T~'(y)) fory € Uglco). If u € CX(X), thenv € CCOO(U¢(CO)), and moreover

||v||%{s(U¢(CO)) = |V||?‘I‘Y(QT(X0,CO)H%). Therefore, using the upper bound that we derived in Step 1,

) ? dy < Ce*|[v]|2s ,
/V¢(C0-s) (Up(co))
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we conclude that

If ()% dx = / v(y)[* dy
T(Qr1(x0,c0))N3e Z7)

< / )2 dy
Ve (Co-€)

25q012 251412 2517112
= Ce™ Mlaswyteon = €7 Wllsoroconnzry = €& Wfllgscar)-

/Qr(xoyco)ﬁas Z

Step 3: Lipschitz domain. Finally, we deal with the case where 2 is assumed to be an open, bounded
subset of R?, with Lipschitz boundary. In this case, at every Xy € 04, there exists a rigid motion
T,, : RY — R such that T, (x,) = 0, a number c(x), a Lipschitz function ¢, : R — [—c), ¢l
and a number C;)(x,), such that for all & - Cj(xy) < cy(xp),

T (QT(xO,CO(xO)) na, %) cV, (Co(xo) . 8) and T (QT(xO,co(xo)) N %) = Uy (co(xp))-

Therefore for every x, € 92, it follows from the previous step that

/ F@P dv < CopE® 12,
Oty (¥0.c0(x0))N0e 2~

where on the right-hand side C(x,) is a constant that may depend on x,, but not on u or .

We conclude by taking a collection of cubes that covers 9, 2" for all € sufficiently small. First, we note
that by a compactness argument there exists a finite subset of the collection of cubes {QTX0 (X0, co(x9)/2) :
Xy € 90X’} which covers 3.2, say QTX1 (x1,¢c9(x1)/2), ..., QTXN (xy»co(xy)/2). Then, for any ¢ <

min,_; n¢o(x;)/2, it follows from the triangle inequality that

.....

N
0.2 < |J Or, (i col).

=1
As aresult,

N
2
/M @ < ;

N
I < e®Mfl7pc2 D Colx)
= /QTXI. (x1co(E)IND: (2) ) Z‘ l

which proves the claim of (D.23).

D.4  Estimate of non-local Sobolev seminorm

Now, we use the results of the preceding two sections to prove (D.2). We will divide our analysis in
two cases, depending on whether s is odd or even, but before we do this we state some facts that will
be applicable to both cases. First, we recall that Lp . is self-adjoint in L?(P), meaning (Lpof.8)p =
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(fiLpcg)p forallf,g € L*(Z"). We also recall the definition of the Dirichlet energy E pe (s 2,

1
(Lpof N)p = 75 /I /l (e —f(x’))zn(”x ”) dP()dP(x) = Ep (f: 2).  (D.25)

Finally, we recall a result of [31]: there exist constants ¢y and C, which do not depend on M, such that
for all ¢ < ¢ and for any f € Hl(%;M),

Ep (fi Z) < CoM>. (D.26)

Case 1: s odd. Suppose s is 0dd, so that s > 3. Taking k = (s — 1)/2, we use the self-adjointness of Lp ,
to relate the non-local semi-norm (L}’E f.f)p to anon-local Dirichlet energy,

(Lpof f)p = (Lph'f L of)p = Ep o (Lp of s 2).

We now separate this energy into integrals over 2, and 0, (Z),

" — I
&

1 2
Ep Ly f; ) = W[ /%k /%k (Llj,,&f(x) —Lf,,&f(x/)) n( )dP(x/) dP(x)

+ / / (Lgsf(x) - L’;),af(x’))Z n( I = x”) dP(Y) dP(x)]
Bks% Bké‘% €

1= Epo(Lpofs 21) + Ep (L of 18, 2) (D27)

and upper bound each energy separately. For the first term, we add and substract a,’l‘ All‘,f (x) and 0,’,‘ A];,f )
within the integrand, then use the triangle inequality and the symmetry between x and x" to deduce that

Ep,Uht: 710 S0 B, Al 200+ i [ [ g0
- a,’;A’;,f(x))zn( I ”) dP(xX') dP(x). (D.28)
&

Noticing that ARf € H' (25 1Ipllg-1 - M), we use (D.26) to conclude that Ep (ARf: 2j,) < CoM?.

On the other hand, it follows from Assumption (K1) and (D.5) that

2 2 (¥ —x /
e /% /m (Llli’gf(x) —a,’;A’;,f(x)) n( - )dP(x)dP(x)

2P imax
52

IA

2
/ (L],‘;,’af(x)—a,];A];,f(x)) dP(x)
Zie

IA

M.

Plugging these two bounds into (D.28) gives the desired upper bound on Ep (L’;,’ o Lie)-
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For the second term in (D.27), we apply Lemmas D.7 and D.5 and conclude that

4p?
Ep o (Lpfs 0 2) = =5 Lp of 12, ) < CMP.

Case 2: s even. If s € Nis even, s > 2, then letting k = (s — 2)/2, the self-adjointness of Lp , implies

(Ly of )p = LS F1I3-

As in the first case, we divide the integral up into the interior region 2, and the boundary region 9, 2,

(L) apco + .

Oke

(Lﬁlf(x))z dP(x)],
(D.29)

k+1 k+1
L+f||P Spmax||L+f”L2(gf) pmaxl/ﬁ/

ke

and upper bound each term separately. For the first term, adding and subtracting okAk pf (0) gives

[ () areo <2
P 2

ke

(LP’SAI}‘,f(x))Z dP(x) +2 /% (Lp,g (L’;,,Ef ~o, A';,f) (x))z dP(x)

ke
Cem? 12 /% (Lpe (Lbof = o, 480) (x))2 dP(x)

(tl) Cpmax

2om?+ ILp of = 0y ARf 1720

(2)C 2

with (i) following from (D.7) since A f e HX(Z; M||p||
(iii) following from (D.6).
Then Lemma D.5 shows that the second term in (D.29) satisfies

Cs— 1(3{)) (ii) following from Lemma D.6, and

/8 N (L’;jglf(x))z dP(x) < CM?.
ke A

D.5 Assorted integrals

LEMMA D.6. In the flat Euclidean setting, suppose additionally that f € L*>(U; M) for a Borel set U C
2, and let Lp . be defined with respect to a kernel 7 that satisfies (K1). Then there exists a constant C
which does not depend on f or M such that

2p
||LP,;f||L2(U) = ;;ax ”f”LZ(U) (D.30)

LEMMA D.7. In the flat Euclidean setting, suppose additionally that f € L*>(U; M) for a Borel set U C
2, and let Lp . be defined with respect to a kernel 7 that satisfies (K1). Then there exists a constant C
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which does not depend on f or M such that

2
4P rax

EP,s (f; U) S 82

172 0 (D.31)

LEmMMA D.8. In the flat Euclidean setting, suppose additionally that f € H'(2"; M), and let D/ be
defined with respect to a kernel n that satisfies (K1). Then there exists a constant C which does not
depend on f or M, such that for any i,j € [n] and j € [n]’,

E[IDy ()1 - () = fX)I] = ce*Har?,

where k + 1 is the number of distinct indices in ijj.

Proof of Lemma D.6. We fix a version of f € L*>(U), so that we may speak of its pointwise values.
At a given point x € U, we can upper bound |Lp f (x)|? using the Cauchy—Schwarz inequality as
follows:

2 ;o 2
Lpf 0 < (%) ( [ e+ v<x)|)2n(”x8—x”) dx’)

2 ’ 7
max / ” - ” / ” - ” /
< (Bas) () wenveonts (B o (B2 o)

2 /
P , e =l
= /U(lf(x)l + lf(x)l)zn(—g )dx.

The equality follows by the assumption fRd n(l|lz]l) dx = 1 in (K1). Integrating over all x € U, it follows
from the triangle inequality that

23 ,_
Iy = 225 [ ] (e + o) (M) ava
22 -
< e /U/U (reH1 + iroP) n(”x - x”)dx’dx. (D.32)

Finally, using Fubini’s Theorem we determine that

/U/U(lf(x/)|2+lf(x)|2)n(”x/;x”)dx'dxz2/U/Ulf(X)I2n(”x/;x“)dx

< 2¢ / P dx=26f 7, (D33)
U
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and by combining (D.32) and (D.33) we conclude that

4p2
1L lF2 ) = —F= W72

Proof of Lemma D.7. We have

X —
Erelh) = 2 [, ] G0 =1y (” ”)dP(x/)dP(x)

2 —
< f;id// ror + ) o 1) avas,

and the claim follows from (D.33).

Proof of Lemma D.8. Let G, .[X;;] be the subgraph induced by vertices X, X, - ,ij. An inductive
argument shows that ‘

IDif (X)) = CIf(X;) — f(X)I - { e[ X1 is connected.},
from which it follows that
IDyf (X1 - If (X)) — f(Xp] = CIf(X;) —fXDI- If (X)) —fXpI-1 {G,,,g[Xijj] is COHneCted.}

Taking expectation and applying Cauchy—Schwarz (if j # j,) gives

E[|Djf(Xi)| X —f(Xj)|i| <C- E|:[f(ij) _f(Xi)|2 .1 { [XUJ] is connected. } i|

(If j = j, the inequality is of course immediate.) Marginalizing out the contribution of all indices in j not
equal to i or j gives

E [lf(Xj) —fX)I*-1 { G, [X;;] is connected.}] (D.34)

NGU
< (64 Dpmavae?) T E[I100) =700 PLIX, — X)) < e)]

d) AU LI 24dyp2 (D.35)

* PmaxVa®

< ((s + DpaxVié

with the second inequality following from the proof of Lemma 1 in [31]. Finally, we notice that |j \ {i U
J} =k — 1, so that (D.35) gives the desired result.
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E. Graph Sobolev semi-norm, manifold domain

In this section we prove Proposition 7. Note that when s = 1, the upper bound (4.4) follows immediately
from Lemma E.10 and Markov’s inequality.

On the other hand when s = 2 or s = 3, we prove Proposition 7 by first establishing some
intermediate results, many of which are analogous to results we have already shown in the flat Euclidean
case. Indeed, in some ways the proof will be simpler in the manifold setting than in the flat Euclidean
case: there is no boundary, and we do not need to analyse the iterated nonlocal Laplacian LJP’ o forj > 1.

That being said, as mentioned in our main text, in the manifold setting there is some extra error
induced using Euclidean rather than geodesic distance. We upper bound this error by comparing the
non-local operator

[lx" — xlI

1
Lpof(x) := o /% (F&) —f) n(—)p(x’) dp(x).

&

to an alternative nonlocal Laplacian ZP -» which is defined with respect to geodesic distance. Precisely,
letd o (x, x') denote the geodesic distance between x,x' € 2, and define

~ 1 d” /» / /
Lpof @) = /jg (f&) —f) n(#)p(ﬂdu(x)-

We show the following results, each of which hold under the same assumptions as Proposition 7.

* In Section E.1 we show that the graph Sobolev seminorm (Lj .f,f), is upper bounded by the sum of
a non-local seminorm and a pure bias term: specifically, with probability at least 1 — 2§,

Ly of S)p &2
) 1 n82x+m

(Loof oSy < (E.1)

This upper bound is essentially the same as (D.1), but with the intrinsic dimension m taking the

place of the ambient dimension d. The pure bias term will be of at most constant order when & 2>
—1/Q2(s—D+m)
n .

* In Section E.2, we show that the error incurred using the ‘wrong’ metric is negligible. Precisely, we
find that

7 2 21412
”LP,af - LP,af”LZ(ggf) = ng lf'H'(ﬁK)' (E2)
* In Section E.3, we analyse the approximation error of ZP’S. We show that when f € H*(2") and
peCh(),
ILpof 17205y < Calf I3 - (E.3)
On the other hand, if f € H3(2") and p € C3(2"), then

ILp.of =y ApflT2 5y < C3E2 W I3p - (E4)
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Here Ap is the density-weighted Laplace—Beltrami operator. It is defined precisely as in (1.2), but
with div and V interpreted as the divergence and gradient operators on the manifold 2.

¢ In Section E.4, we use the results of the preceding two sections to show that if f € H*(Z") and
peCI(Z), then

(Lpof S)p < Callf s 2y (E.5)

e In Section E.5 we state some technical results used in the previous sections.

We point out that when f is Holder smooth, results analogous to (E.4) have been established in
Calder and Garcia Trillos [16]. When f is Sobolev smooth, our analysis (which relies heavily on Taylor
expansions) is largely similar, except that the remainder term in the relevant Taylor expansion will be
bounded in L2(.2") norm rather than L°°(.2") norm. This is analogous to the situation in the flat Euclidean
model.

In the proof of (E.1)-(E.5), we recall the following estimates from differential geometry: (i) letting
K, be an upper bound on the absolute value of the sectional curvatures of 2", K, < 2R, and letting (ii)
iy be a lower bound on the injectivity radius of 2", i > mR; see Proposition 1 of [1]. Additionally,
recall that for all § < i, the exponential map exp, : B,,(0,8) C T(Z) — By (x,6) C Z isa
diffeomorphism for all x € Z". We shall therefore always assume & < i.

Proof of Proposition 7. Follows immediately from (E.1) and (E.5). (I

E.1 Decomposition of graph Sobolev seminorm

The proof of (E.1) is identical to the proof of (D.1), except substituting the intrinsic dimension m for
ambient dimension d, and using Lemma E.12 rather than Lemma D.8.

E.2 Error due to Euclidean Distance

In this section, we prove (E.2). By applying Cauchy—Schwarz we obtain an upper bound on |Lp f (x) —
Pinax

Lp f (0%
/ 2| (1IX —xll dgy (', x) ,
22(2+m) /% [F&) = f] ’7( . ) - fl( %5 )'du(x)

P (22
z € €

1
= m“‘l (x) - Ay (x) (E.6)

[Lpof @) = Lpf ]

IA

Thus we have upper bounded |Lp f(x) — ZP’Ff x0))? by the product of two terms, each of which we
now suitably bound. To do so, we will use the following estimate, from proposition 4 of [28]: for all
llx" — x|l < R/2,

8
I = xll < dgr () < I = 2l + 25 I = x| (E.7)
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From here forward we will assume ¢ < R/2.

Upper bound on A (x). Consequently n(||x'—x|| /&) > n(d 4-(x, x)/€). For a corresponding upper bound,
let L, denote the Lipschitz constant of 1 on [0, 1] and set % := (14 27¢%/R%)¢. Then

/ d o (¥, L 8¢ _
‘n(”x - x”) - n(@)‘ < I Uy o0 =) + Dl e < dy (4,0 <)

Thus,
2

8L ¢ , 5 , ,
A ) < /% [F0) —f@T 1K — 2]l < ) du@)

+ 11l 0o /jg [F&) —f@] 1{e < dy (%) < F} du)

Integrating over Z~, we conclude from Lemma 3.3 of [15] and Lemma E.11 that

8L, v, &>
n-m 2 +21 712
/%Al(x) Ap () =z s (1+ Cmo) 21112,

m+4, 02 . m+4, 12
+ C||77||008 V'H](Uﬂl‘) - CSS V'Hl(%)

Upper bound on A, (x). Integrating over x’ € 2", we see that

[ () ) (£29)
7 £ &

8L,e” 1{d, dp(x’ 1 dy (X g} dp

< p < . <

< /x {dg . x) <) M(X)+pmaxllnlloo/% {6 <dy,x) <7} du(¥)
8L,,z92 _

= 1 (B ®8) + Pmaxlnllo [1 By (68) — 1 (B (x, ). (E.8)

Equation (1.36) in [28] states that
|/L(ng- (x,8)) — wm8m| < CmK0£m+2,

where we recall K is an upper bound on the sectional curvature of :Z". Plugging this back into (E.8), we

conclude that
[lx" — x|l dgy (¥, x)
TI(T - %T du(x)

/,

8L,7s2 5 5
< [wmsm + CmK ™t ] + 1l [a)m(E’” — &™) 4+ 2CmK et ]

8L &2 27w
< 2 [a)msm n RZCmKoam] + 7l oo™ [R—z'" n 2CmK0:| = Cee" 2.

R2
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Putting together the pieces. Plugging our upper bounds on A, (x) and A, (x) back into (E.6), we deduce
that

1
[, A0 A

T 2
ILpef = Lpefli2 9y

C
< ot [ A

= C5C65 lf|H1(Va{y/-),
thus proving the claimed result.

E.3 Approximation error of non-local Laplacian

Fix x € 2. We begin with a pointwise estimate of ZP’gf , facilitated by expressing w(v) = f(exp,(v))
and g(v) = p(exp,(v)) in normal coordinates, as in [16]. Let J (-) be the Jacobian of the exponential
map exp,, we have

Lpof (x) = ps) / (F&) = f) n ( 7 (% ))dp(x’)

1
T+z/ w() — W(O))n(” H)J (g(v) dv
& B0.6)CT(Z)

1
1 [ / (wev) — w(0) n(lIvDa(ev) dv + / (wEv) — w(0) n(IvDgEv) Uxer)—1) dv
B(,1) B(0,1)

g2

A1(x) +A2(x)

[[DmEquation201]]Note that w and g have the same smoothness properties as f and p. Moreover, arguing
exactly as we did in the flat Euclidean case, we can show that when f € H*(2") and p € C'(2"), then

14117205y < CWf 72y
whereas if f € H(2) and p € C2(Z’) then

A} = 0, Apf 1725y < CUF G 08

Therefore it remains only to upper bound A, in L2(2") norm. To do so, we recall (1.34) of [28]: for
any ¢ < iy and all x € 27, the Jacobian J, (v) satisfies the upper bound

IJ,(v) — 1] < CmKye?, forall v e B(0,&) C T (Z).
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Combining this estimate with the Cauchy—Schwarz inequality, we conclude that

1451725y < Cm*KG [ /B (w(ev) —w(0)* n(lIviDg(ev) dv] - [ /B o "MDaEN dv}

0,1

< CnPK2o, (1 + L) / (w(ev) — w(0)> n(lIv)g(ev) dv
B(0,1)

< CmPK30, (1 + Ly#)Prmaxe” fl31 )

with the final inequality following from (3.2) of [15]. Combining our estimates on A; and A, yields the
claim.

E.4 Estimate of non-local Sobolev seminorm

In this subsection we establish that the upper bound (E.5) holds when f € H*(2) and p € C*~1(Z").
We first consider s = 2, and then s = 3.

Case 1: s = 2. When s = 2, the triangle inequality implies that

(L of £)p = max (Wpof = Loalacr, + ILpaf 132

The first term on the right-hand side is upper bounded in (E.2), and the second term is upper bounded in
(E.3). Together these estimates imply the claim.

Case 2: s = 3. When s = 3, the triangle inequality implies that

(Lpoff)p = Epc(Lpefs Z) < 3(Ep(Lpf — ZP,af )+ Ep (ZP,ef — 0, 8pf3 X))
+ 0, Ep (Apfs 2)

We now upper bound each of the three terms on the right-hand side of the above inequality. First, we
note that by Lemma E.9 and (E.2),

~ C ~ 2 2
EpeLpof = Lpofs 2) = S Lpof = Lpefli2car) < Clf I 2y

An equivalent upper bound on Ep (Zp,sf — 0,Apf; 2) follows from Lemma E.9 and (E.4). Finally,
we notice that f € H3(Z') and p € C2(Z") implies Apf € H'(2), and furthermore |Apflpi 2y =
Pl 227y - Wfllg32-)- We conclude from Lemma E. 10 that

Ep (Apfs 2) < ClAf 13 5y < CW s )0

where in the final inequality we have absorbed ||pl|¢2(4-) into the constant C. Together, these upper
bounds prove the claim.
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E.5 Integrals

Recall the Dirichlet energy Ep (f; 2°) = (Lpf.f)p, defined in (D.25). Now we establish some
estimates on Ep . (f; 2°) that hold in the manifold setting, and under various assumptions regarding the
regularity of f.

LEMMA E.9. In the manifold setting, suppose additionally that f € L?(.2"). Then there exists a constant
C such that

c
Epo(fs 2) = 53200 (E.9)

Lemma E.10. In the manifold setting, suppose additionally that f € H'(.2"). Then there exist constants
c and C which do not depend on f such that forany 0 < ¢ < c,

Epo(fs 2) = Clf 1 - (E.10)

We use Lemma E.11 to help upper bound the error incurred using || - || rather than d 5 (-, ). Recall
the notation & = (1 + 27¢2/R?)e, where R is the reach of 2.

LeEmMA E.11. In the manifold setting, suppose additionally that f € H'(.2"). There exist constants ¢ and
C such that for any ¢ < c,

/ﬂ, /f (F) =)’ Ue < dyp (¥, x) < By dpu) d(x) < Ce™ 12, (E.11)

Finally, we use Lemma E.12 to show that the pure bias component of (L’f, fyn is small in
expectation. This is analogous to Lemma D.8.

Lemma E.12. In the manifold setting, suppose additionally that f € H'(.2"), and let D,f be defined with
respect to a kernel 7 that satisfies (K4). Then there exists a constant C which does not depend on f or 7,
such that for any i,j € [r] and j € [n]’,

E[IDy ()1 (%) = £ I | = Ce2™ - f 12,

where k + 1 is the number of distinct indices in ijj.

Proof of Lemmas E.9 and E.10. Define the non-local energy E p.e With respect to geodesic distance,

- ~ do (¥, /
Ep (fi 2) == (Lpof.flp= /% /y (& —f(X))zn(@) dP(x’) dP(x).

From the lower bound in (E.7), it follows that E Pe ;X)) < E Pe (f; ), and from the upper bounds
P(X) < prax and n(|x]) < lInlly, - Hx € [—1, 1]} we further have

Bp o 27) < Pl - / / (F0) — () dp() duc).
2 JBa (o)
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The estimates (E.9) and (E.10) then respectively follow from (3.1) and Lemma 3.3 of [15].

Proof (of Lemma E.11). Following exactly the steps of the proof of Lemma 3.3 of Burago et al. [15], but
replacing all references to a ball of radius r by references to the set difference between balls of radius €
and &, we obtain that

/3?:— /% (f(x/) —f(x))z 1{8 < d%(xl,x) SE} dlu/(x/) du(x) < (1 + CmK082)

: / / |dif () dvdpu(x).
2 JA(e®)

Here A, (e,8) = {v: e < |v| <%}, and d;f (v) is the directional derivative of f at the point x in the
direction v. From (2.7) of Burago et al. [15], we further have

v
/ / @O dvdyu() = 2 @ — 24y / P da )
2 J An(e®) +m X

v

_ m d4my g1 p112
=27 e I Iy
Noting that ||d1f||i2(%) < |[f||f11 (2 Ve see that this implies the claim of Lemma E.11.

Proof of Lemma E.12. The proof of Lemma E.12 is identical to the proof of Lemma D.8, upon substituting
the ambient dimension m for the intrinsic dimension d, and using Lemma E.10 rather than Lemma D.7
to establish (D.35).

F. Lower bound on empirical norm

In this section we prove Propositions 6 (in Section F.1) and 9 (in Section F.2).

F.1  Proof of Proposition 6

In this section we establish Proposition 6. As mentioned, the proof of this proposition follows from the
Gagliardo—Nirenberg interpolation inequality, and a one-sided Bernstein’s inequality (Lemma 1.17).

LemMmA F.13. (Gagliardo—Nirenberg interpolation inequality). In the flat Euclidean setting, suppose
additionally that f € H*(Z") for some s > d/4. Then there exist constants C; and C, that do not
depend on f, such that

d/4 1-d/ 4
sy < Cilflgncon W20 + Callfllaary (E1)

Proof of Proposition 6. Rearranging (F.1) and raising both sides to the fourth power, we see that

IE 4 X 9 4 s d/S
[r (4 )] < C(“f”muf)) < Cl( Ules 2y ) +Cy;
”f”p ”f”LZ(gZ') |lf||L2(5{)
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here the constants C;, C, are not the same as in (F.1). Taking the constant C in assumption (3.18) to be
sufficiently large relative to C; and C,, such that

o (oY o
Wiz ) ~ 64

we conclude

4
BT 1 g
A

The claim then follows from Lemma I.17, upon taking ¢ = 1/ (64C§) in the statement of Proposition 6.

E2  Proof of Proposition 9

The proof of Proposition 9 follows exactly the same steps as the proof of Proposition 6, upon replacing
Lemma F.13 by Lemma F.14.

LemmA F.14. (c.f Theorem 3.70 of Aubin [4]). In the manifold setting, suppose additionally that f €
H*(Z') for some s > m/4. Then there exist constants C; and C, that do not depend on f, such that

4 1—m/ (4
Wllsary < Crlf T Wl + Callfl2eary- (F2)

G. Proofs of main results
G.1 Estimation Results

Proof of Theorem 1. We condition on the event that the design points X, ..., X,, satisfy
c , 1
(Lysfofoly = M* and 3y = c-min {00 =} foralt 1 <k <n (G.1)
’ €

Note that by Propositions 3 and 5, these statements are both satisfied with probability at least 1 — § —
Cn exp{—cne?}.
Conditional on (G.1), we have from Lemma C.1 that forany 1 < K <n,

M? N K]
S(pg AT nf

|ﬁ—mﬁsc[

either deterministically (when K = 0), or with probability at least 1 — exp(—K) (when K > 1). Further,
from the bounds ¢ < ¢yK —l/d (Assumption (P1)) and pg | > c(K + 1)2/4 (B.4), Weyl’s Law) we can
simplify the above expression to the following:

_ M? K
If = foll2 < C[T(KJF 1)‘2/d+;]. (G.2)
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We now upper bound the right-hand side of (G.2), based on the value of K chosen in (P1). When possible

we choose K = | M?n | 4/2+) 4, balance bias and variance, in which case (G.2) implies

Py C _
If M> < n~!, then we take K = 1, and from (G.2) we get
P C
_ 2 <
I —follz = e

Finally if M > nl/d, we take K = n. In this case, we note thatf(Xi) =Y, foralli =1,...,n, and it
immediately follows that

. 1<
2 2
W = sl = o 'El w; <5,
=

with probability at least 1 — exp(—n). Combining these three separate cases yields the conclusion of
Theorem 1.

Proof of Theorem 3. Follows identically to the proof of Theorem 1, except substituting L;, . for L, ., A}
for A;, and using Proposition 4 rather than Proposition 3 and Assumption (P3) rather than Assumption
Pr1).

Proof of Theorem 7. Follows identically to the proof of Theorem 1, substituting L;,  for L, , Ay for A;, and
using Proposition 7 rather than Proposition 3, Proposition 8 rather than Proposition 5 and Assumption
(PS) rather than Assumption (P2).

G.2 Testing Results

Proof of Theorem 2. We have already upper bounded the Type I error of ¢ in Lemma C.2, and it remains
to upper bound the Type II error. To do so, we condition on the event that the design points X, ..., X,
satisfy

c
(Ly oforfodn < EMZ, and A, > c-min{p, e >} forall2 <k <n, (G.3)
as well as that

1
ol = = 1fl3. (G.4)

Note that by Propositions 3 and 5, both statements in (G.3) are satisfied with probability at least 1 —§ —
Cn exp{—cne?}. Additionally, by Proposition 6 and the assumption in (3.5) that [[fy[|3 > CM?/(bn*/?),
the one-sided inequality (G.4) follows with probability at least 1 — exp{—(cn A 1/b)}. Setting § = b/3
and taking n > N to be sufficiently large, the bottom line is that both (G.3) and (G.4) are together satisfied
with probability at least 1 — b/2.
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Now, to complete the proof of Theorem 2, we would like to invoke Lemma C.2, and conclude that
conditional on X, ..., X, satisfying (G.3) and (G.4), our test ¢ will equal 1 with probability at least
1 — b/2. To use Lemma C.2, we will need to establish that (C.4) is satisfied.

On the one hand, we have that the right-hand side of (C.4) is upper bounded,

(Ln,st’fO) V2K \/’ \/’ 32 M? V2K \/T 1
A+ [ ] (bmm{pml, =2 [ a ED
2
< C(K(K—i- DA @[\/I-l‘ 1])
b n a b

with the second inequality following by the assumption ¢ < K~!/¢ and Weyl’s Law. On the other hand,
we have that |[f0||2 > |[f0||%, /2. Consequently, to prove Theorem 2, it remains only to verify that

M? B V2K \/T 1
2 - 2/d e - -
Wollr = C( b (K+1) + - [ p + bD' (G.5)

As in the estimation case, we can further upper bound the right-hand side of (G.5), depending on the
value of K chosen in (P2). If K = | M?n | 4/@+d)

then (G.5) is satisfied as long as

1 1
Voll3 = CM2(W2m) 4/ [\/; + 5]

If M? < n~!, then we take K = 1, and (G.5) is satisfied whenever

2 E\/I 1
ufonpzn[ a+b}.

Finally if M > n'/4 we take K = n, and (G.5) is satisfied if

M? 1 1
2 o -2 /L 1
|[fo||,,_c(n2/db+n [,/a+b]).

We conclude by observing that (3.5) implies each of these three inequalities, and thus implies (G.5).

Proof of Theorem 4. Follows identically to the proof of Theorem 1, except substituting L;, . for L, ., A}
for A, and using Proposition 4 rather than Proposition 3 and Assumption (P4) rather than Assumptlon

(P2).

Proof of Theorem 8. Follows identically to the proof of Theorem 1, except substituting Lj, , for L, .,
Ay for A;, and using Proposition 7 rather than Proposition 3, Proposition 8 rather than Proposition 5,

Proposition 9 rather than Proposition 6 and Assumption (P6) rather than Assumption (P2).

Proof of Theorem 5. Note that our choices of K and ¢ ensure that (G.3) (with L, , replacing L, ) and
(G.4) are satisfied with probability at least 1 — b/2. Proceeding as in the proof of Theorem 2, we upper
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bound the right-hand side of (C.4),
L, fos V2K 1 2 32 M? V2K 11
Enclotoln [2\/j+\/j+—} < C( . —+ I:\/j-i-—])
Yyan n a b bn bmin{pg (,e7=} n a b
M? V2K 11
<C(—e*+ = \/j +-1)
b n a b

Unlike in the proof of Theorem 2, we note that in this case e < Cpg rather than vice versa. From here,
proceeding as in the proof of Theorem 2 gives the claimed result.

H. Graph Laplacian methods and the cluster assumption

A main conclusion of our paper is that PCR-LE is minimax optimal for non-parametric regression over
certain Sobolev classes. It is not the only optimal method. For instance, kernel smoothing and least
squares using an appropriate set of basis functions as features are two other minimax optimal methods
over these Sobolev classes. We now give an example where PCR-LE is better than these two alternatives,
in the sense of having (much) smaller risk. This is possible because PCR-LE performs remarkably well
when the regression function f, and design distribution P satisfy a cluster assumption: that is, when
the regression function is (approximately) piecewise constant over high-density clusters of the design
distribution P. On the other hand, kernel smoothing (with Euclidean distance) and least squares (using
eigenfunctions of an unweighted Laplace operator) cannot take advantage of the cluster assumption. We
call this property of PCR-LE density adaptivity.

H.1  Set-up

We begin by specifying a sequence of design densities and regression functions {(p, fén) ):n e NL
These distributions will all be chosen to satisfy the cluster assumption. To that end, we define two clusters
01,0, C R using a cluster separation parameter r, as

0,:=10,1/2—-r], Q,:=[1/2+r1],

and take the domain 2" := Q, U Q,. We then take the design density to be uniform over 2 * and
the regression function to be a piecewise constant function over Q; and Q, of height 6,

1
PP () = 5! xeQ U0}, fPw=0-(1{xe0}-1{xe0,}). (H.1)

Thus p™ and f(;") belong to a two-parameter family, where the parameters are the cluster separation r
and height 8. Generally speaking, the smaller the separation r, and the larger the height 6, the more graph
Laplacian methods will outperform both kernel smoothing and linear regression using eigenfunctions of
the unweighted Laplace operator as features.

We now define kernel smoothing and least squares using eigenfunction of an unweighted Laplace
operator. For a kernel function v and bandwidth parameter #, the kernel smoothing estimator ]~‘KS is
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defined at a point x € 2" as

0, if d, ,(x) = 0,
z i n
frs) = l(x) S Y <—||Xihx| ), otherwise. (H2)
i=1

dn.n

Let (A1, ¢;), (A5,¢,), ... be eigenpairs of the unweighted Laplace operator A on [0, 1], meaning

d d
A¢k = kk¢k’ ”¢k”L2([0,1]) =1, a(ﬁk(o) = a(ﬁk(l) =0. (H.3)

In this case the eigenfunctions ¢, of A are simply cosine functions, with eigenvalues proportional to
their squared frequency. Noting that ¢, (x) = 1 and A; =0, fork = 2,3, ... we have

P (X) = V2 - cos2mkx), A (A) = w2

The least squares estimator using ¢y, . .., ¢x (1 < K < n) eigenfunctions as features is simply'?
fx:= argmin Y —f|}=0@ o) loTY. (H.4)
fespan{¢r,...¢k}

Hereafter, we will refer tofK as the uniform least squares estimator.

H.2 Upper bounds on risk of PCR-LE

Now we are in a position to state our results. Both PCR-LE and kernel smoothing depend in part on the
choice of kernel. For simplicity, in our analysis we only consider the boxcar kernel,

n@ =v@=Hz=<1}L (H.5)

This is strictly for convenience, and the following results will also hold for any kernel that satisfies (K1).

ProposiTioN H.10. Suppose (X;,Y;),...(X,,Y,) are sampled according to (H.1). Compute the PCR-
LE estimator f using a kernel n which satisfies (H.5), number of eigenvectors K = 2, and radius ¢ = r/2.
Then,

E [Il?— o(”)lli] < (692 n l) 8 exp(enr/8) + 1. (H.6)
n r n

Proof of Proposition H.10. We begin by showing that, with high probability, the eigenvectors v, v,
respect the cluster structure of p®. Denote u; = (1{X; € O1Dicpn)» and likewise uy = ({X; € Or}) -
We make the following two observations:

12 For convenience, we will assume @ € R"*K is full rank. If this is not the case, the least squares estimatoer is not uniquely
defined, but any solution will equal Y in-sample, and will satisfy ||fx —f0||% > 1/2 with high probability.
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1. Because ¢ < r and the kernel 7 is compactly supported on [0, 1], for each X; € O, and X € 0y,
it must be the case that n(||X; — Xj||/8) =0.

2. Using an elementary concentration argument (stated in Lemma 1.19) and the triangle inequality,
we deduce that with probability at least 1 — 4/ exp(—ne /4) there exists a path in G, . between
each Xi,Xj € Oy, and likewise between each Xi,Xj € 0,.

Together these observations imply that with high probability the neighbourhood graph G, , consists
of exactly two connected components: one consisting of all design points X; € Q;, and the other
consisting of all design points X; € Q,. In other words,

P (span{vl,vz} = span{ul,u2}) > 1—4/cexp(—ne/4). H.7)

Let us condition on the ‘good” event & that the design points X, ..., X, satisfy (I.1), and therefore
that span{v;,v,} = span{u;,u,}. Considir thi empirical mean Y, = m 2 ixeo Yi- Since
span{v;,v,} = span{u;,u,}, the estimator f = f; will be piecewise constant on Q; and Q,, and in
fact we have that

F=Tpu +You,. (H.8)
Therefore conditional on &,
IF=15"117 = Pu(@)) - (g, = 6)* +P,(Qy) - Vg, +6)°

and consequently,

@@] _ ! (H.9)

n

E[IF - 5" 13

g] —E [IE [u?—fg")n,ﬂxl, .. X,,]

Now we derive a crude upper bound on |[?— fé") [I,, that will suffice to control the error conditional

on &°. We observe that the empirical norm of?is bounded,

. 2 &
I = = 30 )ivd s+ (Vo) vl = 2 (v + (Yo)}) < 41V

i=1
Noting that E[|Y[2|X,,...,X,] = Ifyll2 + 1/n = 6% 4+ 1/n, we conclude that
E[IF ol - HEY] < E[@IUGIE+40 + 1/m) - 1{E7Y] = (667 +n™") - 4o~ exp(—ne/4).
Combining this with (H.9) implies (H.6).

H.3 Lower bounds on risk of kernel smoothing and least squares

ProposiTiON H.11. Suppose (X{,Y)),..., (X, Y,) are sampled according to (H.1). Suppose (log n)z/n
< r < ¢, where c is a universal constant.
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e Compute the kernel smoothing estimator]7 = st as in (H.2), using a kernel i which satisfies (H.5).
Then there exist universal constants ¢, N > 0 such that for all n > N,

inf]E[|[f—f(”)||2] > ¢min Q,i . (H.10)
>0 0 fn]= n’Jn

+  Compute the least squares estimator f = fgp as in (H.4). Then there exist universal constants ¢, N > 0
such that foralln > N,

—1 —2/3
! 1 Ve ] (H.11)

inf E[~— (n) 2]> T R S A, L
15111}5;1 W =fo™llu ] = ¢min n log(n)’ n n3/4

The proof of Proposition H.11 is long, and we defer it until after some discussion of the implications
of the proposition.

Together, Propositions H.10 and H.11 illustrate that the risk of PCR-LE can be dramatically smaller
than that of kernel smoothing or uniform least squares. For instance, taking = n'/2 and r = n=3/4,
when appropriately tuned,f satisfies

(17 -71] = (i7" expiont sy + 1) <
n n

for a universal constant C and all n larger than some universal constant N, whereas forf = st,

; 7] o €
b7 -4"15] = o

and forf = },SP’

; rAr O B
BB [”f Jo ”"] SR
Other choices of 6 and r lead to even more dramatic gaps between the risk of PCR-LE, and the risk of

kernel smoothing and least squares. The overall takeaway is that under Model H.1, estimators that use

the graph Laplacian can converge to the true regression function fé") at fast rates—parametric rates that

do not depend on the L?> norm of fé")—whereas other estimators, optimal for estimation over Sobolev

spaces, converge to fo(") at slow rates—non-parametric rates that deteriorate as the L> norm of fén) Srows.
Some remarks:

e The lower bound on the in-sample risk of st given by (H.10) is larger than that of ]7SP given by
(H.11). This does not mean that kernel smoothing exhibits less adaptivity to the cluster assumption
than uniform least squares. Instead, we suspect it is due to looseness in our lower bounds: we are able
to tightly control the bias of kernel smoothing, whereas we must use a potentially loose bound on the
bias of uniform least squares. Experimentally, it appears that kernel smoothing usually outperforms
uniform least squares, under various instantiations of the cluster assumption.
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* The cluster assumption—in which the regression function is piecewise constant and p consists of
multiple connected components—is a very strong assumption. The low-density separation condition
is a related but weaker assumption, in which the regression function is assumed to be smoother (but
not constant) in regions of higher density. This is a rather general hypothesis which can formalized
in a number of different ways. For instance, one could insist that the regression function f;, belong to
a normed ball in a weighted Sobolev space, with semi-norm given by

Vfolmspy = (Apfo-fo) p-

Intuitively, when ||f; [l s (py is much smaller than ||fq [l s 27y, density-adaptive learners such as PCR-
LE should have the advantage on non-density adaptive linear smoothers, such as kernel smoothing
or uniform least squares. Indeed, in the case of Model H.1 we see that

V"l gs pory = O forall s € N, and all r,6 > 0,

whereas fo(") does not even belong to the first-order Sobolev space H 1 ([0, 1]). In words, this shows
the cluster assumption is an extreme case of the low-density separation condition. Unfortunately, it is
quite difficult to analyse graph-based estimators under the general low-density separation condition,
without making strong assumptions on P.

* Finally, we note that either changing the graph or the normalization of the Laplacian fundamentally
alters the type of density adaptivity displayed by graph-Laplacian-based estimators; see Hoffmann
et al. [35] for an extensive discussion.

H.4  Proof of Proposition H.11
First we show (H.10), then (H.11).

H.4.1 Proof of (H.10). A standard argument using the law of iterated expectation implies the
following lower bound on the pointwise risk in terms of squared-bias and variance-like quantities,

(n—1)

n

E[ (06 —fo00)* 1%, = x] = E[(fo(X) /o)’ IX € B, h’)] + n«:[

dn,h’ ()C) } ’

The variance term can be lower bounded quite simply for any x € 2°”; noting that sup, P (x) < 2
and v(B(x, /') N 2 ™M) < 21, it follows by Jensen’s inequality that

R
d,yx) ]~ Eld, ;)] — 4nk’

On the other hand the squared bias term is quite large for x close to 1/2. Precisely, if /' > 4r then a
simple calculation implies

2
E[(fy(X) — fo,(x))?|X € B(x, )] > % forall x € [(1 — '/2),,1/2 — r].
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Combining these lower bounds on variance and squared bias terms and summing over X, ..., X,

4> We
arrive at the following: if &’ < 4r, then

n

E [”'f_ ) ||ﬁ] = %ZE[E [G(Xi) _f()(Xi))2 |Xi]:| = 161rn’

i=1

whereas if /' > 4r then

E[IF -4"1] =~ iE[E [Fexo —fx)? |X,-]]
i=1

1 02 (n—1)
> — P (A =H/2),,1/2 —
>t (1 =#/2),,1/2=r])
- 1 +92h’
~dnk 64

In the latter case, setting the derivative equal to O shows that the right-hand side is always at least 6 /+/64n,
and taking the minimum over the two cases then yields (H.10).

H.42 Proof of (H.11). We begin by decomposing the risk into conditional bias and variance terms.
LetE, = E[-|X;,...,X,] denote expectation conditional on the design points X, ..., X,. Then by the
law of iterated expectation, and the fact that E [w] = 0,

E [IFse —foll2] = E[IEJsp ol | + E [ Fsp — EJopll2].

We separately lower bound the expected conditional squared bias and variance terms. To anticipate what
is to come we will show that the expected conditional variance is equal to K /n; also, we will show that
the expected conditional squared bias is lower bounded,

- K ~ 62

2 2
E[IEJe—fll| =~ and E[IEfp —hl}] = 55 (H12)
with the lower bound holding so long as K < min{1/(16r),n/(8log(8n)), (+/160x /r)?/3}. If K is larger
than this, then the expected conditional variance is lower bounded,

(H.13)

~ ~ , 1 (+/1607)%/3
E —E 2l >
[1Fop — E.Foel ] = mml 16 8log(8n)’  12/°n

Otherwise (H.12) implies that the in-sample risk is always at least

62 K pl/2 1
n

T 2 - -
]E[”fSP fo”"]z 26012263 T = 2 Q601
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Along with (H.13), this implies the claim. It remains to show the bounds on conditional bias and variance.

Conditional variance. The expected conditional variance is exactly equal to K/n, a standard fact that is
verified by the following calculations: first,

~ ~ _ 1 -
Usp = Efselly = 12(@T )" @ Twlf = ~w' @@ )~ 0 Tw;
thus standard properties of the Gaussian distribution and the trace trick imply
=z o2 1 Tyl T K
E, | e — Eeells| = @@ @) '0T) = =

and finally by the law of iterated expectation and the independence of the noise (wy,...,w,) and the
design points X, ..., X

s Apo

E[En [u}’sp - En}f’spnﬁ] — K/n.

Conditional bias. 1t takes more work to lower bound the conditional bias. We will first upper bound the
Lipschitz constant of E, fgp in terms of the empirical norm || E, fspll,,- Then we will use this upper bound
to argue that either E fqp has empirical norm much larger than that of f, or E, fsp is a smooth function,
in the sense of having a small Lipschitz constant. In the former case, the triangle inequality will then
imply that ||E,fsp — foll,, must be large. In the latter case, the smoothness of En?sp will imply that Erfsp
must be far from f;, at many points X; close to x = 1/2. _

The following Lemma gives our upper bound on the Lipschitz constant of || E, fgpll,,. Here we treat
IE,fSP = Zle Bi#y as a function defined at all x € [0,1] by extending it in the canonical way.
As a function over [0, 1], clearly E fop € C*([0,1]). Let X' € REXK pe the covariance matrix of
(@1, .., k), i.e. the matrix with entries X}, = (P Do P™ Let ¥ := (@ T®)/n be the empirical
covariance matrix. Let [ € RX*X be the identity matrix.

LemMA H.15. (Lipschitz regularity of E, fgp). Let f, = E, fsp. Then

2K3 . ”EI/ZE—IEI/ZHOP

WlZe o) <7 A (H.14)
nel) (=g — Zlp) e
Moreover, suppose K < 1/(16r) and r < (1 — 2_1/2)/2.
* (Matrix perturbation) Then
1
12 —Igllp < <. (H.15)

[\
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e (Matrix concentration, cf. [37]) If additionally n > 8K log(K/§) for some § € (0, 1/2), then with
probability at least 1 — 24,

|22 22, <. (H.16)

Therefore, if K < min{1/(16r),n/(8log(K/5))}, then with probability at least 1 — 23,

FulZ1 oy < 107K 1715 (H.17)

We defer the proof of Lemma H.15 until after we complete the proof of (H.11).

Now, if |[f || >3 |[f0|| then by the triangle inequality
~ ~ 3 3
Wf —foll, = Wl — Woll, = 3 Wfoll, = 3 -0
Otherwise |[f || >3 |[f0||2 In this case, we show that [f (X;) —fo(X;)| must be large (of the order of 9) for

many points X; which are close tox = 1/2. Let us suppose without loss of generality that f (1/2) <6/2
and consider points X; € Q; close tox = 1/2; otherwise if fn (1/2) > 6/2 we could obtain the exact same
bound by con51der1ng X; € Q,. For each point X; € O, by Lemma H.15 we have that with probability
at least 1 — 24,
(X)) — £,(1/2)| < CK2([f I, - 1X; — 1/2] < V107K20 - |X; — 1/2).
Sincefn(l/2) < 0/2 and f,(X;) = 0/2 for all X; € Q; it follows that
[, (XD —foXD| = 6 — V10mK%60 - |X; — 1/2],

and consequently

If,(X)) — fo(X;)| > 6/2, forany X; € Q, such that |X; — 1/2| < 1/(+/407K>/?).

This yields a lower bound on |[j7n — foll,;; letting Qg 1= [5 - m, 5= ], we have that

|

o = folln = 5 - P (@) -

Then as long as K—3/2 > /1607 r, from the multiplicative form of Hoeffding’s inequality (Lemma I.18)

4
1 —exp(—nr/4) > 1 — —.
n

PM(Qg) > ——— > 2r = P(P (Qx) =

1
>
/160 K3/2 N \/640711(3/2) B
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Putting the pieces together, we conclude that if K < min{1/(8r),n/(8log(K/8)), (~/160r /r)*/3}, then

~ 0
If, — foll,, = S1AK32

with probability at least 1 — 28 — 4n”. Taking § = 1/8 then implies the claim.

Proof of Lemma H.15. Proof of (H.14). Recall thatfn = ZkK: 1 Ek¢k~ Exchanging sum with derivative,
we have that

K
d~ —
— ) = -1 > Biksin(kmx).
k=1
Thus taking absolute value and applying the Cauchy—Schwarz inequality gives
K
P < 7?K> D (sintkrx)? |BlI3 < K3 B13-
k=1

On the other hand, we can also relate the empirical norm |[;‘;1 ||ﬁ to the £2 norm of f. Specifically,

2
1815 1815 IBIZIZ llop

7,12 =8T28 > —= > ~ = =
n 1£- 1Z gy - IZV2E-1R12) 0 D221 212

Mlop
Rearranging, we see that

23 23
~ 7K —~ m°K —~
sup [0 < ——|Z'?Z7 ' 21|, < ————— | T2 g1
xe[0,1] 12 lop 1 —|lIx = Xllp
with the latter inequality following since ||ZJ||0p > ||IK||0p — g = Zllgp = 1= g — Xl

op —
Proof of (H.15). We will show that forall 1 <k < ¢ <K,
(1 = (G ) pon)* <3217, and  |(y, bp) pin | < 6412 (H.18)

This implies ||7 — X||% < 32K?r2, so that |[I — X || < 1/2 so long as K < 1/(167).
The proof of (H.18) follows from computing some standard integrals. We separate the computation
based on whether k = 1 or k > 1.

Case 1: k = 1. When k = 1, (¢,¢;)poy = 1 and (1 — (¢, ;) pw)> = 0. Additionally, by symbolic
integration we find that

—2/2  cos(€m/2)sin(fwr)
1—-2r i

(P> Do) pon =

>
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and therefore

8 (sin(ﬂn r)

2
2 8
[<¢ka¢(>P(n)] = 1—=2r2 : n ) = 1—2r2 r? < 1617,

where in the second-to-last inequality follows because sin(x)/x < 1, and the last inequality follows by
our assumed upper bound on r.

Case2: k> 1. Whenk > 1,

2 (kmr) sin(2kmr)
G dpn = 1= =5 R = (1= @b
4 (sin(zknr))2 <32
(1—2r)2 krt
Similarly,
_ 4 cos((k+ £)m)sin((k+ &)wr)  cos((k — &)m) sin((k — £)mr)
Dbl = =755 (k+ Om k—O)m

and therefore

) 16 sin((k+ 07> [sin(tk— O)mr)]? 5
[(@e-de)pn]” < (1—2r)2([ &+ On ] +[ *k—On })564”

Proof of (H.16). Denote @ (x) = (¢y,...,Px(x)) € RX for any x € [0, 1]. Then for any x € [0, 1],

_ —1,1/2 —1.,1/2
1= 2o @) < 127 I IP W), < 1Z 7 16h*V2K < 2VK

with the second-to-last inequality following from (H.15), and the last inequality following since |¢;, (x)| <
V2 for all k. Thus || X ~1/2® (x)||/v/K < 2, and (H.16) follows from Theorem 1 of Hsu et al. [37].

Proof of (H.17). Follows immediately.

1. Miscellaneous

Here we give assorted helpful Lemmas used at various points in the above proofs. We also review notation
and relevant facts regarding Taylor expansion.
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I.1 Concentration Inequalities
Lemma I.16 controls the deviation of a chi-squared random variable. It is from [45].

LemmA L.16. Let &, ..., &y be independent N (0, 1) random variables, and let U := 22;1 ak(.;*k2 —1).
Then for any ¢ > 0,

P[U > 2|lallyv/t + 2]allot] < exp(—1).

In particular if ¢, = 1 foreach k = 1,..., N, then

P [U > 2J/Ni + 2:] < exp(—1).

Lemma I.17 is an immediate consequence of the one-sided Bernstein’s inequality (14.23) in [70].
LEmMMA 1.17. (One-sided Bernstein’s inequality). Let X, X;,..., X, ~ P, and f satisfy E[f4(X)] < 0.
Then

1
112 > = If113,

with probability at least 1 — exp (—n/8 - |[fI|3/E[f*C01).
Lemma [.18 is a multiplicative form of Hoeffding’s inequality.

LEmMA 1.18. (Hoeffding’s Inequality, multiplicative form). Suppose Z; are independent random vari-
ables, which satisfy Z;, € [0, B] fori = 1,...,n. For any 0 < § < 1, it holds that

821
IP’(|Sn — M > Su) < Zexp(—ﬁ).

The following Lemma gives a ‘balls-in-bins’ result. More precisely, it gives a lower bound on the
probability that every bin

Qi =Lli/m,(i+D/m]-(1/2=7r), Qp=1/24[i/m, i+ 1D/m]-(1/2—7r).

will contain at least one ball.

LemMA 1.19. Suppose (X;,Y)),...(X,,Y,) are sampled according to (H.1), and suppose r < 1/4. We
have that

]P(tt{QUUX} >0 foralli=1,...,m—1landj= 1,2) > 1 —2mexp{—n/2m}. (L)

Proof of Lemma 1.19. For each Q;;, we have that P(Q;;) = (1/2 — r)/m = 1/(2m). Therefore

ij’

P (20, UX) =0) = (1 — 1/@2m)" < exp(—n/2m}.
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By a union bound,
P (ﬁ{Qij UX} =0 foranyi=1,...,m—landj= 1,2) < 2mexp{—n/2m}.

O

Let ¢ = 2/m. Note that by construction, (I.1) implies that any points x and x" in adjacent intervals
Ql-j and Qi/j must be connected in G, . Likewise, it implies that for h = 1/m the degree dn,h (x) > 0 for
everyx € Q; U Q,.

12 Taylor expansion

We begin with some notation that allows us to concisely derivatives. For a given z € R and s-times
differentiable function f : 2~ — R, we denote (d;f) (z) == Zm:s Df(x)z*. We also write d°f :=
Zm:j D“f. We point out that in the first-order case di f is the differential of f at x € 2", while d'f is
the divergence of f.

Let u be a function which is s times continuously differentiable at all x € 2", for k € N\ {0}. Suppose
that for some 4 > 0, x € 2, and x' € B(x, h). We write the order-s Taylor expansion of u(x") around
X =xas

s—1
u(x’) = u(x) + Z}' (déu) o —x) + r;,(x; u)
j=1""

For notational convenience we have adopted the convention that Zj(.): ja; =0.Thus (d]xf ) (z) is adegree-

J polynomial—and so a j-homogeneous function—in z, meaning for any ¢ € R,

(d;f) (1) ="*- (d;f) @).

The remainder term r,, is given by

1 ' j— S /
RN = =y /O (1 -1y 1(dx +,(x,_x)f) « —x) dt,

where we point out that the integral makes sense because x + t(x’ — x) € B(x,h) € 2. We now
give estimates on the remainder term in both sup-norm and LZ(%!) norm, each of which hold for any
z € B(0, 1). In sup-norm, we have that

sup |7, )l < CHIfll iy,
xeZn

whereas in L?(2;,) norm we have

/%,

Finally, we recall some facts regarding the interaction between smoothing kernels and polynomials.
Let ¢;(z) be an arbitrary degree-j (multivariate) polynomial. If » is a radially symmetric kernel and ; is

. 2 ) . L
A @ de < /% /0 (e @I didx < W17, - (12)
h
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odd, then by symmetry it follows that

/‘ g;@nlzll) dz = 0.
B(0,1)

On the other hand, if ¥ is an order-s kernel for some s > j, then by converting to polar coordinates we
can verify that

/‘ g;@nlzll) dz = 0.
B(0,1)

J. Sparsification

Recall that when s = 1, we have shown that PCR-LE is optimal when ¢ =< (logn/n)'/? is (up to a
constant) as small as possible while still ensuring the graph G is connected. On the other hand, when
s > 1, we can show PCR-LE is optimal only when ¢ = w(n™°) for some ¢ < 1/d. For such a choice
of ¢, the average degree in G will grow polynomially in n as n — o0, and computing eigenvectors of
the Laplacian of a graph will be more computationally intensive than if the graph were sparse. In this
dense-graph setting, we now discuss a procedure to more efficiently compute an approximation to the
PCR-LE estimate: edge sparsification.
By now there exist various methods see (e.g. the seminal papers of Spielman and Teng [61, 62, 63], or
the overview by Vishnoi [68] and references therein) to efficiently remove many edges from the graph G
while only slightly perturbing the spectrum of the Laplacian. Specifically such algorithms take as input
a parameter o > 1, and return a sparser graph G, E(G) C E(G), with a Laplacian IVJM satisfying
1

— ~uTLMu < uTLnsu <o- uTLMu for all u € R".
pu , . :

Let ]V‘ be the PCR-LE estimator computed using the eigenvectors of the sparsified graph Laplacian lvln’g.
Because G is sparser than G, it can be (much) faster to compute the eigenvectors of Ln,e than the

eigenvectors of L, ., and consequently much faster to compute f thanf. Statistically speaking, letting )va

n,e’

be the kth eigenvalue of I:nyg, we have that conditional on {X/,...,X,},
5 L ofo. 5K 5 ALy oo SK
|lf_f0||2 < < n:/st f0>n + = < 02A< n,vst f0>n + 2=,
s n AS n
K+1 K+1
with probability at least 1 — exp(—K). Consequently |[’)F - f0||ﬁis at most % - |[?— f0||%, and for any

choice of ¢ that is constant in n the estimator f will also be rate-optimal.

In fact the aforementioned edge sparsification algorithms are overkill for our needs. For one thing,
they are designed to work when o is very close to 1, whereas in order for f to be rate-optimal, setting o
to be any constant greater than 1, say o = 2, is sufficient. Additionally, edge sparsification algorithms
are traditionally designed to work in the worst-case, where no assumptions are made on the structure of
the graph G. But the geometric graphs we consider in this paper exhibit a special structure, in which very
roughly speaking no single edge is a bottleneck. As pointed out by Sadhanala et al. [52], in this special
case there are far simpler and faster methods for sparsification, which at least empirically seem to do
the job.
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