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Abstract

The study of bounded variation (BV) functions, and its higher-order
generalizations (BV’“ functions), is rooted in many fields: statistics, sig-
nal processing, functional analysis, approximation theory, among others.
From these diverse perspectives has emerged a comprehensive theory of
BV* functions and their estimation from noisy data in dimension d = 1.
In dimension d > 1, the statistical picture is much less clear. Existing
statistical theory for BV* functions can broadly broken down into two
categories: replacing the continuous-time BV* function class with a dis-
crete analogue; or retaining the continuous-time function class and using
continuous-time loss (e.g., the white noise model). A gap in the literature
lies in the estimation of functions from the continuous-time function class
under a sampling model. This thesis is motivated by that gap.

The second and third chapters address the problem of estimating BV*
functions, for index values £ = 0 and k = 1, using scattered data. These
cases correspond to functions of bounded variation and functions whose
gradient are bounded variation, respectively. For the £ = 0 case, we
study an estimator, the Voronoigram, which fits piecewise constant func-
tions using the Voronoi tessellation of the sample locations. Using the
Voronoigram, we establish that the minimax rate (up to log terms) over
bounded variation classes is n~ /%, For the k = 1 case, we study an estima-
tor, the Delaunaygram, which fits continuous piecewise linear functions
using the Delaunay tessellation of the sample locations. We find that
the Delaunaygram has a n=%/*9 rate of convergence when d < 4 and
n~2/? rate when d > 4 over discrete gradient variation classes, and ob-
tain matching minimax lower bounds over continuous gradient variation
classes. We address the discrete-to-continuous gap, which we expect to be
resolved in following work. Along the way, we explore methodological,
computational, and practical properties of the two estimators.

The final chapter addresses the broader goal of estimating of BV* func-
tions, & > 2. Special attention is called to the following topics: bounded
variation classes for £k > 2; anticipated rates of convergence for BV
classes; challenges specific to dimension d > 1; and the desired properties
of higher-order generalizations of the estimators studied in this thesis.
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Chapter 1

Introduction

Consider a standard nonparametric regression setting, given observations (z;, y;) €

Q xR,2=1,...,n, for an open and connected subset {2 of R? and with
yi = folw)) + 2z, i=1,...,n, (1.1)
for i.i.d. mean zero stochastic errors z;, 7 = 1,...,n. We are interested in estimating

the function f; under the working assumption that f, adheres to a certain notion
of smoothness. A traditional smoothness assumption on f; involves its integrated
squared derivatives, for example, the assumption that

|3 0w

Q
llelli=2

is small, where @ = (ay, ..., ay) € Z% is a multi-index and D* = (a%l)al . (a%d)ad
denotes the associated mixed partial derivative operator. This is the notion of smooth-
ness that underlies the celebrated smoothing spline estimator in the univariate case
d = 1 [Schoenberg, 1964] and the thin-plate spline estimator when d = 2 or 3 [Duchon,
1977]. We also note that assuming f; is smooth in the sense of the above display is
known as second-order L? Sobolev smoothness (where we interpret D f as a weak

derivative).

Smoothing splines and thin-plate splines are quite popular and come with a number
of advantages. However, one shortcoming of using these methods, i.e., to using the
working model of Sobolev smoothness, is that it does not permit f; to have disconti-
nuities, which limits its applicability. More broadly, smoothing splines and thin-plate
splines do not fare well when the estimand f; possesses heterogeneous smoothness,
meaning that fj is more smooth at some parts of its domain €2 and more wiggly at
others.
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1.1 Bounded variation functions

This motivates us to consider regularity measured by the total variation (TV) seminorm

TV(f; Q) = sup {/Qf(x) div ¢(z) dz : ¢ € CHQ;RY), ||o(2)|2 < 1 forall x € Q} :
(12)

where C!(Q2; R?) denotes the space of continuously differentiable compactly supported
functions from 2 to R%, and we use div ¢ = 3.7, 9¢;/d,, for the divergence of ¢ =
(1, ..., ¢q). Accordingly, we define the bounded variation (BV) class on {2 by

BV(Q) = {f € L'(Q) : TV(/;2) < oo},

to contain all L!(Q) functions with finite TV. The definition in (1.2) is often called
the measure-theoretic definition of multivariate TV. For simplicity we will often drop
the notational dependence on (2 and simply write this as TV(f). This definition may
appear complicated at first, but it admits a few natural interpretations, which we
present next to help build intuition.

1.2 Perspectives on total variation

Below are three perspectives on total variation. The first two reveal the way that TV
acts on special types of functions; the third is a general equivalent form of TV.

Smooth functions. If f is (weakly) differentiable with (weak) gradient
Vf= (%,... 97 then

) dxg
TV(f) = / IV () d. (13)

provided that the right-hand here is well-defined and finite. Consider the difference
between this and the first-order L? Sobolev seminorm

[ 3 0o = [ 19500 3
2 Jlafli=1 @

The latter uses the squared £, norm || -||2 in the integrand, whereas the former (1.3) uses
the {5 norm || - ||2. It turns out that this is a meaningful difference—one way to interpret
this is as a difference between L? and L' regularity. Noting that ||z||; < v/d||z||, for
all z € RY, the space BV({) contains the first-order L' Sobolev space

WY(Q) = {f € L'(Q) / IV (@)l dz < oo},
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which, loosely speaking, contains functions that can be more locally peaked and
less evenly spread out (i.e., permits a greater degree of heterogeneity in smoothness)
compared to the first-order L? Sobolev space

W) = {f € LX) / IV ()2 d < oo}

It is important to emphasize, however, that BV((2) is still much larger than W (),
because it permits functions to have sharp discontinuities. We discuss this next.

Indicator functions. If S C () is a set with locally finite perimeter, then the indi-
cator function 1g, which we define by 15(z) = 1 for z € S and 0 otherwise, satisfies

TV(lg) = per(9), (1.4)

where per(5) is the perimeter of S. Thus, we see that that TV is tied to the geometry
of the level sets of the function in question. Indeed, there is a precise sense in which
this is true in full generality, as we discuss next.

Coarea formula. In general, for any f € BV(Q2), we have

e}

TV(f) = /_ per({z € Q: f(z) > t}) dt. (1.5)

o0

This is known as the coarea formula for BV functions (see, e.g., Theorem 5.9 in Evans and
Gariepy, 2015). It offers a highly intuitive picture of what total variation is measuring:
we take a slice through the graph of a function f, calculate the perimeter of the set
of points (projected down to the (2-axis) that lie above this slice, and add up these
perimeters over all possible slices.

The coarea formula (1.5) also sheds light on why BV functions are able to portray
such a great deal of heterogeneous smoothness: all that matters is the total integrated
amount of function growth, according to the perimeter of the level sets, as we traverse
the heights of level sets. For example, if the perimeter has a component p that persists
for a range of level set heights [¢, 4 h], then this contributes the same amount ph to
the TV as does a smaller perimeter component p/100 that persists for a larger range
of level set heights [t, ¢ + 100h]. To put it differently, the former might represent a
local behavior that is more spread out, and the latter a local behavior that is more
peaked, but these two behaviors can contribute the same amount to the TV in the end.
Therefore, a ball in the BV space—all L' functions f such that TV(f) < r—contains
functions with a huge variety in local smoothness.
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1.3 Why is estimating BV functions hard?

Now that we have motivated the study of BV functions, let us turn towards the problem
of estimating a BV function from noisy samples. Given the centrality of penalized
empirical risk minimization in nonparametric regression, one might be tempted to
solve the TV-penalized variational problem

n

minimize 1 Z(yZ — f(z:))> + ATV(f), (1.6)

feBV(Q) 2 —

given data (z;,y;), ¢ = 1, ..., n from the model (1.1), under the working assumption
that f has small TV. However, in short, solving (1.6) will “not work” in any dimension
d > 2, in the sense that it does not yield a well-defined estimator regardless of the
choice of tuning parameter A > 0.

When d = 1, solving (1.6) produces a celebrated estimator known as the (univariate)
TV denoising estimator [Rudin et al., 1992] or the fused lasso signal approximator
[Tibshirani et al., 2005]. (More will be said about this shortly, under the related work
subsection.) But for any d > 2, problem (1.6) is ill-posed, as the criterion does not
achieve its infimum. To see this, consider the function

fe = Zyz : 1B(mi,e)7
=1

where B(x;, €) denotes the closed /5 ball of radius € centered at z;, and 1 B(zy,c) denotes
its indicator function (which equals 1 on B(z;,€) and 0 outside of it). Now let us
examine the criterion in problem (1.6): for small enough € > 0, the function f, has a
squared loss equal to 0, and has TV penalty equal to Ancge? ! (here ¢; > 0 is a constant
depending only on d). Hence, as € — 0, the criterion value in (1.6) achieved by f. tends
to 0. However, as € — 0, the function f. itself trivially approaches the zero function,
defined as f(z) = 0 for all z." Note that this is true for any A > 0, whereas the zero
function certainly cannot minimize the objective in (1.6) for all A > 0.

The problem here, informally speaking, is that the BV class is “too big” when d > 2;
more formally, the evaluation operator is not continuous over the BV space—which
means that convergence in BV norm? does not imply pointwise convergence—when d >

Just as with LP classes, elements in BV(2) are actually only defined up to equivalence classes of
functions. Hence, to make point evaluation well-defined in the random design model (1.1), we must
identify each equivalence class with a representative. We use the precise representative, which is defined
at almost every point x by the limiting local average of a function around x; see Appendix A.1.1 for
details. It is straightforward to see that the precise representative associated with f. converges to the
zero function as € — 0.

Traditionally defined by equipping the TV seminorm with the L' norm, as in

[fllBv = [fllzr + TV (f).
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2. It is worth noting that this problem is not specific to BV spaces and it occurs also with
the k'™ order L” Sobolev space W*?(Q2) = {f € LP(Q?) : [, > o=k (D )P(z) do <
oo} when pk < d, known as the the subcritical regime. In the supercritical regime,
pk > d, convergence in norm does imply pointwise convergence,’ but all bets are off
when pk < d. Thus, just as the TV-penalized problem (1.6) is ill-posed for d > 2, the
more familiar thin-plate spline problem
1 ¢ >
minimize 3 ;(y fla)? + /Q IV2 f () da

isitselfill-posed when d > 4. (Here we use V2 f () for the weak Hessian of f, and ||- ||
for the Frobenius norm, so that the second-order L? Sobolev seminorm can be written
as [, 2 jaf=2(Df)?(@) dv = [ |[V?f(2)||3 dv.) An analogous phenomenon occurs
when d > 3 for bounded gradient variation functions, to be described next.

1.4 Bounded gradient variation functions

A function f : 2 — R is bounded gradient variation (BGV) if it satisfies
fo€ BGV(Q) = {f:Vf e L'(Q);TV(Vf;Q) < oo},

where the total variation (TV) seminorm for a vector-valued function g : R — R™ is

defined

TV(g: ) = sup {Z / g(x) div (@) : & € CHOQRP™), | ¢(w)|| < 1V € Q
k=1
(1.7)

The use of the Frobenius norm in (1.7) can be substituted for any other matrix norm to
yield the same function space, due to the equivalence of norms on finite-dimensional
spaces (i.e., equivalence of matrix norms). Our choice of the Frobenius norm yields an
equivalent expression of (1.7) as a weighted sum of /5 norms of differences in the case
where ¢ is piecewise constant.

For a weakly differentiable function f of bounded gradient variation, we refer
to the quantity TV(V f) as the gradient variation. This space coincides with the
space of bounded Hessian functions first discussed by Demengel [1984] and whose
functional analytic properties have been more recently explored by Ambrosio et al.
[2023]. We acknowledge that our terminology diverges from previous usage, and we
have conscientiously chosen our terminology for consistency with the forthcoming
notion of discrete gradient variation, whose construction does not necessitate the use of
a Hessian (which anyways would not exist except in a weak, measure-theoretic sense).

3This is effectively a statement about the everywhere continuity of the precise representative, which
is a consequence of Morrey’s inequality; see, e.g., Theorem 4.10 in Evans and Gariepy [2015].
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1.5 Related work

The work of Mammen and van de Geer [1997] marks an important early contribution
promoting and studying the use of TV as a regularization functional, in univariate
nonparametric regression. These authors considered a variational problem similar
to (1.6) in dimension d = 1, with a generalized penalty TV (D" f), the TV of the k't
weak derivative D* f of f. They proved that the solution is always a spline of degree k
(whose knots may lie outside the design points if £ > 2) and named the solution the
locally adaptive regression spline estimator. A related, more recent idea is trend filtering,
proposed by Kim et al. [2009], Steidl et al. [2006] and extended by Tibshirani [2014]
to the case of arbitrary design points. Trend filtering solves a discrete analog of the
locally adaptive regression spline problem, in which the penalty TV (D* f) is replaced
by the discrete TV of the k'! discrete derivative of f—based entirely on evaluations of
f at the design points.

Tibshirani [2014] showed that trend filtering, like the Voronoigram, admits a special
duality between discrete and continuum representations: the trend filtering optimiza-
tion problem is in fact the restriction of the variational problem for locally adaptive
regression splines to a particular finite-dimensional space of k" degree piecewise
polynomials. The key fact underlying this equivalence is that for any function f in
this special piecewise polynomial space, its continuum penalty TV (D" f) equals its
discrete penalty (discrete TV applied to its k™ discrete derivatives), a result analogous
to the property (2.3) of functions f € F. Thus we can view the Voronoigram a gener-
alization of this core idea, at the heart of trend filtering, to multiple dimensions—albeit
restricted the case k = 0.

We note that similar ideas to locally adaptive regression splines and trend filtering
were around much earlier; see, e.g., Koenker et al. [1994], Schuette [1978]. Tibshirani
[2022] provides an account of the history of these and related ideas in nonparametric
smoothing, and also makes connections to numerical analysis—the study of discrete
splines in particular. It is worth highlighting that when k& = 0, the locally adaptive
regression spline and trend filtering estimators coincide, and reduce to a method known
as TV denoising, which has even earlier roots in applied mathematics (to be covered
shortly).

Beyond the univariate setting, there is still a lot of related work to cover across
different areas of the literature, and we break up our exposition into parts accordingly.

Continuous-space TV methods. The seminal work of Rudin et al. [1992] intro-
duced TV regularization in the context of signal and image denoising, and has spawned
to a large body of follow-up work, mostly in the applied mathematics community,
where this is called the Rudin-Osher-Fatemi (ROF) model for TV denoising. See, e.g.,
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Chambolle and Lions [1997], Chan et al. [2000], Rudin and Osher [1994], Vogel and
Oman [1996], among many others. In this literature, the observation model is tradi-
tionally continuous-time (univariate), or continuous-space (multivariate)—this means
that, rather than having observations at a finite set of design points, we have an entire
observation process (deterministic or random), itself a function over a bounded and
connected subset of RY. TV regularization is then used in a variational optimization
context, and discretization usually occurs (if at all) as part of numerical optimization
schemes for solving such variational problems.

Statistical analysis in continuous-space observation models traditionally assumes a
white noise regression model, which has a history of study for adaptive kernel methods
(via Lepski’s method) or wavelet methods in particular, see, e.g., Kerkyacharian et al.
[2001, 2008], Lepski and Spokoiny [1997], Lepski et al. [1997], Neumann [2000]. In this
general area of the literature, the recent paper of del Alamo et al. [2021] is most related
to our paper: these authors consider a multiresolution TV-regularized estimator in
a multivariate white noise model, and derive minimax rates for L? estimation of TV
and L*> bounded functions. When p = 2, they establish a minimax rate (ignoring log
factors) of n~Y4 on the squared L? error scale, for arbitrary dimension d > 2, which
agrees with our results in Section 2.5.

Discrete, lattice-based TV methods. Next we discuss purely discrete TV regular-
ization approaches, in which both the observation model and the penalty are discrete,
and are based on function values at a discrete sequence of points. Such approaches
can be further delineated into two subsets: models and methods based on discrete TV
over lattices (multi-dimensional grid graphs), and those based on discrete TV over
geometric graphs (such as e-neighborhood or k-nearest neighbor graphs constructed
from the design points). We cover the former first, and the latter second.

For lattice-based TV approaches, Tibshirani et al. [2005] marks an early influential
paper proposing discrete TV regularization over univariate and bivariate lattices, under
the name fused lasso.* This generated much follow-up work in statistics, e.g., Arnold
and Tibshirani [2016], Friedman et al. [2007], Hoefling [2010], Tibshirani and Taylor
[2011], among many others. In terms of theory, we highlight Hutter and Rigollet [2016],
who established sharp upper bounds for the estimation error of TV denoising over
lattices, as well as Sadhanala et al. [2016], who certified optimality (up to log factors)
by giving minimax lower bounds. The rate here (ignoring log factors) for estimating
signals with bounded discrete TV, in mean squared error across the lattice points, is

“The original work here proposed discrete TV regularization on the coefficients of regressor variables
that obey an inherent lattice structure. If we denote the matrix of regressors by X, then a special case of
this is simply X = I (the identity matrix), which reduces to the TV denoising problem. In some papers,
the resulting estimator is sometimes referred to as the fused lasso signal approximator.
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n~Y¢ This holds for an arbitrary dimension d > 2, and agrees with our results in
Section 2.5. Interestingly, Sadhanala et al. [2016] also prove that the minimax linear
rate over the discrete TV is class is constant—which means that the best estimator
that is linear in the response vector iy € R™, of the form f () = w(x)Ty, is inconsistent
in terms of its max risk (over signals with bounded discrete TV). We do not pursue
minimax linear analysis in this thesis but expect a similar phenomenon to hold in our
setting.

Lastly, we highlight Sadhanala et al. [2017, 2021], who proposed and studied an ex-
tension of trend filtering on lattices. Just like univariate trend filtering, the multivariate
version allows for an arbitrary smoothness order k£ > 0, and reduces to TV denoising
(or the fused lasso) on a lattice for £ = 0. In the lattice setting, the theoretical picture
is fairly complete: for general k, d, denoting by s = (k + 1)/d the effective degree of
smoothness, the minimax rate for estimating signals with bounded k' order discrete
TV is n~° for s < 1/2, and n=2%/?s*1) for s > 1/2. The minimax linear rates display
a phase transition as well: constant for s < 1/2, and n~?s=1/(2%) for 5 > 1/2. In our
setting, we do not currently have an estimator, let alone error analysis, for higher-order
notions of TV smoothness (for general k£ > 2). With continuum TV and scattered data
(random design), this is more challenging to formulate. However, the lattice-based
world continues to provides goalposts for what we would hope to find in future work,
and we discuss this problem further in the final chapter of the thesis.

Graph- and discretization-based TV methods. Turning to graph-based TV reg-
ularization methods, as explained above, much of the work in statistics stemmed from
Tibshirani et al. [2005], and the algorithmic and methodological contributions cited
above already considers general graph structures (beyond lattices). Both estimators
considered in this thesis were first proposed by the visionary work of Koenker [2005],
Koenker and Mizera [2004]. The first-order, continuous piecewise linear estimator
came first, when Koenker and Mizera [2004] began with a triangulation of scattered
points in d = 2 dimensions (say, the Delaunay triangulation) and defined a nonpara-
metric regression estimator called the penalized triogram by minimizing, over functions
f that are continuous and piecewise linear over the triangulation, the squared loss of
f plus a penalty on the TV of the gradient of f. Some basic properties for penalized
triograms is provided in their work, which we expand upon in addition to providing
estimation theory. In the subsequent work of Koenker [2005], the Voronoigram is
proposed as a lower-order analog of the peanlized triogram, but to our knowledge this
method has not been studied beyond this brief proposal.

Outside of this work, existing work involving TV regularization on graphs relies
on geometric graphs like e-neighborhood or k-nearest neighbor graphs. In terms of
theoretical analysis, the most relevant paper to discuss is the recent work of Padilla
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et al. [2020]: they study TV denoising on precisely these two types of geometric
graphs (¢-neighborhood and k-nearest neighbor graphs), and prove that it achieves
an estimation rate in squared L? error of n~'/%, but require that f; is more than TV
bounded—they require it to satisfy a certain piecewise Lipschitz assumption. Although
we primarily study TV regularization over the Voronoi adjacency graph, we build on
some core analysis ideas in Padilla et al. [2020]. In doing so, we are able to prove
that the Voronoigram achieves the squared L? error rate n~ /¢, and we only require
that TV (fo) and || fo||z> are bounded (with the latter condition actually necessary for
nontrivial estimation rates over BV spaces when d > 2, and BGV spaces when d > 4,
as we explain in Sections 2.5.1 and 3.3.3, respectively). Furthermore, we are able to
generalize the results of Padilla et al. [2020], and we prove that the TV-regularized
estimator over e-neighborhood and k-nearest neighbor graphs achieves the same rate
under the same assumptions, removing the need for the piecewise Lipschitz condition.
See Remark 9 for a more detailed discussion. We also mention that earlier ideas from
Padilla et al. [2018], Wang et al. [2016] are critical analysis tools in Padilla et al. [2020]
and critical for our analysis as well.

The parallel work of Green et al. [2021a,b], which studies regularized estimators
by discretizing Sobolev (rather than TV) functionals over neighborhood graphs, and
establishes results on estimation error and minimaxity entirely complementary to ours,
but with respect to Sobolev smoothness classes.

BGYV functions and CPWL estimation. Beyond the penalized triogram proposal
of Koenker and Mizera [2004], the fitting of continuous piecewise linear functions
has received both historical and contemporary attention. The spiritual forerunner to
triogram models is the proposal of the tent basis by Courant [1943] in the context of
the finite element method. The tent basis was introduced to the statistical literature by
Hansen et al. [1998], who also introduced the term “triogram model”. Their approach
fits a CPWL function by triangulating the entire domain 2 C R?, adding and deleting
knots (vertices in the triangulation) in a stepwise fashion. Therefore the fitted function
has all of (2 as its domain, but the vertices of the triangulation over which the function
is CPWL are generally not located at the design points x;.,,. More recently, Pourya
et al. [2023] proposes using the penalized triogram with the Delaunay triangulation
of some fixed vertex set in d > 2. Their proposal, which appears to have been made
independently of Koenker and Mizera [2004], is motivated by recent study of bounded
gradient variation functions and its functional analytic and approximation theoretic
properties, due to its representation properties vis-a-vis CPWL functions; see, e.g.,
[Ambrosio et al., 2022, Aziznejad et al., 2023], who refer to this space as functions
with bounded “Hessian total variation” Preceding all of this contemporary interest,
the study of these functions was initiated by Demengel [1984], who uses the term
“bounded Hessian functions.” We acknowledge that our chosen terminology, “bounded
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gradient variation functions,” diverges from previous usage, but we believe this is a
reasonable choice in order to draw analogy to bounded variation functions and to
a discrete notion of gradient variation (in which the discussion of a Hessian is not
necessary or perhaps even sensible).



Chapter 2

k = 0: estimation of bounded
variation functions

2.1 Introduction

This chapter is dedicated to providing estimation theory for bounded variation func-
tions. The principal estimator analyzed in this chapter is the Voronoigram, which fits
a piecewise constant function on an adaptively chosen partition of the input space.
The results of this chapter are joint work with Alden Green and Ryan J. Tibshirani and
appear in Hu et al. [2022].

Recall from Chapter 1 the TV-penalized variational problem

n

| 2

minimize - izl(yz F@)? + ATV(f),
given data (z;,y;), ¢ = 1, ..., n from the model (1.1), under the working assumption
that f has small TV. In Section 1.3, we discussed the functional analytic reason why
estimating BV functions from scattered noisy data is difficult. What can we do to
circumvent this issue? Broadly speaking, previous approaches from the literature can
be stratified into two types. The first maintains the smoothness assumption on TV ( f;)
for the regression function fj, but replaces the sampling model (1.1) by a white noise
model of the form

dY () = fole)da + %dwm, v eQ,

where dWW is a Gaussian white noise process. Given this continuous-space observation
model, we can then replace the empirical loss term >, (y; — f(«;))? in (1.6) by the

11
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squared L? loss ||Y — fH%Q(Q) = [,(Y(x) — f(z))? dz (or some multiscale variant of
this). The second type of approach keeps the sampling model (1.1), but replaces the
assumption on TV ( fy) by an assumption on discrete total variation (which is based
on the evaluations of fj at the design points alone) of the form

DTV(fy) = Z wij| fo(xi) — folx;)],

{i,j}€FE

for an edge set £ and weights w;; > 0. We then naturally replace the penalty TV(f)
in (1.6) by DTV(f). More details on both types of approaches is given in the related
work subsection of the introductory chapter.

The approach we take in this thesis sits in the middle, between the two types. Like
the first, we maintain a bona fide smoothness assumption on TV ( fy), rather than a
discrete version of TV. Like the second, we work in the sampling model (1.1), and
define an estimator by solving a discrete version of (1.6) which is always well-posed,
for any dimension d > 2. In fact, the connections run deeper: the discrete problem
that we solve is not constructed arbitrarily, but comes from restricting the domain in
(1.6) to a special finite-dimensional class of functions, over which the penalty TV (f)
in (1.6) takes on an equivalent discrete form.

2.1.1 The Voronoigram

This brings us to the central object of this chapter: an estimator defined by restricting
the domain in the infinite-dimensional problem (1.6) to a finite-dimensional subspace,
whose structure is governed by the Voronoi diagram of the design points z1, ..., x, €
. In detail, let V; = {x € Q : ||x; — x||2 < ||z; — x|/} be the Voronoi cell' associated
with x;, fori =1, ..., n, and define

]:TY = span{lvl, e ]‘Vn}7

where recall 1y, is the indicator function of V;. In words, .7-"2/ is a space of functions
from (2 to R that are piecewise constant on the Voronoi diagram of zy, ..., z,. (We
remark that this is most certainly a subspace of BV(£2), as each Voronoi cell has locally
finite perimeter; in fact, as we will see soon, the TV of each f € }—X takes a simple and
explicit closed form.) Now consider the finite-dimensional problem

n

minimize % Z(yZ — f(x)* + AXTV(f). (2.1)

fexl i=1

!As we have defined it, each Voronoi cell is open, and thus a given function f € F,Y is not actually
defined on the boundaries of the Voronoi cells. But this is a set of Lebesgue measure zero, and on this
set it can be defined arbitrarily—any particular definition will not affect results henceforth.
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We call the solution to (2.1) the Voronoigram and denote it by fv. This idea—to fit a
piecewise constant function to the Voronoi tessellation of the input domain {2—dates
back to (at least) Koenker [2005], where it was briefly proposed in Chapter 7 of this
book (further discussion of related work will be given in Section 1.5). It does not appear
to have been implemented or studied beyond this. Its name is inspired by Tukey’s
classic regressogram [Tukey, 1961].

Of course, there a many choices for a finite-dimensional subset of BV((2) that
we could have used for a domain restriction in (2.1). Why F, defined by piecewise
constant functions on the Voronoi diagram, as in (2.1)? A remarkable feature of this
choice is that it yields an equivalent optimization problem

n

e . 1 2 \Y
milimize o Z(y” —0;,)°+ A Z wy; |0 — 051, (2.2)

=1 {i,j}eEV

for an edge set EV defined by neighbors in the Voronoi graph, and weights w;; that
measure the “length” of the shared boundary between cells V; and V, to be defined
precisely later (in Section 2.2.1). The equivalence between problems (2.1) and (2.2) sets

0; = f(x;),i=1,...,n,and is driven by the following special fact: for such a pairing,
whenever f € F, it holds (proved in Section 2.2.1) that
TV(f) = Y w)-[6;—0l. (2.3)
{i,j}eEY

In this way, we can view the Voronoigram as marriage between a purely variational
approach, which maintains the use of a continuum TV penalty on a function f, and
a purely discrete approach, which instead models smoothness using a discrete TV
penalty on a vector ¢ defined over a graph. In short, the Voronoigram does both.

A first look at the Voronoigram

From its equivalent discrete problem form (2.2), we can see that the penalty term
drives the Voronoigram to have equal (or “fused”) evaluations at points z; and z;
corresponding to neighboring cells in the Voronoi tessellation. Generally, the larger
the value of A > 0, the more neighboring evaluations will be fused together. Due
to fact that each f € ]:X is constant over an entire Voronoi cell, this means that the
Voronoigram fitted function f V is constant over adaptively chosen unions of Voronoi
cells. Furthermore, based on what is known about solutions of generalized lasso
problems (details given in Section 2.2.2), we can express the fitted function here as

K

V= Z(?}k —3)  1p,, (2.4)

k=1
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where K is the number of connected components that appear in the solution oV
over the Voronoi graph, Ry, denotes a union of Voronoi cells associated with the &kt
connected component, 5 denotes the average of response points y; such that z; € Ry
and 5y, is a data-driven shrinkage factor. To be clear, each of K , Rk, Ui, and Sy, here are
data-dependent quantities—they fall out of the structure of the solution in problem
(2.2).

Thus, like the regressogram, the Voronoigram estimates the regression function
by fitting (shrunken) averages over local regions; but unlike the regressogram, where
the regions are fixed ahead of time, the Voronoigram is able to choose its regions
adaptively, based on the geometry of the design points x; (owing to the use of the
Voronoi diagram) and on how much local variation is present in the response points y;
(a consideration inherent to the minimization in (2.2), which trades off between the
loss and penalty summands).

Figure 2.1 gives a simple example of the Voronoigram and its adaptive structure in

action.
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Figure 2.1: A simple example using the Voronoigram to estimate a function fy, from noisy
observations. Left: fy and noisy observations made at n = 1274 random points in d = 2
dimensions. Center: the Voronoi tessellation, whose cells constitute the piecewise constant
basis for the Voronoigram. Right: the Voronoigram estimate (at a certain choice of \),
with the resulting adaptively chosen constant pieces—over which it performs averaging—
outlined in orange.

2.1.2 Summary of contributions

Our primary practical and methodological contribution is to motivate and study the
Voronoigram as a nonparametric regression estimator for BV functions in a multivariate
scattered data (random design) setting, including comparing and contrasting it to two
related approaches: discrete TV regularization using e-neighborhood or k-nearest
neighbor graphs. A summary is as follows (a more detailed summary is given in
Section 2.2.4).
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* The graph used by Voronoigram—namely, the Voronoi adjacency graph—is
tuning-free. This stands in contrast to e-neighborhood or k-nearest neighbor
graphs, which require a choice of a local radius ¢ or number of neighbors £,
respectively.

* The Voronoigram penalty becomes density-free in large samples, which is term
we use to describe the fact that it converges to “pure” total variation, independent
of the density p of the (random) design points x1, .. ., z,. This follows from one
of our main theoretical results (reiterated below), and it stands in contrast to the
TV penalties based on e-neighborhood and k-nearest neighbor graphs, which
are known to asymptotically approach particular p-weighted versions of total
variation.

* The Voronoigram estimator yields a natural passage from a discrete set of fitted
values fv(xi), i=1,...,nto afitted function f defined over the entire input
domain €2: this is simply given by local constant extrapolation of each fitted
value fV(z;) to its containing Voronoi cell V;. (Equivalently, fV(z) is given
by the 1-nearest neighbor prediction rule based on (z;, fv (), i=1,...,n.)
Further, thanks to (2.3), we know that such an extrapolation method is complexity-
preserving: the discrete TV of é)’, t = 1,...,n is precisely the same as the
continuum TV of the extrapolant fV. Other graph-based TV regularization
methods do not come with this property.

On the theoretical side, our primary theoretical contributions are twofold, summarized
below.

* We prove that the Voronoi penalty functional, applied to evaluations of f at i.i.d.
design points 1, . .., x, from a density p, converges to TV(f), as n — oo (see
Section 2.3 for details). The fact that its asymptotic limit here is independent of
p is both important and somewhat remarkable.

* We carry out a comprehensive minimax analysis for L? estimation over BV ().
The highlights (Section 2.5 gives details): for any fixed d > 2 and regression
function fy with TV(fy) < Land || fo||z~ < M (where L, M > 0 are constants),
a modification of the Voronoigram estimator fV in (2.1)—defined by simply

clipping small weights wi\; in the penalty term—converges to f; at the squared

L? rate n~'/? (ignoring log terms). We prove that this matches the minimax

rate (up to log terms) for estimating a regression function fj that is bounded

in TV and L*. Lastly, we prove that an even simpler unweighted Voronoigram
estimator—defined by setting all edge weights in (2.1) to unity—also obtains the
optimal rate (up to log terms), as do more standard estimators based on discrete

TV regularization over e-neighborhood and k-nearest neighbor graphs.
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2.2 The Voronoigram: methods and basic properties

In this section, we discuss some basic properties of our primary object of study, the
Voronoigram, and compare these properties to those of related methods.

2.2.1 The Voronoigram and TV representation

We start with a discussion of the property behind (2.3)—we call this a TV representation
property of functions in ", as their total variation over (2 can be represented exactly
in terms of their evaluations over 1, .. ., x,.

Proposition 1. For any x4, ..., z,, with Voronoi tessellation V;,...,V,, and any
f e FY =span{ly,,..., 1y, } of the form

f= Z‘gi -1y,
i—1

it holds that

TV(f) =Y H" (@VinaV;) - [6; — 6], (2.5)
ij=1
where %! denotes Hausdorff measure of dimension d — 1, and 9V, denotes the
boundary of V.

The proof of this proposition follows from the measure-theoretic definition (1.2)
of total variation, and we defer it to Appendix A.1.2. In a sense, the above result is a
natural extension of the property that the TV of an indicator function is the perimeter
of the underlying set, recall (1.4).

Note that (2.5) in Proposition 1 reduces to the property (2.3) claimed in the intro-
duction, once we define weights

wy =HTNOV;NaV), ij=1,...,n, (2.6)

and define the edge set EV to contain all {7, j} such that w?g # 0. In words, each w;; is
the surface measure (length, in dimension d = 2) of the shared boundary between V;
and V;. We say that 7, j are adjacent with respect to the Voronoi diagram provided that
wx # 0. Using this nomenclature, we can think of EV as the set of all adjacent pairs
i, 7. This defines a weighted undirected graph on {1, ..., n}, which we call the Voronoi
adjacency graph (the Voronoi graph for short). We denote this by GV = ([n], EV, w"),

where here and throughout we write [n] = {1,...,n}.

Backing up a little further, we remark that (2.6) also provides the remaining details
needed to completely describe the Voronoigram estimator in (2.1). By the TV repre-
sentation property (2.3), we see that we can equivalently express the penalty in (2.1)
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as that in (2.2), which certifies the equivalence between the two problems. Of course,
since (2.3) is true of all functions in ", it is also true of the Voronoigram solution f v,
Hence, to summarize the relationship between the discrete (2.2) and continuum (2.1)
problems, once we solve for the Voronoigram fitted values élv = fv(xi), 1=1,...,n
at the design points, we extrapolate via

V= Zéy -1y, which satisfies TV(fY) = Z w; - 107 — 97’ (2.7)

i=1 {i.jteEY

In other words, the continuum TV of the extrapolant f\’ is exactly the same as the
discrete TV of the vector of fitted values §V. This is perhaps best appreciated when
discussed relative to alternative approaches based on discrete TV regularization on
graphs, which do not generally share the same property. We revisit this in Section
2.2.4.

2.2.2 Insights from generalized lasso theory

Consider a generalized lasso problem of the form:
I | 2
minimize §‘|y_9H2+>‘HD9H17 (2.8)

where y = (y1,...,y,) € R" is a response vector and D € R™*" is a penalty
operator (as problem (2.8) has identity design matrix, it is hence sometimes also called
a generalized lasso signal approximator problem). The Voronoigram is a special case
of a generalized lasso problem: that is, problem (2.2) can be equivalently expressed
in the more compact form (2.8), once we take D = DV, the edge incidence operator
of the Voronoi adjacency graph. In general, given an weighted undirected graph
G = ([n], E, w), we denote its edge incidence operator D(G) € R™*™; recall that this

is a matrix whose number of rows equals the number of edges, m = |E/, and if edge ¢
connects nodes 7 and 7, then
0 otherwise.

Thus, to reiterate the equivalence using the notation just introduced, the penalty
operator in the generalized lasso form (2.8) of the Voronoigram (2.2) is DV = D(GV),
the edge incidence operator of the Voronoi graph GV. And, as is clear from the
discussion, the Voronoigram is not just an instance of an arbitrary generalized lasso
problem, it is an instance of TV denoising on a graph. Alternative choices of graphs
for TV denoising will be discussed in Section 2.2.3.
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What does casting the Voronoigram in generalized lasso form do for us? It en-
ables us to use existing theory on the generalized lasso to read off results about the
structure and complexity of Voronoigram estimates. Tibshirani and Taylor [2011,
2012] show the following about the solution 0 in problem (2.8): if we denote by
A={ien]:(D0); # 0} the active set corresponding to Df, and s = sign((DF) 4)
the active signs, then we can write

0 = Punp_(y — AD}s), (2.10)

where D 4 is the submatrix of D with rows that correspond to A, D_ 4 is the submatrix
with the complementary set of rows, and P,,p_,) is the projection matrix onto
null(D_,), the null space of D_4. When we take D = D(G), the edge incidence
operator on a graph G, the null space D_ 4 has a simple analytic form that is spanned
by indicator vectors on the connected components of the subgraph of GG that is induced
by removing the edges in A. This allows us to rewrite (2.10), for a generic TV denoising
estimator § = 0(G), as

R
@), => @ —&)-1{icC}, i=1,....n (2.11)

where K is the number of connected components of the subgraph of G induced by
removing edges in A, C}, denotes the k™ such connected component, ¥, denotes the
average of points y; such that: € C’k, and S, denotes the average of the values )\(Dls)i
over ¢ € C’k

What is special about the Voronoigram is that (2.11), combined with the structure
of F (piecewise constant functions on the Voronoi diagram), leads to an analogous
piecewise constant representation on the original input domain 1, as written and
discussed in (2.4) in the introduction. Here each Ry = {V; : i € C}, the union of
Voronoi cells of points in connected component Ch.

Beyond local structure, we can learn about the complexity of the Voronoigram
estimator—vis-a-vis its degrees of freedom—from generalized lasso theory. In general,
the (effective) degrees of freedom of an arbitrary estimator 6 is defined [Efron, 1986,
Hastie and Tibshirani, 1990] as:

é Z Cov 91, vi),

where 02 = Var(z;) denotes the noise variance in the data model (1.1). Tibshirani
and Taylor [2011, 2012] show using Stein’s lemma [Stein, 1981] that when each z; ~
N(0,0?) (iid.fori=1,...,n), it holds that

df(6) = E[nullity(D_ )], (2.12)
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where nullity(D_4) is the nullity (dimension of the null space) of D_ 4, and recall A
is the active set corresponding to Df. For D = D(G) and § = 6(G), the TV denoising
estimator over a graph G, the result in (2.12) reduces to

df (é(G)) = E[# of connected components in QA(G)} . (2.13)

As a short interlude, we note that this somewhat remarkable because the connected
components are adaptively chosen in the graph TV denoising estimator, and yet it
does not appear that we “pay extra” for this data-driven selection in (2.13). This is
due to the ¢; penalty that appears in the TV denoising criterion, which induces a
“counterbalancing” shrinkage effect—recall we fit shrunkage averages, rather than
averages, in (2.11). For more discussion, see Tibshirani [2015].

The result (2.13) is true of any TV denoising estimator, including the Voronoigram.
However, what is special about the Voronoigram is that we are able to write this purely
in terms of the fitted function fV:

dfeV) =E [# of locally constant regions in f\/} , (2.14)

because by construction the number of locally constant regions in fVis equal to the
number of connected components in 6.2

2.2.3 Alternatives: e-neighborhood and kNN graphs

We now review two more standard graph-based alternatives to the Voronoigram: TV
denoising over e-neighborhood and k-nearest neighbor (kNN) graphs. Discrete TV
over such graphs has been studied by many, including Wang et al. [2016] (experimen-
tally), and Garcia Trillos [2019], Garcia Trillos and Slepcev [2016], Padilla et al. [2020]
(formally). The general recipe is to run TV denoising over a graph G = ([n], E, w)
formed using the design points x4, . . ., ,,. We note that it suffices to specify the weight
function here, since the edge set is simply defined by all pairs of nodes that are assigned
nonzero weights. For the e-neighborhood graph, we take

Uofloi —zjla <e
ws; = - ,7=1,....n 2.15
" { 0 otherwise, K (2.15)

?For this to be true, strictly speaking, we require that for each i and j in different connected
components with respect to the subgraph defined by the active set A of §V, we have 6; # 9 However,
for any fixed A, this occurs with probability one if the response vector y is drawn from a continuous
probability distribution; see Tibshirani [2013], Tibshirani and Taylor [2012].
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where ¢ > 0 is a user-defined tuning parameter. For the (symmetrized) k-nearest
neighbor graph, we take

1 [l — ajls < max {Hmi — 2wy ()2, lzj — x(k)(l’j)\b} i
wlj_ . L) =L...,0N,
0 otherwise,
(2.16)
where x(;)(;) denotes the element of {z1,...,2;_1,%i41,...,2,} thatis k™ closest

in /5 distance to z; (breaking ties arbitrarily, if needed), and k € [n] is a user-defined
tuning parameter.

We denote the resulting graphs by G and G*, respectively, and the resulting
graph-based TV denoising estimators by ¢ = 0(G¢) and 6% = 0(G*), respectively. To
be explicit, these solve (2.8) when the penalty operators are taken to be the relevant
edge incidence operators D = D(G¢) and D = D(G*), respectively.

It is perhaps worth noting that the e-neighborhood graph is a special case of a
kernel graph whose weight function is of the form w;; = K(||z; — z;||2) for a kernel
function K. Though we choose to analyze the e-neighborhood graph for simplicity,
much of our theoretical development for TV denoising on this graph carries over to
more general kernel graphs, with suitable conditions on /K. We remark that the kNN
and Voronoi graphs do not fit neatly in kernel form, as the weight they assign to ¢, j
depends not only z;, z; but also on , ..., x,. That said, in either case the graph
weights are well-approximated by kernels asymptotically; see Appendix A.2 for the
effective kernel for the Voronoi graph.

2.24 Discussion and comparison of properties

We begin with some similarities, starting by recapitulating the properties discussed in
the second-to-last subsection: all three of 6°, 6%, and §V —the TV denoising estimators
on the e-neighborhood, kNN, and Voronoi graphs, respectively—have adaptively chosen
piecewise constant structure, as per (2.11) (though to be clear, they will have generically
different connected components for the same response vector y and tuning parameter
A). All three estimators also have a simple unbiased estimate for their degrees of
freedom, as per (2.13). And lastly, all three are given by solving a highly structured
convex optimization problems for which a number of efficient algorithms exist; see,
e.g., Chambolle and Darbon [2009], Chambolle and Pock [2011], Goldstein et al. [2010],
Hoefling [2010], Landrieu and Obozinski [2015], Osher et al. [2005], Tibshirani and
Taylor [2011], Wang et al. [2016].

A further notable property that all three estimators share, which has not yet
been discussed, is rotational invariance. This means that, for any orthogonal U €
R4, if we were to replace each design point z; by 7; = Uz; and recompute the TV
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denoising estimate using the e-neighborhood, kNN, or Voronoi graphs (and with the
same response vector y and tuning parameter \) then it will remain unchanged. This
is true because the weights underlying these three graphs—as we can see from (2.6),
(2.15), and (2.16)—depend on the design points only through the pairwise ¢, distances
|z; — x||2, which an orthogonal transformation preserves.

We now turn to a discussion of the differences between these graphs and their use
in denoising.

Auxiliary tuning parameters. TV denoising over the e-neighborhood and k-nearest
neighbor graphs each have an “extra” tuning parameter when compared the Voronoigram:
a tuning parameter associated with learning the graph itself (¢ and £, respectively).
This auxiliary tuning parameter must be chosen carefully in order for the discrete TV
penalty to be properly behaved; as usual, we can turn to theory (e.g., Garcia Trillos,
2019, Garcia Trillos and Slepcev, 2016) to prescribe the proper asymptotic scaling for
such choices, but in practice these are really just guidelines. Indeed, as we vary ¢ and £,
we can typically find an observable practical impact on the performance of TV denois-
ing estimators using their corresponding graphs, especially for the e-neighborhood
graph (for which € impacts connectedness). One may see this by comparing the results
of Section 2.4 to those of Appendix A.3. All in all, the need to appropriately choose aux-
iliary tuning parameters when using these graphs for TV denoising is a complicating
factor for the practitioner.

Connectedness. A related practical consideration: only the Voronoi adjacency
graph is guaranteed to be connected (cf. Lemma 16 in the appendix), while the kNN
and e-neighborhood graphs have varying degrees of connectedness depending on their
auxiliary parameter. In particular, the e-neighborhood graph is susceptible to isolated
points. This can be problematic in practice: having many connected components and
in particular having isolated points prevents the estimator from properly denoising,
leading to degraded performance. This phenomenon is studied in Section 2.4.3, where
the e-neighborhood graph, grown to have roughly the same average degree as the
Voronoi adjacency and kNN graphs, sees worse performance when used in TV de-
noising. A workaround is to grow the e-neighborhood graph to be denser; but of
course this increases the computational burden in learning the estimator and storing

the graph.

Computation. On computation of the graphs themselves, the Voronoi diagram of n
points in d dimensions has worst-case complexity of O(n logn + n!/%/?!) [Aurenham-
mer and Klein, 2000].> In applications, this worst-case complexity may be pessimistic;

3Note that the Voronoi adjacency graph as considered in Section 2.2.1 intersects the Voronoi diagram
with the domain 2 on which the n points are sampled, which incurs the additional step of checking
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for example, Dwyer [1991] finds that the Voronoi diagram of n points sampled uni-
formly at random from the d-dimensional unit ball may be computed in linear expected
time.

On the other hand, the O(n logn 4 n!%?1) runtime does not include calculation
of the weights (2.6) on the edges of the Voronoi adjacency graph, which significantly
increases the computational burden, especially in higher dimensions (it is essentially
intractable for d > 4). One alternative is to simply use the unweighted Voronoi
adjcacency graph for denoising—dropping the weights wx in the summands in (2.2)
but keeping the same edge structure—which we will see, in what follows, has generally
favorable practical and theoretical (minimax) performance.

Construction of the e-neighborhood and kNN graphs, in a brute-force manner, has
complexity O(dn?) in each case. The complexity of building the k-nearest neighbor
graph can be improved to O(dn logn) by using k-d trees [Friedman et al., 1977]. This
is dominated by initial cost of building the k-d tree itself, so a practitioner seeking to
tune over the number of nearest neighbors is able to build kNN graphs at different
levels of density relatively efficiently. As far as we know, there is no analogous general-
purpose algorithmic speedup for the e-neighborhood graph, but practical speedups
may be possible by resorting to approximation techniques (for example, using random
projections or hashing).

Extrapolation. A central distinction between the Voronoigram and TV denoising
methods based on e-neighborhood and kNN graphs is that the latter methods are
purely discrete, which means that—as defined—they really only produce fitted values
(estimates of the underlying regression function values) at the design points, and not
an entire fitted function (an estimate of the underlying function). Meanwhile, the
Voronoigram produces a fitted function via the fitted values at the design points. Recall
the equivalence between problems (2.1) and (2.2), and the central property between
the discrete and continuum estimates highlighted in (2.7)—to rephrase once again, this
says that fV is just as complex in continuous-space (as measured by continuum TV)
as 0V is in discrete-space (as measured by discrete TV).

We note that it would also be entirely natural to extend the fitted values 0, =f (x;),
t=1,...,nfrom TV denoising using the e-neighborhood or kNN graph as a piecewise
constant function over the Voronoi cells V3, ..., V,,

1=1

whether each vertex of the Voronoi diagram belongs in 2. For simple domains (say, the unit cube), this
can be done in constant time for each edge as they are enumerated during graph construction.
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To see this, observe that this is nothing more than the ubiquitous 1-nearest neighbor
(INN) prediction rule performed on the fitted values,

f(x) = f(z:), where ||z —z,]|» = min |z — ;.

However, this extension f does not generally satisfy the property that its continuum
TV is equal to the graph-based TV of # (with respect to the original geometric graph,
be it e-neighborhood or kNN). The complexity-preserving property in (2.7) of the
Voronoigram is truly special.*

We finish by summarizing two more points of comparison for discrete TV on the
Voronoi graph versus e-neighborhood and kNN graphs. These will come to light in
the theory developed later, but are worth highlighting now. First, discrete TV on the
Voronoi adjacency graph, the e-neighborhood graph, and the kNN graph can be said
to each track different population-level quantities—the most salient difference being
that discrete TV on a Voronoi graph in the large-sample limit does not depend on the
distribution of the design points, unlike the other two graphs (compare (2.18) to (2.19)
and (2.20)). Second, while TV denoising on all three graphs obtains the minimax error
rate for functions that are bounded in TV and L*°, on the e-neighborhood and the
kNN graphs TV denoising is furthermore manifold adaptive, and it is not clear the
same is true of the Voronoigram (see Remark 9 following Theorem 2).

2.3 Asymptotics for graph TV functionals

The material in this Section regarding the asymptotic limit of the Voronoi
TV functional was derived by my collaborator, Alden Green, and is included
in this thesis for completeness and due to its relationship to accompanying
results.

Having introduced, discussed, and compared graph-based formulations of to-
tal variation—with respect to the Voronoi, k-nearest neighbor, and e-neighborhood
graphs—a natural question remains: as we grow the number of design points n used to
construct the graphs, do these discrete notions of TV approach particular continuum
notions of TV? Answers to these questions, aside from being of fundamental interest,
will help us better understand the effects of using these different graph-based TV
regularizers in the context of nonparametric regression.

*In fact, this occurs for not one but two natural notions of complexity: TV, as in (2.7), and degrees
of freedom, as in (2.14). The latter says that fV has just as many locally constant regions (connected
subsets of () as 6V has connected components (with respect to the Voronoi adjacency graph). This is
not true in general for the INN extensions fit to TV denoising estimates on e-neighborhood or kNN
graphs; see Section 2.4.4 and Figure 2.6 in particular.
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The asymptotic limits for the TV functional over the e-neighborhood and k-nearest
neighbor graphs have in fact already been derived by Garcia Trillos and Slepcev
[2016] and Garcia Trillos [2019], respectively. These results are reviewed in Remark
2, following the presentation of our main result in this section, Theorem 1, on the
asymptotic limit for the TV functional over the Voronoi graph. First, we introduce
some helpful notation. Given G' = ([n], £/, w), a weighted undirected graph, we denote
its corresponding discrete TV functional by

DTV(0;w) = > wi;l6; — ;. (2.17)
{i,j}€F

Given z1,...,z, € ,and f : Q@ — R, we also use the shorthand f(z.,,) =

(f(z1),..., f(z,)) € R™

Next we introduce an assumption that we require on the sampling distribution of
the random design points.

Assumption A1l. The design distribution has density p (with respect to Lebesgue
measure), which is bounded away from 0 and co uniformly on Q2 = (0, l)d; that is,
there exist constants p,in, Pmax such that

0 < Pmin < p(x) < Pax < 00, forall z € Q.

We are now ready to present our main result in this section.

Theorem 1. Assume thatz,,...,x, arei.i.d. from a distribution satisfying Assusmption
A1, and additionally assume its density p is Lipschitz: |p(y) — p(z)| < L||y — x||2 for all
x,y € 2 and some constant L > (. Consider the Voronoi graph whose edge weights are
defined in (2.6). For any fixedd > 2 and f € C?(Q), asn — oo, it holds that

DTV (f(z1); 0") = cq / IV f()l2 da, (2.18)
Q
in probability, where c, is the constant

2 0 0o t2 dj2
c;ld—Ql/O /0 tdsd_zexp(—ud{z—i-sz} )dsdt,

and 1,_o denotes the Hausdorff measure of the (d — 2)-dimensional unit sphere, and 1,
the Lebesgue measure of the d-dimensional unit ball.

Cq —

The proof of Theorem 1 is long and involved and deferred to Appendix A.2. A
key idea in the proof is show that the weights (2.6) have an asymptotically equivalent
kernel form, for a particular (closed-form) kernel that we refer to as the Voronoi kernel.
We believe this result is itself significant and may be of independent interest.

We now make some remarks.
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Remark 1. The assumption that f is twice continuously differentiable, f € C?(2), in
Theorem 1 is used to simplify the proof; we believe this can be relaxed, but we do not
attempt to do so. It is worth recalling that under this condition, the right-hand side in
(2.18) is a scaled version of the TV of f, since in this case TV (f) = [, |V f(z)|2 dz.

Remark 2. The fact that the asymptotic limit of the Voronoi TV functional is density-
free, meaning the right-hand side in (2.18) is (a scaled version of) “pure” total variation
and does not depend on p, is somewhat remarkable. This stands in contrast to the
asymptotic limits of TV functionals defined over e-neighborhood and kNN graphs,
which turn out to be density-weighted versions of continuum total variation. We
transcribe the results of Garcia Trillos and Slepcev [2016] and Garcia Trillos [2019] to
our setting to ease the comparison. From Garcia Trillos and Slepcev [2016], for the
e-neighborhood weights (2.15) and any sequence ¢ = ¢, satisfying certain scaling
conditions, it holds as n — oo that

1
DTV (Flwrm); w) = ¢, /Q IV £ () ]l2 () d, (2.19)

in a particular notion of convergence, for a constant ¢/, > 0. From Garcia Trillos
[2019], for the kNN weights (2.16) and any sequence k = k,, satisfying certain scaling
conditions, defining &, = (k,/n)/<, it holds as n — oo that

n25—1d+1 DTV (f(xlrJ — Cd/ V()2 P 1/d( )dz, (2.20)

again in a particular notion of convergence, and for a constant ¢; > 0.

These differences have interesting methodological interpretations. First, recall that
traditional regularizers used in nonparametric regression—which includes those in
smoothing splines, thin-plate splines, and locally adaptive regression splines, trend
filtering, RKHS estimators, and so on—are not design-density dependent. In this way,
the Voronoigram adheres closer to the statistical mainstream than TV denoising on
e-neighborhood or kNN graphs, since the regularizer in the Voronoigram tracks “pure”
TV in large samples. Furthermore, by comparing (2.19) to (2.18) we see that, relative
to the Voronoigram, TV denoising on the e-neighborhood graph does not assign as
strong a penalty to functions that are wiggly in low-density regions and smoother in
high-density regions. TV denoising on the k-nearest neighbor graph lies in between
the two: the density p appears in (2.20), but raised to a smaller power than in (2.19).

We may infer from this scenarios in which density-weighted TV denoising would
be favorable to density-free TV denoising and vice versa. In a sampling model where
the underlying regression function exhibits more irregularity in a low-density region
of the input space, we would expect a density-weighted method to perform better since
the density weighting provides a larger effective “budget” for the penalty, leading to
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greater regularization and variance reduction overall. Conversely, in a sampling model
where the regression function exhibits greater irregularity in a high-density region,
we would expect a density-free method to have a comparative advantage because the
density weighting gives rise to a smaller “budget”, hampering the ability to properly
regularize. In Section 2.4, we consider sampling models that reflect these qualities and
assess the performance of each method empirically.

Remark 3. It is worth noting that it should be possible to remove the density depen-
dence in the asymptotic limits for the TV functionals over the e-neighborhood and
kNN graphs. Following seminal ideas in Coifman and Lafon [2006], we would first form
an estimate p of the design density p, and then we would reweight the e-neighborhood
and kNN graphs to precisely cancel the dependence on p in their limiting expressions.
Under some conditions (which includes consistency of p) this should guarantee that the
asymptotic limits are density-free, that is, in our case, the reweighted e-neighborhood
and kNN discrete TV functionals converge to “pure” TV.

2.4 Illustrative empirical examples

In this section, we empirically examine the properties elucidated in the last section.
We first investigate whether the large sample behavior of the three graph-based TV
functionals of interest matches the prediction from asymptotics. We then examine
the use of each as a regularizer in nonparametric regression. Our experiments are not
intended to be comprehensive, but are meant to tease out differences that arise from
the interplay between the density of the design points and regions of wiggliness in the
regression function.

2.4.1 Basic experimental setup

Throughout this section, our experiments center around a single function, in dimension

d = 2: the indicator function of a ball of radius ry = § centered at zp = (3, 1) € R?,

fo=1{z € B(xg,10)}, (2.21)
supported on Q = (0, 1)2. This is depicted in the upper display of Figure 2.2 using a
wireframe plot.

We also consider three choices for the distribution P of the design points x4, ..., x,,
supported on €.

1. “Low inside tube”: the sampling density p is 0.295 on an annulus A centered
at x( that has inner radius 7y — 0.1 and outer radius ry 4 0.1. (The density on
2\ Ais set to a constant value such that p integrates to 1.)
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Figure 2.2: Illustration of the basic experimental setup used in this section. Top row:
the function fy in (2.21) depicted using a wireframe plot, along with n = 1274 noisy
evaluations of [y in blue (the noise level is set such that the signal-to-noise ratio is 1).
Bottom row: n = 1274 samples from each of the three design distributions considered.
The boundary of the set B(xo,7o) is denoted in red, and the annulus A is shaded in
translucent gray.

2. “High inside tube”: the sampling density p is 1.2 on A (with again a constant
value chosen on 2\ A such that p integrates to 1).

3. “Uniform”: the sampling distribution is uniform on 2.

We illustrate these sampling distributions empirically by drawing n = 1274 observa-
tions from each and plotting them on the lower set of plots in Figure 2.2. We note
that the “high” density value of 1.2 for the “high inside tube” sampling distribution
yields an empirical distribution that—by eye—is indistinguishable from the empirical
distribution formed from uniformly drawn samples. However, as we will soon see, this
departure from uniform is nonetheless large enough that the large sample behavior
of the TV functionals on Voronoi adjacency, e-neighborhood, and k-nearest neighbor
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graphs admit discernable differences.

2.4.2 Total variation estimation

We examine the of use of the Voronoi adjacency, k-nearest neighbor, and e-neighborhood
graphs, built from a random sample of design points, to estimate the total variation
of the function fj in (2.21). To be clear, here we compute (using the notation (2.17)
introduced in the asymptotic limits section):

DTV (fo(xm);w> = Z wij| fo(xi) — folw;)|,

{i,j}€E

for three choices of edge weights w: Voronoi (2.6), e-neighborhood (2.15), and kNN
(2.16).

We let the number of design points n range from 102 to 10°, logarithmically spaced,
with 20 repetitions independently drawn from each design distribution for each n.
The k-nearest neighbor graph is built using & = |C} log"! n], and the e-neighborhood
graph is built using £ = Cy(log"! n/n)/?, where C1, C; are constants chosen such
that the average degree of these graphs is roughly comparable to the average degree
of the Voronoi adjacency graph (which has no tuning parameter). We note that it
is possible to obtain marginally more stable results for the k-nearest neighbor and
e-neighborhood graphs by taking C, C; to be larger, and thus making the graphs
denser. These results are deferred to Appendix A.3, though we remark that the need
to separately tune over such auxiliary parameters to obtain more stable results is a
disadvantage of the kNN and e-neighborhood methods (recall also the discussion in
Section 2.2.4).

Figure 2.3 shows the results under the three design distributions outlined previously.
For each sample size n and for each graph, we plot the average discrete TV, and its
standard error, with respect to the 20 repetitions. We additionally plot the limiting
asymptotic values predicted by the theory—recall (2.18), (2.19), (2.20)—as horizontal
lines. Generally, we can see that the discrete TV, as measured by each of the three
graphs, approaches its corresponding asymptotic limit. The standard error bars for the
Voronoi graph tend to be the narrowest, whereas those for the kNN and e-neighborhood
graphs are generally wider. In the rightmost plot, showing the results under uniform
sampling, the asymptotic limits of the discrete TV for the three methods match, since
the density weighting is nullified by the uniform distribution.

To give a qualitative sense of their differences, Figure 2.4 displays the graphs from
each of the methods for a draw of n = 1274 samples under each sampling distribution.
Note that the Voronoi adjacency and kNN graphs are connected (this is always the
case for the former), whereas this is not true of the e-neighborhood graph (recall
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Figure 2.3: Results from the TV estimation experiment (“weighted Voronoi” refers to the
usual Voronoi adjacency graph, with weights in (2.6), and is used to distinguish it from the
Voronoi adjacency graph with unit edge weights, which will appear in later experiments).
We see that the discrete TV as measured by each graph converges to its asymptotic limit,
drawn as a dashed horizontal line, as n grows (note that the x-axis is on a log scale).

Section 2.2.4), with the most noticable contrast being in the “low inside tube” sampling
model. This relates to the notion that the Voronoi and kNN graphs effectively use an
adaptive local bandwidth, versus the fixed bandwidth used by the e-neighborhood
graph. Comparing the former two (Voronoi and kNN graphs), we also see that there
are fewer “holes” in the Voronoi graph as it has the quality that it seeks neighbors “in
each direction” for each design point.

2.4.3 Regression function estimation

Next we study the use of discrete TV from the Voronoi, k-nearest neighbor, and ¢-
neighborhood graphs as a penalty in a nonparametric regression estimator. In other
words, given noisy observations as in (1.1) of the function fj in (2.21), we solve the
graph TV denoising problem (2.8) with penalty operator D equal to the edge incidence
matrix corresponding to the Voronoi (2.6), e-neighborhood (2.15), and kNN (2.16)
graphs.

We fix n = 1274, and draw each z; ~ N(0, 0?), where the noise level 0* > 0 is

chosen so that the signal-to-noise ratio, defined as

Var( fo(z:))

)
0-2

SNR =

is equal to 1. (Here Var(fy(z;)) denotes the variance of fy(z;) with respect to the
randomness from drawing x; ~ P.) Each graph TV denoising estimator is fit over a
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Voronoi adjacency

No. of edges: 3800 No. of edges: 3797 No. of edges: 3799
Average degree: 5.9655 Average degree: 5.9608 Average degree: 5.9639

k-nearest neighbor

No. of edges: 4590 No. of edges: 4508 No. of edges: 4538
Average degree: 7.2057 Average degree: 7.0769 Average degree: 7.1240

&-neighborhood

No. of edges: 4933 No. of edges: 4302 No. of edges: 4213
Average degree: 7.7441 Average degree: 6.7535 Average degree: 6.6138

Figure 2.4: Visualization of the Voronoi, kNN, and c-neighborhood graphs for a sample of
n = 1274 design points from each of the three sampling distributions considered. We see
qualitatively very different behaviors in these three graph models, and we can also intuit
the different asymptotic limits of their discrete TV functionals; for example, the strong
dependence of the c-neighborhood graph on the sampling density is quite noticeable in
the “low inside tube” setting (bottom left plot).
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range of values for the tuning parameter )\, and at value of A\ we record the L*(P,)

mean squared error
p Z ~ fola)”

Figure 2.5 shows the average of thlS L?(P,) error, along with its standard error, across
the 20 repetitions. The z-axis is parametrized by an estimated degrees of freedom for
each )\ value, to place the methods on common footing—that is, recalling the general
formula in (2.13) for any TV denoising estimator, we convert each value of A to the
average number of resulting connected components over the 20 repetitions.

The results of Figure 2.5 broadly align with the expectations set forth at the end of
Section 2.3: the density-weighted methods (using kNN and e-neighborhood graphs)
perform better when the irregularity is concentrated in a low density area (“low inside
tube”), and the density-free method (the Voronoigram) does better when the irregularity
is concentrated in a high density area (“high inside tube”). We also observe that across
all settings, the best performing estimator tends to be the most parsimonious—the one
that consumes the fewest degrees of freedom when optimally tuned.

Low inside tube High inside tube Uniform

—— Weighted Voronoi
107t — Unweighted Voronoi
—— k-nearest neighbor
1071 4 e-neighborhood

102 4

L%(P,) mean squared error

- ” mz - - Deglr:es of freleozdom - - ml 102 w}
Figure 2.5: Results from the function estimation experiment (“weighted Voronoi” refers to
the usual Voronoi graph and “unweighted Voronoi” the graph with the same edge structure
but unit edge weights). We see that the density-weighted methods—TV denoising over the
kNN and -neighborhood graphs—generally do better in the “low inside tube” setting, where
the irregularity in fy is concentrated in a low density region of the design distribution.
Conversely, density-free method—TV denoising on the Voronoi graph, also known as
the Voronoigram—does better in the “high inside tube” scenario, where irregularity is
concentrated in a high density region. Lastly, TV denoising on the unweighted Voronoi
graph does very well in each scenario.

In the “low inside tube” setting (leftmost panel of Figure 2.5), we see that e-
neighborhood graph total variation does worse than its kNN counterpart, even though
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we would have expected the former to outperform the latter (because it weights the
density more heavily; cf. (2.19) and (2.20)). The poor performance of TV denoising over
the e-neighborhood graph may be ascribed to the large number of disconnected points
(see Figures 2.4 and 2.6), whose fitted values it cannot regularize. Such isolated points
are also the reason why the minimal degrees of freedom obtained by this estimator (as
A — 00) is larger than that for TV denoising over the kNN and Voronoi graphs, across
all settings. In Appendix A.3, we carry out a sensitivity analysis where we grow the
e-neighborhood and kNN graphs more densely, while retaining a comparable average
degree (to each other). There we find that the performance of the estimators becomes
comparable (the e-neighborhood graph still has some disconnected points), which
further emphasizes the peril of graph denoising methods that permit isolated points.

Interestingly, under the uniform sampling distribution (rightmost panel of Figure
2.5), where the asymptotic limits of the discrete TV functionals over the Voronoi, kNN,
and e-neighborhood graph are the same, we see that the Voronoigram performs best
in mean squared error, which is encouraging empirical evidence in its favor.

Finally, Figure 2.5 also displays the error of the unweighted Voronoigram, which we
use to refer to TV denoising on the unweighted Voronoi graph, obtained by setting
each w}? = 1in (2.2). This is somewhat of a “surprise winner”—it performs close to
the best in each of the sampling scenarios, and is computationally cheaper than the
Voronoigram (it avoids the expensive step of computing the Voronoi edge weights,
which require surface area calculations). We lack an asymptotic characterization for
discrete TV on the unweighted Voronoi graph, thus we cannot provide a strong a priori
explanation for the favorable performance of the unweighted Voronoigram across our
experimental suite. Nevertheless, in view of the example adjacency graphs in Figure
2.4, we hypothesize that its favorable performance is due in part to the adaptive local
bandwidth inherent to the Voronoi graph, which seeks neighbors “in each direction”
while avoiding edge crossings. Moreover, in Section 2.5 we show that the unweighted
Voronoigram shares the property of minimax rate optimality (for estimating functions
bounded in TV and L), further strengthening its case.

2.4.4 Extrapolation: from fitted values to functions

As the last part of our experimental investigations, we consider extrapolating the graph
TV denoising estimators, which represent a sequence of fitted values at the design
points: f(2;),i=1,...,n, to a entire fitted function: f(z), z € Q. As discussed and
motivated in Section 2.2.4, we use the 1NN extrapolation rule for each estimator. This is
equivalently viewed as piecewise constant extrapolation over the Voronoi tessellation.

Figure 2.6 plots the extrapolants for each TV denoising estimator, fitted over a
particular sample of n = 1274 points from each design distribution. In each case, the
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Weighted Voronoi Unweighted Voronoi k-nearest neighbor g-neighborhood

Conn. comp.: 85 Conn. comp.: 31 Train cc: 52 Train cc: 43
Test cc: 52 Test cc: 43

Low inside tube

High inside tube

Conn. comp.: 71 Conn. comp.: 73 Train cc: 98 Train cc: 148

Test cc: 101 Test cc: 151
£
L
c
=)

Conn. comp.: 54 Conn. comp.: 56 Train cc: 96 Train cc: 155

Test cc: 98 Test cc: 158

Figure 2.6: Extrapolants from graph TV denoising estimates, using INN extrapolation.
We can see several qualitative differences, for example, the issues posed by isolated points
in the e-neighborhood graph. We also note that the number of connected components in
the graph used to learn the estimator (which gives an unbiased estimate of its degrees of
freedom) is guaranteed to match the number of connected components in the extrapolant
only for the Voronoi methods.

estimator was tuned to have optimal mean squared error (cf. Figure 2.5). From these
visualizations, we are able to clearly understand where certain estimators struggle; for
example, we can see the effect of isolated components in the e-neighborhood graph
in the “low inside tube” setting, and to a lesser extent in the “high inside tube” and
uniform sampling settings too. As for the Voronoigram, we previously observed (cf.
Figure 2.5 again) that it struggles in the “low inside tube” setting due to the large
weights placed on edges crossing the annulus, and in the upper left plot of Figure
2.6 we see “patchiness” around the annulus, where large jumps are heavily penalized,
rather than sharper jumps made by other estimators (including its unweighted sibling).
This is underscored by the large number of connected components in the Voronoigram
versus others in the “low inside tube” setting.
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Lastly, because the partition induced by the 1NN extrapolation rule is exactly the
Voronoi diagram, we note that the number of connected components on the training
set {x1,...,x,}—as measured by connectedness of the fitted values f(z1), ..., f(z,)
over the Voronoi graph—always matches the number of connected components on
the test set {2—as measured by connectedness of the extrapolant f over the domain €.
This is not true of TV denoising over the kNN and e-neighborhood graphs, where we
can see a mismatch between connectedness pre- and post-extrapolation.

2.5 Estimation theory for BV classes

In this section, we analyze error rates for estimating f; given data as in (1.1), under
the assumption that f, has bounded total variation. Thus, of central interest will be a
(seminorm) ball in the BV space, which we denote by

BV(L)={f € L'(Q): TV(f) < L}.

For simplicity, here and often throughout this section, we suppress the dependence on
the domain €2 when referring to various function classes of interest. We use P for the
design distribution, and we will primarily be interested in error in the L?(P) norm,

defined as
1 = follZagm = / (F(2) — fola))* dP(a).

We also use P, for the empirical distribution of sample x4, ..., z, of design points,
and we will also be concerned with error in the L?(P,) norm, defined as

1

n

n

Z (f(xz) - fo(%’))Q-

i=1

If = foll22(p,) =

We will generally use the terms “error” and “risk” interchangeably. Finally, we will

consider the following assumptions, which we refer to as the standard assumptions.
* The data (z;,v;),7 = 1, ...,nareiid. following (1.1), where each z; ~ N (0, o?).
* The design points are drawn from a distribution P that satisfies Assumption Al.
* The dimension satisfies d > 2 and remains fixed as n — 0.

Note that under Assumption A1, asymptotic statements about L?(P) and L?(j1) errors

are equivalent, with p denoting Lebesgue measure (the uniform distribution) on 2,
since it holds that puin||9|72(,y < 19/172(p) < Pimaxllgl|72,, for any function g.

2.5.1 Impossibility result without L>° boundedness

A basic issue to explain at the outset is that, when d > 2, consistent estimation over the
BV class BV (L) is impossible in L?(P) risk. This is in stark contrast to the univariate
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setting, d = 1, in which TV-penalized least squares [Mammen and van de Geer, 1997,
Sadhanala and Tibshirani, 2019], and various other estimators, offer consistency.

One way to see this is through the fact that BV(Q2) does not compactly embed
into L*(Q) for d > 2, which implies that L? estimation over BV (L) is impossible (see
Section 5.5 of Johnstone, 2015 for a discussion of this phenomenon in the Gaussian
sequence model). We now state this impossibility result and provide a more constructive
proof, which sheds more light on the nature of the problem.

Proposition 2. Under the standard assumptions, there exists a constant ¢ > 0 (not
depending on n) such that

inf sup El|f - follzzpy > ¢ >0,
f foeBV(1)NL2(Q)

where the infimum is taken over all estimators f that are measurable functions of the
data (z;,v;),i=1,...,n.

Proof. As explained above, under Assumption A1 we may equivalently study L*(u)
risk, which we do henceforth in this proof. We simply denote || - ||2 = || - || £2(,)-

Consider the two-point hypothesis testing problem of distinguishing
/2
HO : f[) =0 versus H1 : fl = 2—d . 1(0’€)d,

where 0 < € < 1. By construction, f € L?(Q2) and TV(f) < 1 for each of f = f3 and
f = ft. Additionally, we have || f; — f{||z2 = 55. It follows from a standard reduction
that

inf  sup  E|f— folpz>inf sup  E[f — follze
7 ReBVNL2(Q) Foreelfifn

> inf (P = ) +Pu (0 =0)),  (222)

where the infimum in the rightmost expression is over all measurable tests 1. Now,
conditional on the event

E={z; ¢ (0, i=1,...,n},
the distributions are the same under null and alternative hypotheses, Py, (-|€) = Py, (-|€).
Additionally, note that we have P(£) > (1 — pmaxe?)"™ under Assumption A1l. Conse-
quently, for any test 9,
Py, (¢ = 1) = P, (¢ = HE)P(E) + P, (v = 1|E)P(EY)
< Pry (¢ = 1EP(E) + 1 = (1 = punaxe)"
< Prp (¥ = 1)+ 1= (1= Prae”)".
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In other words, just rearranging the above, we have shown that

IP)Ho <¢ - 1) + IPJH1 (¢ - 0) > (1 - pmaxed)n’

Taking € — 0, and plugging this back into (2.22), establishes the desired result. O

The proof of Proposition 2 reveals one reason why consistent estimation over
BV(L) is not possible: when d > 2, functions of bounded variation can have “spikes”
of arbitrarily small width but large height, which cannot be witnessed by any finite
number of samples. (We note that this has nothing to do with noise in the response,
and the proposition still applies in the noiseless case with ¢ = 0.) This motivates a
solution: in the remainder of this section, we will rule out such functions by additionally
assuming that f; is bounded in L.

2.5.2 Minimax error: upper and lower bounds

Henceforth we assume that f; has bounded TV and has bounded L> norm, that is, we
consider the class

BVeo(L, M) ={f € L'(Q) : TV(f) < L, [|fllz=~ < M}.

Here || - [z = || - || o) is the essential supremum norm on 2. Perhaps surprisingly,
additionally assuming that f; is bounded in > dramatically improves prospects for
estimation. The following theorem shows that two different and simple modifications
of the Voronoigram, appropriately tuned, each achieve a n~'/¢ rate of convergence in
its sup risk over BV (L, M), modulo log factors.

Theorem 2. Under the standard assumptions, consider either of the following modified
Voronoigram estimators 0:

* the minimizer in the Voronoigram problem (2.2), once we replace each weightwi\]/- by
a clipped version defined as u?i\; = max{con(¢"1/d, wi\]’-},for any constant co > 0.
* the minimizer in the Voronoigram problem (2.2), once we replace each weight w;j/-

by 1.

Let A = cot,(logn)'/*** for any a > 1 and a constant ¢ > 0, where 7, = n(4=/4 for
the clipped weights estimator and 7,, = 1 for the unit weights estimator. There exists
another constant C' > 0 such that for all sufficiently large n and fy € BV (L, M),
the estimated function f = Yoy 0; - 1y, (which is piecewise constant over the Voronoi
diagram) satisfies

N oL logn 5/24+a+1/d logn 14« LM logn 1+1/d
E||f_f0||%2(p) SC( ( nz/d +( ) + ( ) . (2.23)

n nl/d
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We now certify that this upper bound is tight, up to log factors, by providing a
complementary lower bound.
Theorem ail)Under the standard assumptions, provided that n, L, M satisfy

co(M?*n)~"7 < L < Co(M?n)Y? for constants Cy > ¢y > 0, the minimax risk satis-

fies

inf  sup  E|f — foll32p) = CLM(Mn)~ "/, (2.24)
I foeBVeo (L, M)
for another constant C' > 0, where the infimum is taken over all estimators f that are
measurable functions of the data (x;,y;), 1 =1,...,n.

Taken together, Theorems 2 and 3 establish that the minimax rate of conver-
gence over BV (1,1) is n~'/¢, modulo log factors. Further, after subjecting it to
minor modifications—either clipping small edge weights, or setting all edge weights to
unity (the latter being particularly desirable from a computational point of view)—the
Voronoigram is minimax rate optimal, again up to log factors.

The proof of the lower bound (2.24) is Theorem 3 is fairly standard and can be
found in Appendix A.4. The proof of the upper bound (2.23) in Theorem 2 is much
more involved, and the key steps are described over Sections 2.5.3 and 2.5.4 (with the
details deferred to Appendix A.4). Before moving on to key parts of the analysis, we
make several remarks.

Remark 4. It is not clear to us whether clipping small weights in the Voronoigram
penalty as we do in Theorem 2 (via wZVJ = max{con~(4"1/4, w;]/- }) is actually needed,
or whether the unmodified estimator (2.2) itself attains the same or a similar upper
bound, as in (2.23). In particular, it may be that under Assumption A1, the surface area
of the boundaries of Voronoi cells (defining the weights) are already lower bounded in

rate by n=(¢=1/4_with high probability; however this is presently unclear to us.

Remark 5. The design points must be random in order to have nontrivial rates of
convergence in our problem setting. If x4, ..., x,, were instead fixed, then for d > 2
and any n it is possible to construct f € BV (1, 1) with fo(x;) =0,i=1,...,n and
(say) || f]|zz = 1/2. Standard arguments based on reducing to a two-point hypothesis
testing problem (as in the proof of Proposition 2) reveal that the minimax rate in L?
is trivially lower bounded by a constant, rendering consistent estimation impossible
once again.

This is completely different from the situation for d = 1, where the minimax
risks under fixed and random design models for TV bounded functions are basically
equivalent. Fundamentally, this is because for d > 2 the space BV({2) does not
compactly embed into C°((2), the space of continuous functions (whereas for d = 1, all
functions in BV () possess at least an approximate form of continuity). Note carefully
that this is a different issue than the failure of BV(2) to compactly embed into L?(£2),



Chapter 2. k = 0: estimation of bounded variation functions 38

and that it is not fixed by intersecting a TV ball with an L> ball.

Remark 6. We can generalize the definition of total variation in (1.2), by generalizing

the norm we use to constrain the “test” function ¢ to an arbitrary norm || - || on R<. (See
(A.1) in the appendix.) The original definition in (1.2) uses the /s norm, || - || = || - [|2.
What would minimax rates look if we used a different choice of norm to define TV?
Suppose that we use an ¢, norm, for any p > 1; that is, suppose we take || - || = || - ||, as

the norm to constrain the “test” functions in the supremum. Then under this change,
the minimax rate will still remain n~'/%, just as in Theorems 2 and 3. This is simply due
to the fact that £, norms are equivalent on R? (thus a unit ball in the TV-/, seminorm
will be sandwiched in between two balls in TV-{5 seminorm of constant radii).

Remark 7. The minimax rate for estimating a Lipschitz function, that is, the minimax
rate over the class

Lip(L) ={f: Q=R : |f(x) — f(2)] < L||x — z||s forall z, z € Q},
is n=2/(@td) jn squared L? risk, for constant L > 0 (not growing with n); see, e.g.,
Stone [1982]. When d = 2, this is equal to n~'/2, implying that the minimax rates
for estimation over Lip(1) and BV (1, 1) match (up to log factors). This is despite
the fact that Lip(1) is a strict subset of BV (1, 1), with the latter containing far more
diverse functions, such as those with sharp discontinuities (indicator functions being a
prime example). When d > 3, we can see that the minimax rates drift apart, with that
for BV (1, 1) being slower than Lip(1), increasingly so for larger d.

Remark 8. A related point worthy of discussion is about what types of estimators can
attain optimal rates over Lip(1) and BV (1, 1). For Lip(1), various linear smoothers
are known to be optimal, which describes an estimator f of the form f(z) = w(z)Ty
for a weight function w : {2 — R" (the weight function can depend on the design
points but not on the response vector y). This includes kNN regression and kernel
smoothing, among many other traditional methods. For BV (1, 1), meanwhile, we
have shown that the (modified) Voronoigram estimator is optimal (modulo log factors),
which is highly nonlinear as a function of y. All other examples of minimax rate
optimal estimators that we provide in Section 2.5.5 are nonlinear in y as well. In fact,
we conjecture that no linear smoother can achieve the minimax rate over BV (1, 1).
There is very strong precedence for this, both from the univariate case [Donoho and
Johnstone, 1998] and from the multivariate lattice case [Sadhanala et al., 2016]. We

leave a minimax linear analysis over BV (1, 1) to future work.

Remark 9. Lastly, we comment on the relationship to the results obtained in Padilla
et al. [2020]. These authors study TV denoising over the e-neighborhood and kNN
graphs; our analysis also extends to cover these estimators, as shown in Section 2.5.5.
They obtain a comparable squared L? error rate of n~'/%, under a related but different
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set of assumptions. In one way, their assumptions are more restrictive than ours,
because they require conditions on f; that are stronger than TV and L* boundedness:
they require it to satisfy an additional assumption that generalizes piecewise Lipschitz
continuity, but is difficult to assess, in terms of understanding precisely which functions
have this property. (They also directly consider functions that are piecewise Lipschitz,
but this assumption is so strong that they are able to remove the BV assumption entirely
and attain the same error rates.)

In another way, the results in Padilla et al. [2020] go beyond ours, since they accomo-
date the case when the design points lie on a manifold, in which case their estimation
rates are driven by the intrinsic (not ambient) dimension. Such manifold adaptivity is
possible due to strong existing results on the properties of the e-neighborhood and
kNN graphs in the manifold setting. Is is unclear to us whether the Voronoi graph has
similar properties. This would be an interesting topic for future work.

2.5.3 Analysis of the Voronoigram: L?(P,) risk

We outline the analysis of the Voronoigram. The analysis proceeds in three parts.
First, we bound the L?(P,) risk of the Voronoigram in terms of the discrete TV of
the underlying signal over the Voronoi graph. Second, we bound this discrete TV in
terms of the continuum TV of the underlying function. This is presented in Lemmas 1
and 2, respectively. The third step is to bound the L?(P) risk after extrapolation (to a
piecewise constant function on the Voronoi diagram), which is presented in Lemma 3
in the next subsection. All proofs are deferred until Appendix A.4.

For the first part, we effectively reduce the discrete analysis of the Voronoigram—
in which we seek to upper bound its L?(P,) risk in terms of its discrete TV—to the
analysis of TV denoising on a grid. Analyzing this estimator over a grid is desirable
because a grid graph has nice spectral properties (cf. the analyses in Hutter and Rigollet
[2016], Sadhanala et al. [2016, 2017, 2021], Wang et al. [2016] which all leverage such
properties). In the language of functional analysis, the core idea here is an embedding
between the spaces defined by the discrete TV operators with respect to one graph G
and another G, of the form

ID(G) 0|, < CLID(G) 0|y, foralld e R",

where D(G), D(G") denote their respective edge incidence operators. This approach
was pioneered in Padilla et al. [2018], who used it to study error rates for TV denoising
in quite a general context. It is also the key behind the analysis of TV denoising on the
e-neighborhood and kNN graph in Padilla et al. [2020], who also perform a reduction
to a grid graph. The next lemma, inspired by this work, shows that the analogous
reduction is available for the Voronoi graph.
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Lemma 1. Under the standard assumptions, consider either of the two modified Voronoi
weighting schemes defined in Theorem 2:

vV _

c Wy = max{con (@~ D/d, wy} for each i, j such that w,; > 0;

. wl\jf =1 for each i, j such that w}; > 0.

Let D denote the edge incidence operator corresponding to the modified graph, and 0 the
solution in (2.8) (equivalently, it is the solution in (2.2) after substituting in the modified
weights). Then there exists a matrix D', that can be viewed as a suitably modified edge
incidence operator corresponding to a d-dimensional grid graph, such that

|D'0||, < Cp7n|| DOy, forall® € R™, (2.25)

with probability at least 1 — 3 /n* (with respect to the distribution of design points), where
Cy, > 0 grows polylogarithmically in n and 7, is the scaling factor defined in Theorem 2.
Further, letting A\ = cot,(logn)Y/?** for any a > 1 and a constant ¢ > 0, there exists
another constant C' > 0 such that for all sufficiently large n and f, € BV(Q2),

o1, (logn)t/2+e
n

1,4~ logn)“
B[ 116 - ull] < € sloa+ P2, @2

where we denote 0y = (fo(x1), ..., fo(z,)) € R™.

Notice that, in equivalent notation, we can write the left-hand side in (2.26)
as n |0 — 6|2 = ||f — f0||%2(Pn), for the estimated function satisfying f(z;) = 6;,
t = 1,...,n; and for the ¢; term on the right-hand side in (2.26) we can write
| Dby||x = DTV(fo(x1.,); w) for suitable edge weights w—either of the two choices
defined in bullet points at the start of the theorem—over the Voronoi graph.

As we can see, the L?(P,) risk of the Voronoigram depends on the discrete TV of
the true signal over the Voronoi graph. A natural question to ask, then, is whether a
function bounded in continuum TV is also bounded in discrete TV, when the latter
is measured using the Voronoi graph. Our next result answers this in the affirmative.
It is inspired by analogous results developed in Green et al. [2021a,b] for Sobolev
functionals.

Lemma 2. Under Assumption Al, there exists a constant C' > 0 such that for all
sufficiently large n and f, € BV(2), with w denoting either of the two choices of edge
weights given at the start of Lemma 1,

E[DTV (folwra); w)] < CTullogn) 4TV (), (2.27)

where 7,, = n\"V/4 /1. (which is 1 for the clipped weights estimator and n'®=Y/? for the
unit weights estimator).
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Lemmas 1 and 2 may be combined to yield the following result, which is the L?(P,,)
analog of Theorem 2.

Corollary 1. Under the standard assumptions, for either of the two modified Voronoigram
estimators from Theorem 2, letting \ = coT,(logn)'/?>T® for any o > 1 and a constant
¢ > 0, there exists another constant C' > 0 such that for all sufficiently large n and
fo € BV(L),

3/24a+1/d e
oL(logn) N (logn) ) (2.28)

Ellf = follZ2p,) < C< i/

n

Note that for a constant L (not growing with n), the L?*(P,) bound in (2.28) con-
verges at the rate n~'/?, up to log factors. Interestingly, this L?(P,) guarantee does not
require fj to be bounded in L*°, which we saw was required for consistent estimation
in L?(P) error. Next, we will turn to an L?(P) upper bound, which does require L>
boundedness on f;. That this is not needed for L?(P,) consistency is intuitive (at
least in hindsight): recall that we saw from the proof of Proposition 2 that inconsis-
tency in L?(P) occurred due to tall spikes with vanishing width but non-vanishing
L? norm, which could not be witnessed by a finite number of samples. To the L?(P,,)
norm, which only measures error at locations witnessed by the sample points, these
pathologies are irrelevant.

2.54 Analysis of the Voronoigram: L?(P) risk

To close the loop, we derive bounds on the L?(P) risk of the Voronoigram via the
L?(P,) bounds just established. For this, we need to consider the behavior of the
Voronoigram estimator off of the design points. Recall that an equivalent interpretation
of the Voronoigram fitted function, f = S | f (w;) - 1y, is that it is given by 1-nearest-
neighbor (1NN) extrapolation, applied to (x;, f (x;)),i=1,...,n. Our approach here
is to define an analogous 1NN extrapolant fy to (z;, fo(z;)), 4 = 1,...,n, and then
use the triangle inequality, along with the fact that f, fo are piecewise constant on the
Voronoi diagram, to argue that

If - fo||L2<P<2||f FollZzipy + 211fo — foll2e(p)
—22 W 1dP) (F(2:) = fol@)” + 201fo = follZaem

[RRRE}

S 2pmaxn : (anlax ”( )) ||f f0||L2 (Pr) + 2||f0 - fOHL2 ) (229)

[\

K’n

where 11(V;) denotes the Lebesgue volume of V;. The first term in (2.29) is the L?(P,,)
error multiplied by a factor K, that is driven by the maximum volume of a Voronoi
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cell, and we can show K, is well-controlled (of order log n) under Assumption Al.
The second term is a kind of L?(P) approximation error from applying the 1NN
extrapolation rule to evaluations of fj itself. When f, € BV (L, M), this is also
well-controlled, as we show next.

Lemma 3. Assume that x4, ...,x, are i.i.d. from a distribution satisfying Assusmp-
tion Al. Then there is a constant C' > 0 such that for all sufficiently large n and
fo c BVOO(L, M),

LM (log n)1+1/d) | (230)

R A

We make two remarks to conclude this subsection.

Remark 10. For nonparametric regression with random design, a standard approach
is to use uniform concentration results that couple the L?(P) and L?*(P,) norms in
order to obtain an error guarantee in one norm from a guarantee in the other; see, e.g.,
Chapter 14 of Wainwright [2019]. In our setting, such an approach is not applicable—the
simplest explanation being that for any z1, ..., z,, there will always exist a function
f € BV(1,1) for which || f||z2(p,) = 0 but || f|| z2(p) = 1/2. This is the same issue as
that discussed in Remark 5.

Remark 11. The contribution of the extrapolation risk in (2.30) to the overall bound in
(2.23) is not negligible. This raises the possibility that, for this problem, extrapolation
from random design points with noiseless function values can be at least as hard as
L?(P,) estimation from noisy responses. This is in contrast with conventional wisdom
which says that the noiseless problem is generally much easier. Of course, Lemma 3
only provides an upper bound on the extrapolation risk, without a matching lower
bound. Resolving the minimax L?(P) error in the noiseless setting, and more broadly,
studying its precise dependence on the noise level o, is an interesting direction for
future work.

2.5.5 Other minimax optimal estimators

Finally, we present L?(P) guarantees that show that other estimators can also obtain
minimax optimal rates (up to log factors) for the class of functions bounded in TV and
L. First, we consider TV denoising on e-neighborhood and kNN graphs, using INN
extrapolation to turn them into functions on €). The analysis is altogether very similar
to that for the Voronoigram outlined in the preceding subsections, and the details are
deferred to Appendix A.4. A notable difference, from the perspective of methodology,
is that these estimators require proper tuning in the graph construction itself.

Theorem 4. Under the standard assumptions, consider the graph TV denoising estimator
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0= which solves problem (2.8) with D = D(GF), the edge incidence operator of the -
neighborhood graph G°¢, with edge weights as in (2.15). Letting ¢ = ¢,((logn)®/n)'/4
and \ = cyo(logn)/?=% for any a > 1 and constants c1,cy > 0, there is a constant
C > 0 such that for all sufficiently large n and fo € BVoo(L, M), the INN extrapolant

ff=20 05 - 1y, satisfies

a oL(logn)3/?te/d (logn)** LM (logn)'*'/4
Ell /¢ = foll72p) SC( ( nl/)d +( ) + (log n) . (2:31)

n nl/d

Consider instead the graph TV denoising estimator 6% which solves problem (2.8) with
D = D(GP*), the edge incidence operator of the kNN graph G*, with edge weights as
in (2.16). Letting k = ¢ (logn)? and \ = cyo(logn)/>~* for any o > 1 and constants
cy, ¢y > 0, there is a constant C" > 0 such that for all sufficiently large n and f, €
BVoo(L, M), the INN extrapolant f* =" 0F - 1y, satisfies

i=1"1
. oL(logn 9/2—a+3/d log n I+a M log n 1+1/d
Elf* = foll72p) < C’( ( nz/d | logn) ™ | LM(logn) . (2.32)

n nl/d

2.6 Discussion

In this chapter, we studied total variation as it touches on various aspects of multivariate
nonparametric regression, such as discrete notions of TV based on scattered data, the
use of discrete TV as a regularizer in nonparametric estimators, and estimation theory
over function classes where regularity is given by (continuum) TV.

We argued that a particular formulation of discrete TV, based on the graph formed
by adjacencies with respect to the Voronoi diagram of the design points x4, .. ., z,, has
several desirable properties when used as the regularizer in a penalized least squares
context—defining an estimator we call the Voronoigram. Among these properties:

* itis user-friendly (requiring no auxiliary tuning parameter unlike other geometric
graphs, such as e-neighborhood or k-nearest-neighbor graphs);

* it tracks “pure TV” in large samples, meaning that discrete TV on the Voronoi
graph converges asymptotically to continuum TV, independent of the design
density (as opposed to e-neighborhood or kNN graphs, which give rise to certain
types of density-weighted TV in the limit);

« it achieves the minimax optimal convergence rate in L? error over a class of
functions bounded in TV and L°°;

* it admits a natural duality between discrete and continuum formulations, so the
fitted values f(z;),i = 1,...,n have exactly the same variation (as measured
by discrete TV) over the design points as the fitted function f (as measured by
continuum TV) over the entire domain.
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The last property here is completely analogous to the discrete-continuum duality
inherent in trend filtering [Tibshirani, 2014, 2022], which makes the Voronoigram a
worthy successor to trend filtering for multivariate scattered data, albeit restricted
to the polynomial order k£ = 0 (piecewise constant estimation). Having thoroughly
consider the k£ = 0 case, the subsequent chapter will discuss extension to polynomial
order k = 1, that is, adaptive piecewise linear estimation in the multivariate scattered
data setting.



Chapter 3

k = 1: estimation of bounded
gradient variation functions

3.1 Introduction

This chapter works towards the goal of providing estimation theory for bounded
gradient variation (BGV) functions. The principal estimator analyzed in this chapter
is the Delaunaygram, which fits a continuous piecewise linear (CPWL) function on
an adaptively chosen partition of the input space. The results of this chapter are joint
work with Alden Green and Ryan J. Tibshirani and have not yet appeared separately
in preprint or publication.

Let GV := TV(V f) be the gradient variation (GV) of a function that is weakly dif-
ferentiable with a measure-theoretic second derivative. We consider the GV-penalized
variational problem

n

1

.. 2
minimize 5 Z(y — f(@:))” + AGV(f), (3.1)
given data (x;,y;), i = 1,...,n, from the model (1.1), under the working assumption

that f has small total gradient variation (TGV). For reasons previously discussed in
the introductory chapter, the variational problem (3.1) lacks a solution when d > 3;
and while it is possible that the problem has a solution when d = 2, this solution (if it
exists) is difficult to characterize.

Chapter 2, which dealt with the estimation of bounded variation (BV) functions,
outlined the typical avenues for estimation when the variational problem lacks a
solution in this way. The first, “continuous-time” approach, is to retain the continuous-
time smoothness assumption on f; and the continuous-time penalty, but replace the

45
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>

sampling model by a white noise observational model. The second, “discrete-time’
approach, replaces the smoothness assumption on f; and the penalty in the variational
problem with a discrete-time analogue. Ultimately, Chapter 2 proposed an estimator
which operates under the sampling model (1.1) and uses a discrete-time smoothness
penalty; however, the continuous-time smoothness assumption on f, was retained
and the discrete-time penalty was obtained by applying the continuous-time penalty
to a special finite-dimensional class of functions.

We follow this blueprint to develop methodology and theory for estimating BGV
functions. We study an estimator, the Delaunaygram, which performs empirical
risk minimization while penalizing a discrete notion of gradient variation. Like the
Voronoigram, this discrete problem can be obtained by restricting the domain of (3.1)
to a finite-dimensional class of functions, for which GV f) reduces to an equivalent
discrete form. And as in Chapter 2, we develop theory with the goal of consistently
estimating functions that are BGV in a continuous-time sense. The results of this
chapter provide several important results en route to a rate of estimation for BGV
functions, including a rate of estimation in terms of the discrete notion of gradient
variation and minimax lower bounds.

3.1.1 The Delaunaygram

We now introduce the principal object of this Chapter: an estimator obtained by
restricting the domain of the infinite-dimensional problem (3.1) to a finite-dimensional
subspace. As in Chapter 2, the finite-dimensional subspace is defined in reference to
data-dependent geometric object, but unlike Chapter 2 the subspace of functions is
(continuous) piecewise linear (CPWL), rather than piecewise constant. In particular, let
DT = {s1,..., Sm} be the Delaunay triangulation' of the input points z;,i = 1,...,n,
and define

FPT ={f:conv(z,) =R : f€CQ),f

5, is linear for s; € DT },

the set of continuous piecewise linear functions on the Delaunay triangulation of the
inputs. We then restrict the variational problem to this finite dimensional subspace,

n

1 2
minimize —  — f(x)" + AGV(f). 3.2
iimize 5 3 (0~ fl2)f 4 AGV() 62)
'For points 71, ...,7, € R% the Delaunay triangulation D7 is an open partition of conv(z1.,,)

whose elements consist of d-simplices s and which satisfies the property that, for each simplex s, (a) the
vertices of s are contained in z1.,, and (b) the ball whose boundary circumscribes s does not contain
any point z; in its interior. When the points 1, ..., x,, are drawn from a continuous distribution, the
Delaunay triangulation is unique almost surely.
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We call the solution to (3.2) the Delaunaygram and denote it by fPT. Koenker and
Mizera [2004] first proposed the Delaunaygram as a special instance of the ¢;-penalized
triogram in two dimensions; subsequently Pourya et al. [2023] proposed this estimator
in multiple dimensions.

A special property of the Delaunaygram (and of triograms generally), is that the
finite-dimensional variational problem reduces to an equivalent discrete problem

n

o1 2 DT
mlnlmlzeQZ(yi —0;)°+ A Z wi;" |G, 0 — G, 0|2, (3.3)

9eR A
i=1 {i.j}eEPT

for an edge set EP7 corresponding to neighboring simplices in the Delaunay triangula-
tion, weights wg”r measuring the “length” of the shared boundary between neighboring
simplices, and linear operators G, depending only on D7 such that

V(f

Si) = G31‘97

fori =1,...,m. We denote the solution to this discrete problem by 77 Importantly,
the equivalent formulation (3.3) implies that the gradient evaluations in the penalty
may be obtained as a linear transformation of the parameter values 6. The equivalence
between the variational problem (3.2) and (3.3) is due to the fact that for any f € FP7,

GV(H)= > wlT-[|[V(fls) =V, = D wl”-[Gs0—Gy,0l2.

{i.j}eEPT {i.j}eEPT

(3.4)
The statements in (3.4) say, first, that the gradient variation of any f € FX7 can be
represented by a finite number of gradient evaluations; and second, that those sufficient
gradient evaluations may be obtained merely by evaluations at the vertices z1, ..., x,
of DT . These properties will be made rigorous in Section 3.2. As with the Voronoigram
of Chapter 2, this ability of the Delaunaygram to represent a continuous-time penalty
in equivalent discrete form allows it to unite the variational and discrete worlds, this
time for functions of one higher polynomial degree.

A first look at the Delaunaygram

From its equivalent discrete form (3.3) and the gradient representation property of f &
FPT (3.4), we see that the penalty term allows the Delaunaygram to set the gradient
on neighboring simplices of the Delaunay triangulation. In general, larger values of
the penalty parameter A > 0 will result in more simplices being “fused together,” that
is, to have matching gradients. Because the Delaunaygram uses this penalty while
searching over the set CPWL functions D7, the function with “fused simplices” is still
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CPWL, but over a coarsened partition of conv(z1.,). And importantly, this coarsened
partition is data-adaptive and chosen implicitly simply by fitting the Delaunaygram
estimator (3.2). The exact coarsening of D7 chosen by the Delaunaygram depends on
how much local variation is present in the response points y;, by trading off between
the loss and penalty summands.

Figure 3.1 gives a simple example of the Delaunaygram and its adaptive structure
in action.

fo and samples

Delaunay triangulation Delaunaygram estimate

Figure 3.1: A simple example using the Delaunaygram to estimate a function fy, from
noisy observations. Left: f, and noisy observations made at n = 100 random points in
d = 2 dimensions. Center: the Delaunay triangulation, over which CPWL functions are
considered to yield the penalized empirical risk minimization defining the Delaunaygram.
Right: the Delaunaygram estimate (at a certain choice of \), with the resulting adaptively-
chosen gradient discontinuities outlined in orange (recall that the fitted function satisfies
continuity).

3.1.2 Summary of contributions

The results in this chapter cover methodological properties of the Delaunaygram
and theoretical properties of the Delaunaygram and the problem of estimating BGV
functions. Although the Delaunaygram estimator analyzed in this chapter was first
proposed nearly two decades ago by Koenker and Mizera [2004], its basic properties (be-
yond its ability to fuse neighboring simplices into affine pieces) are not well understood.
Our first set of results illuminate methodological properties of the Delaunaygram when
the design points are drawn from a continuous distribution. In the following, will use
the terminology “simplex” for the elements of the Delaunay triangulation, and “cell”
for elements of a coarsened partition.

+ We find that although the Delaunaygram it indeed is able to merge simplices
in the Delaunay triangulation together to fit a CPWL function on a coarsening
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of the original partition, when the input points are in general position (as they
are almost surely whenever they are drawn from a continuous distribution), the
structure of the boundary between any two cells is greatly restricted. Specifically,
the boundary between any two cells (connected components) contains at most d
vertices.

* We derive a characterization of the degrees of freedom of the Delaunaygram
estimator with tuning parameter A\, which can be interpreted as the number of
free parameters in the fitted function after accounting for linearity constraints
on each cell and continuity constraints in between neighboring cells.

* Viewing the Delaunaygram through the lens of generalized lasso theory, we
propose variations of the Delaunaygram which allow it to enforce sparsity
in individual directional derivative differences (as opposed to sparsity in the
differences of entire gradients); or which allow it to fit a piecewise linear function
that is not necessarily continuous.

We also provide a set of theoretical results that serve as stepping stones towards
establishing a rate of convergence for the Delaunaygram in estimating BGV functions
and certification of optimality of this rate of convergence.

* We provide an error analysis for penalized triogram estimators, obtaining a
rate of convergence for estimating signals whose discrete gradient variation (as
measured by the triangulation defining the triogram) obeys a certain scaling in n.
The rate of convergence is n_él%d when d < 4 and n=%/? when d > 4. This rate
of convergence (and the phase transition when d = 4) was previously observed
in the lattice-based variation class setting by Sadhanala et al. [2021].

* We show that the Delaunaygram, which is a penalized triogram estimator which
uses the Delaunay triangulation as its partition of the input space, satisfies the
aforementioned rate of convergence over bounded discrete gradient variation
(DGV) signals when the input points come from a density that is bounded above
and below.

* We provide minimax lower bounds for the estimation of functions from BGV
function classes, which match in rate (up to log terms) with the estimation rate
over bounded DGV signal classes. There is a “gap” between these results, in
that one needs to reason about the relationship between bounded DGV signal
classes and BGV function classes; we provide a partial result which suggests
that function evaluations from a BGV function should give rise to a signal that
is bounded in DGV, and indicate current difficulties in completing this result.
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3.2 The Delaunaygram: methods and basic proper-
ties

In this section, we develop basic properties of our estimator, the Delaunaygram. The
results of this section are novel except where otherwise noted. Although the subsequent
results are phrased in terms of the Delaunaygram, they are applicable to any ¢;-
penalized triogram estimator [Koenker and Mizera, 2004].

3.2.1 The Delaunaygram and GV representation

The equivalence between the continuous and discrete forms of the gradient variation
penalty in (3.4) is a special case of the following result, applied to the weak gradient of
any function in FX7; it is the vector-valued extension of Proposition 8. A narrower
version of this result, corresponding to (3.6) with p = 2, was given in d = 2 by Koenker
and Mizera [2004] and subsequently in d > 2 by Pourya et al. [2023].

Proposition 3. Let Vi, ..., V,, be an open partition of 2 C R% such that each V; is
semialgebraic. Let g be of the form

F=> v,
i=1
for arbitrary 71, ..., 7, € R%. Then, for any matrix norm ||-||, we have
V(g ) =) (/ (v —73)" ® m(t)Hd’r"ld_l(t)), (3.5)
ij=1 \JOVindV;

where n;(t) is the measure-theoretic unit outer normal for V;. In particular, when ||-||
is the {5, norm,

TV(g: D) = Y i =l - MOV N OV)). (3.6)

ij=1

Because any function f € FP7 is linear on each simplex s € DT and the design
points z1, . .., x,, are the vertices of the simplices in DT, the gradient V(f|s) on any
simplex s is fully determined by evaluations f(x;), z; € v(s), where v(s) is the vertex
set of simplex s. This allows one to define a linear transformation G for each s such
that

G0 = Gsf(xlin) = v(f|8):

where we have identified the coefficient vector § = f(x1.,). This allows the gradient
variation of a function f € FP7 to be obtained using only its evaluations at 1, . . . , 7,
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and we call this the GV representation property of functions in 727, analogous to the
TV representation property of functions in F, .

In order to complete the equivalence between the continuous- and discrete-time
penalties in (3.4), define the weights

sz])'T = Hdil(asiﬁﬁsj), Z,j = 1,...,m,

where H?! is the (d — 1)-dimensional Hausdorff measure, and define the edge set
EP7 as the all {i, j} such that wET > (. We say that ¢, j are adjacent with respect to
the Delaunay triangulation when ng > 0, and we can think of EP7 as the set of all
adjacent {i, j}. This defines a weighted, undirected graph on DT, which we call the
Delaunay adjacency graph, and we denote this graph by GP7 = (DT, EP7 wP7). To
complete the equivalence between the continuous (3.2) and discrete (3.3) problems, we

note that there is a basis {h; : i = 1,...,n} for FP7 such that
n
fDT: ZQiDT'hi;
i=1
moreover, the solutions to the continuous and discrete problems satisfy
GV(PT) = 3w Guf = G0l

{i,j}cEPT

certifying the equivalence between problems. This special basis consisting of functions
h; is called the tent basis, and we explore its properties next.

3.2.2 Tent basis

A function f in .7-"7? T is parameterized by its values at the vertices x1.,,; these values
f(z1.,) are sufficient to define f off of ., via linear interpolation between the vertices
of each simplex. Alternatively, the values of f off of the design points may be recovered
via expansion in the tent basis of FP7 . The tent basis, which was proposed as early
as Courant [1943] for the purposes of the finite element method, consists of functions

hi,i =1, ...,n, which are continuous piecewise linear on D7 and satisfy the property
that
1 — Ly,
ha@) =9 T (37)
0 z=u;,j#1.

Dual basis and interpolation. It is immediately apparent from its definition that
the tent basis has as its dual basis the point evaluation functionals at the vertices,

Llf = f(JIZ), ’lIl,,TL
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Any function f € FP7 may then be expressed in terms of its evaluations at the
vertices,

f:Z(Lif)'hi:Zf(xi)'hi-

Delaunay triangulation Tent function

Figure 3.2: A member of the tent basis induced by the Delaunay triangulation of input
points. The tent function h; is uniquely specified as the function, continuous piecewise
linear on DT, which takes on value 1 at x; and 0 and x;, j # 1.

Connection to barycentric coordinates. It turns out that the coefficients defined
by the tent basis have a special structure intrinsic to the fact that it is defined over a
triangulation DT . For a point x € conv(zy.,) and allow s such that « € 5. Relabeling
x1,...,Tqr1 to denote the vertices of s,

(hi(x), ho(x),. .., has1(2))

are the barycentric coordinates of x relative to z1, ..., 2441, and h;(z) = 0 for j =
d+2,...,n. An example of a tent basis element is illustrated in Figure 3.2, which also
provides visual confirmation that the tent functions are supported only on conv(zy.,).
Approaches for extending a function in the tent basis onto all of {2 are discussed in
Section 3.2.7.

3.2.3 Structure of Delaunaygram estimates

The discrete form (3.3) of the Delaunaygram reveals that it performs group lasso
penalization on the gradient differences across simplices in D7 that share a facet. It
follows that for sufficiently large values of the regularization parameter ), the gradients
on certain neighboring simplices will match, yielding a linear function across the two
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simplices. Past a certain maximum value of A, the Delaunaygram will simply perform
ordinary least squares (OLS), fitting a single linear function over the entire domain.
On the other end of the spectrum, at A = 0, the Delaunaygram will interpolate the
values y;, producing f =3 Y hi

Remark 12. That the Delaunaygram performs OLS past a certain maximum value
of A is a direct consequence of (1) the null space of the penalty functional, which
is the linear functions on R?, and (2) the existence of a maximum “hitting time” in
the generalized lasso path (Tibshirani and Taylor, 2011; see also Section 3.2.4). The
thin-plate spline penalty functional shares a null space with the Delaunaygram penalty
functional. However, due to its “generalized ridge” structure, the thin-plate spline only
attains the OLS estimate in the limiting case A — oo.

Consider the Delaunaygram f at a fixed regularization parameter ), and consider
the connected components C; of a graph G = (DT, E), where

E = {(si,s;) : Vs = Vf|sj,7-ld71(3si Nds;) > 0}.

We now list some properties of these connected components:

* The Delaunaygram fits a single linear function on each of the C;.

* Each simplex s; belongs to a single connected component C;. As a result, the
collection of connected components forms a coarsening of the original partition

DT (z1.,) (abbreviated DT). Use DT (z1.4; Y1:n, A) = {C1,...,Cs} to denote
the coarsened partition, with the abbreviation D7 (\).

* Each connected component C; is a polyhedron whose facets are a subset of facets
of s; C Cj%

We now give a result on the structure of the connected components.

Proposition 4. Suppose 71, ..., ¥, € {2 are in general position, and fit the Delaunay-
gram [ using values y1, ..., ¥y, € R and some regularization parameter A > 0. The
connected components Cy, . ..,Csz € DT (Z1.0; Y1.n, A) satisfy the property that

|(9CZ N 6(3] N $1:n’ S d

for any two C; # C;, and when H%(9C; N 9C;) > 0, the connected components
satisfy the stronger property that

|8CZ N 86] N 1’1:n| =d.

2One may ask whether a facet of C; may be the union of facets of its simplices. This can only happen
if the vertices of the simplices are not in general position, which occurs with probability zero when the
design points are drawn from a continuous distribution.
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In other words, any two connected components sharing a boundary of dimension d — 1
overlap on exactly d design points.

Proof. First, we show that any two distinct connected components cannot share more
than d design points. We proceed by contradiction; suppose C; and C, share d + 1
vertices in common. Because they are distinct connected components, V f le, #V f |c,-
On the other hand, the values at the d 4 1 shared vertices in general position prescribe
the same linear function on both connected components.

To show the latter, stronger, statement, simply observe that a shared boundary of
Hausdorff dimension d — 1 must contain at least d vertices. O

Remark 13. The linchpin to the above proposition is continuity, which allows the
function f to be properly defined at the boundary between connected components. If f
only required a piecewise affine (without continuity), then one could fashion connected
components with more complex boundaries.

Proposition 4 states that (as long as the design points are in general position), the
shared boundary between any two connected components must be a single facet of
a simplex in DT ; complex boundaries between connected components composed of
several facets are not possible. In a sense, this is a negative result: connected compo-
nents cannot be assigned to simplices arbitrarily while also satisfying the requirements
that (1) the function takes on distinct linear structure on neighboring connected com-
ponents and (2) the function is continuous over ). Satisfying both aforementioned
requirements dictates that only certain coarsenings of D7 are possible.

In particular, given a function with a “simple” gradient discontinuity set, like a ramp
function, we would hope that an estimator like the Delaunaygram would produce two
connected components, with a single boundary between the two connected components
at which the gradient changes. Proposition 4 dictates that this is not possible (with
probability zero, if the design points = are drawn from a continuous distribution).

Instead, Figure 3.3 shows that while the Delaunaygram is able to accommodate
the ramp structure in producing fitted values, it must do so by introducing many
discontinuities in its gradient; it is unable to fit the ramp function using a single “clean
ridge” It may seem unfortunate that in order to estimate a function f that has relatively
simple structure, the Delaunaygram uses a function f that is—by eye—comparatively
complex, with its many gradient discontinuities. Luckily, we will see in the sequel that
the very condition that precludes a simpler discontinuity set—continuity—restricts the
degrees of freedom of the fitted f to a relatively small quantity, providing reassurance
that the complexity of the fitted function f isindeed on a similar order to the underlying
function f.
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DT(Xlsn) DT(Xlzn;Y1:n:2-666_3) DT(Xl:n;yl:n:l-ooe_z)

Figure 3.3: A closer look at the use of the Delaunaygram in estimating the ramp function
fo =2(x1 — 0.5) introduced in Figure 3.1. Left: the Delaunay triangulation built from
points at n = 100 random locations on the domain, with the f; in background. Center:
the Delaunaygram estimate using noisy observations, at a certain penalty parameter
A. Observe that the Delaunaygram is able to fit the ramp structure, but is not able to
do so using a “clean ridge”. Right: the Delaunaygram estimate using the same noisy
observations, using a sufficiently large \. Note that there are no discontinuities in the
gradient and therefore the Delaunaygram matches the OLS estimate.

Remark 14. This “defect” of the Delaunaygram is reminiscent of, but distinct from, a
limitation we observed with the Voronoigram. With the Voronoigram, the partition is
fixed to be the Voronoi diagram of the design points z, and so it would not, for example,
fit an “exact” axis-aligned boundary between constant pieces. Here, the issue is more
subtle—not only is the partition fixed here, too, but also the requirement of continuity
on the fitted function restricts the possible coarsenings of the partition, whereas for
the Voronoigram any coarsening of the partitioning was possible.

3.2.4 Degrees of freedom and generalized lasso theory

In the preceding Section 3.2.3, we referred to the estimated degrees of freedom of the
Delaunaygram estimator. We now formalize this notion through generalized lasso
theory. A penalized estimator is an instance of the generalized lasso if it may be written
in the form R
0 = argmin||y — BA|3 + A|| D], (3.8)
OcRP

for some basis matrix B € R"*? and penalty matrix D € R"*P. At first blush, the
Delaunaygram does not fall into this categorization, since (3.3) demonstrates that it
performs group lasso penalization on gradient differences, and generally a group lasso
estimator is not an instance of the generalized lasso. That is, an ¢, penalty cannot
generically be rewritten as an /1 penalty to satisfy the form (3.8). It is remarkable, then,
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to find that for the Delaunaygram can in fact be cast in generalized lasso form.

Proposition 5. The Delaunaygram estimator (3.3) has an equivalent generalized lasso
form,

6 = argmin||y — 6|3 + A||DO|;, (3.9)
R
for a penalty matrix D € R"*" which depends only on the design points x4, ..., z,.

Results of this form have previously been presented by Koenker and Mizera [2004],
Pourya et al. [2023]%; we provide its proof in the Appendix for completeness.

Remark 15. The linchpin to Proposition 5 is again continuity. While the equivalent
penalty in (3.3) may be viewed as a generalized group lasso penalty, because it sets
groups of d + 1 coefficients to zero (corresponding to differences in gradient), the
continuity condition—which is enforced at d distinct points between each pair of
simplices sharing a facet—reduces the number of effective parameters in each gradient
difference to only one. The fact that each gradient difference in the penalty lies in a
subspace of dimension 1 allows the reduction to the generalized (non-group) lasso
form in (3.9), which sets individual (transformed) coeflicients to zero.

An immediate consequence of Proposition 5 is improved computational tools
for obtaining the Delaunaygram. A group lasso estimator is generically a quadratic
program with quadratic constraints (QCQP), whereas a generalized lasso estimator is
a quadratic program (QP) with linear constraints. This opens the doors to a variety of
efficient methods for solving the Delaunaygram.

Another consequence of Proposition 5 is an interpretable estimate of the degrees
of freedom for the Delaunaygram. Recall that given data y ~ N (u, 021,), the degrees
of freedom of a smoother g : R® — R" is given [Efron, 1986, Hastie and Tibshirani,
1990] by

d(9) = = >~ Cov(gi(w). :).

For a signal-approximator generalized lasso problem like (3.9), we obtain the simplified
form [Tibshirani and Taylor, 2012, Theorem 3]

df(0) = E [nullity (D 4)], (3.10)

where A is the active set corresponding to the solution 0, i.e., the indices i such that
(Df); #0.

SKoenker and Mizera [2004] exclusively consider the d = 2 case and state this result without
proof. Pourya et al. [2023] consider the d > 2 case, as we do, and use a Schatten 1-norm ||-||s, in
lieu of the Frobenius norm in TV(V f; €, ||-||). However, for continuous piecewise linear functions,
TV(V f;Q;||||s,) coincide for all p € [1, +00) (this is apparent from the fact that the matrix in the
integrand of Proposition 3 has rank 1), and ||-||r = ||-||s,-
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Figure 3.4 illustrates the use of degrees of freedom to quantify the complexity of
the Delaunaygram estimate at different penalty parameter values .

df =7 df=3

Figure 3.4: An illustration of the estimated degrees of freedom using the ramp function
and noisy observations introduced in Figure 3.1. Left: using penalty parameter A = 0,
an interpolator is fit using the tent basis, and the resulting function has n degrees of
freedom (equal to the dimension of the tent basis). Center: at a certain value for A,
the Delanuaygram adequately estimates the ramp structure, and although there are
many gradient discontinuities, the (estimated) degrees of fredom is still quite small.
Right: for a sufficiently large penalty parameter ), all gradients are set to match and the
Delaunaygram produces an OLS estimate, which in d = 2 has three degrees of freedom.

Interpreting the degrees of freedom. Casting the Delaunaygram in generalized
lasso form allows us to obtain the following characterization of its degrees of freedom.
The proof of the result is deferred to the Appendix.

Proposition 6. Suppose 21, ..., x, € () are in general position, and fit the Delaunay-
gram f using values ¥y, ..., 7, € R and regularization parameter A > 0. The degrees
of freedom for the Delaunaygram is given by

A (0(21n, Y1, V) = E {m(d +1) — Zn: (zm: Hz; €C;} — 1)} , (3.11)

i=1  j=1
where recall m := | DT (x1.0; Y1.n, M) |-

The degrees of freedom has a simple interpretation: it counts the number of
parameters necessary to describe a piecewise linear function on D7 (21.,,; ¥1.0, A). This
consists of the d + 1 parameters on each of the m linear pieces, minus the number of
parameters made redundant by enforcing continuity across pieces—this is the number
of times a vertex x; appears in more than one C;, since the redundancy only occurs if
x; lies on the shared boundary between C; # C;.
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At this point we make a few remarks:

* Null active set. When the active set A is empty, there is only one connected
component corresponding to the conv(zy.,). This results in d + 1 degrees of
freedom, the same number of parameters necessary to describe a function that
is linear on the entire domain.

* Saturated active set. When the active set A is saturated, DT (21.n; Y1, A) =
DT (z1.,), and each simplex s; is its own connected component. A simple
calculation verifies that

d£(0) = m(d + 1) Z(Zl{xz esj}—1>
m(d+1)— ZZl{zlesJ}%—n

=1 =1
=m(d+1)—m(d+1)+n

:n,

which is the number of parameters necessary to describe the interpolator in the
tent basis.

* Comparison to the Voronoigram. The estimated degrees of freedom in the current
continuous piecewise linear case is exactly analogous to the previously consid-
ered piecewise constant case (Voronoigram). For the Voronoigram, the estimated
degrees of freedom is the number of constant pieces in the fitted function; each
constant piece requires only one parameter. For the Delaunaygram, the CPWL
structure of the fitted function yields degrees of freedom that is more intricate but
which can still be interpreted as the number of parameters required to describe
the fitted function.

* Degrees of freedom without general position.If x4, . .., x, are not in general posi-
tion, (3.11) may underestimate the degrees of freedom by introducing too large of
a continuity correction. This is because without general position, Proposition 4
no longer holds, and if two connected components share more than d points in
common, some of the continuity correction in (3.11) will in fact redundant. More
careful handling of condition (b ii) in the proof of Proposition 6 would give a
correct estimate of the degrees of freedom even without the general position
assumption.

* Relaxing the continuity constraint. The block variable form (B.6) suggests a ver-
sion of the Delaunaygram which allows for an adaptively chosen discontinuity
set. A sketch of the idea is to rather than enforce the “hard constraints”

Bij; — Bie =0 x; € 0Co, L > j,
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introduce “soft constraints”
Bij; — B < € x; € 0Cy, > j;.

We return to this idea and develop it more thoroughly in Section 3.2.6.

Structure of Delaunaygram estimates, revisited. In Section 3.2.3, we used the
group lasso formulation of the Delaunaygram to conclude that the Delaunaygram
produces continuous piecewise linear estimates, where (given a sufficiently large
regularization parameter \) the estimated function is piecewise linear over a coarsened
partition DT (Z1.,; Y1.n, A) of the original Delaunay partition DT (x1.,). Generalized
lasso theory allows us another viewpoint from which to understand the structure of
the Delaunaygram estimator. Tibshirani and Taylor [2011, 2012] show that

0 = Pp )y — ADs), (3.12)

where s = sign((Df) 4) are the active signs and Pp ,.) is the projection matrix onto
the null space of D 4. Recalling that the null space of D 4 consists of the continuous
piecewise linear functions on D7 (1.} Y1.n, A), We may rewrite (3.12), and hence re-
interpret the original Delaunaygram problem (3.2), as a shape-constrained least squares
problem

n

~

f = argmin Z ((yi — %) — f(xz))2 subject to  f € CPWL(DT (1.0} Y1:n, A) )5
f i—1
(3.13)
where 5;,7 = 1,...,n, is a data-determined shrinkage factor.

3.2.5 £, versus ¢; penalty on gradient differences

Recall from the discrete form of the Delaunaygram (3.3) that this estimator may be
viewed as penalizing the ¢, norm of the gradient differences across neighboring sim-
plices in the Delaunay triangulation. This is a consequence of Proposition 3 and the
default choice of TV (V; ) = TV(V;Q, ||-||r) for the total variation penalty in the
original estimator definition (3.2).

However, TV(V f; €, ||| r) is not the only “flavor” of total variation that gives
rise to a sensible estimator. Substituting TV (V f; Q. ||-||2,1) for the penalty in (3.2), we
obtain the estimator

7] 1 2 S d—1
0 = argmin 3 Z(y, —0;)°+ A Z |Gs,0 — G, 0[1 - H" (Fs;NDs;).  (3.14)

i= ij=1
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Note carefully that whereas 0 penalizes the ¢, norm of gradient differences, § penalizes
the /1 norm of gradient differences. This gives rise to important structural differences
between these two estimators. The group lasso structure of § dictates that all partial
derivative differences between two neighboring simplices s;, s; must be set to zero
simultaneously, and when this happens the affine functions on s;, s; “snap together”
and form a single affine function across both simplices. On the other hand, 6 has the
additional liberty to set individual partial derivatives between simplices to be equal,
without setting the entire gradients to be equal. This can be advantageous in a setting
where the coordinate system has special meaning and the target function is expected
to obey an additive piecewise linear structure. On the other hand, the expressivity
of the Delaunaygram is limited by the Delaunay triangulation of the design points,
and the boundaries between simplices will generically not be axis aligned, limiting
somewhat the efficacy of the Delaunaygram (with either /5 or /1 penalty on the gradient
differences) in estimating functions with axis-aligned structure.

3.2.6 Delaunaygram without continuity

In Section 3.2.3 and Proposition 4, we observed that the continuity constraint imposed
by the Delaunaygram places severe restrictions on the on the shapes of the boundaries
of the locally linear pieces in the estimate. We now introduce a variant of the Delau-
naygram which relaxes the requirement of continuity, which allows for more flexible
behavior at the boundaries between the locally linear pieces.

The core of this idea is to decouple the value assigned at each vertex x; across the
simplices, penalizing differences in value at the vertex rather than constraining them
to be equal. More formally, introduce a parameter vector 3 € R™@*1) indexed f;;,
J:x; € 55and let ésj : R™? — R9 be a linear operator which calculates the gradient
on the simplex s; using values 3.;. 8 and ésj differ from ¢ and G, in Section 3.1.1 in
that the vertex values are no longer shared across simplices.

Further introduce an averaging operator A € R™ ™ which is a block diagonal
matrix,
my 1, 0 e 0
A 0 my 1y, - 0
0 0 ceomy M

where m; := |{s; : x; € 5;}|. The non-continuous Delaunaygram is obtained by
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solving

n : 1 2 ¢ A A d—1
0 = angmin |y ~ 4513 + M (NGB = Gl 1IN (9501 055))

d
xR ij=1

+ Az(i > 18, - 5¢z|>,

i=1 L:x; €5y

(3.15)

where j; := min{j : z; € §;}. Observe that the usual Delaunaygram (3.2) is a special
case of the non-continuous Delaunaygram, obtained by taking A\, sufficiently large. In
view of this etimator, we make some remarks:

* Mixed trend filtering. The mixed penalty structure in (3.15), which includes both
first-order and second-order differences, recalls univariate mixed trend filter-
ing [Tibshirani, 2014, Section 8.2].

* Generalized lasso form. The non-continuous Delaunaygram (3.15) lacks an equiv-
alent generalized lasso form, since the decoupling of vertex values across sim-
plices also breaks the special structure of gradient differences across neighboring
simplices at the heart of Proposition 5. This points to a dual blessing and curse
of continuity: it gives provides us with a reduction of a difficult computational
problem (QCQP) to one that is easily solved (QP), at the cost of restricting the
expressivity of the fitted estimates.

* {1-penalized gradient differences. Section 3.2.5 introduced a version of the De-
launaygram which penalizes the /; difference in gradients rather than the /5
difference in gradients. This estimator admits a generalized lasso form without
requiring continuity across simplices (i.e., without Proposition 5) and therefore a
non-continuous Delaunaygram with an ¢; penalty on gradient differences is still
of generalized lasso form. This is worth investigating as an alternative to (3.15)
in settings where non-continuity or complex component boundary structures are
desired. Unfortunately, in this case the connected components will also be much
more complex: an ¢; penalty on gradient differences can set individual direc-
tional derivatives to be equal without setting the entire gradient to be equal, and
it is not clear how this sparsity structure interacts with the continuity sparsity
structure.

3.2.7 Extension beyond design points

As discussed previously, the Delaunaygram estimates a function f € F27, which
is supported only on conv(z1.,). We now discuss schemes for extending a function

fconv(zy,) = Rto f: Q — R
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Remark 16 (Extension versus extrapolation). Here, we purposefully use the term
extension to refer to the definition of a function f matching f on conv(zy.,) which is
defined on all of (2. We reserve the term extrapolation to refer to the more general act
of assigning values to f off of the design points z1.,. Over conv(zy.,), extrapolation is
accomplished by use of 27 ; extension is concerned with continuing the extrapolation
process onto all of 2.

In the following, we discuss a “zeroth-order extension” and a “first-order extension.”
The former is well-defined in all dimensions and readily implementable. We define
and implement the latter in d = 1,2, and discuss how it can be extended to higher
dimensions. We then compare properties of the two extension schemes.

Zeroth-order extension. A zeroth-order extension of the function f defines f as

f(l’) _ f(l‘) S COI’IV($1:n), (316)
f(HCOHV(an)x) x € () \ COHV([ﬁl:n),
where for a set A, II4(z) := argmin,e,l[z’ — z|2. It is easy to check that f is

continuous piecewise linear and that it is “piecewise constant” where the pieces are
the normal cones to each point on dconv(z;.,). Coincidentally, this is the extension
scheme proposed by Pourya et al. [2023].

Hooooo
SCwohrio

00 02 04 06 08 1.0

Figure 3.5: In zeroth-order extension, f is defined at a new point (green) by obtaining its
projection (orange point) onto the convex hull of the design points. We shade the facets of
the convex hull to which the projection belongs in orange. In the LHS plot, the green point
is projected onto a 1-face of the convex hull, so it belongs to two facets.

First-order extension. A first-order extension of the function f uses both the “value
and gradient” of the function f at dconv(xy.,), rather than merely the value (as in a
zeroth-order extension).



Chapter 3. k = 1: estimation of bounded gradient variation functions 63

* In d = 1, the extension is simple: dconv(zy.,) consists of two points x; and z,,
and the extended function is simply

fz) = fl@) + fl(@1) - (@ —21) @<y,
f(z) {ﬂanf,(%).(x_xn) . (3.17)

* In d = 2, we may proceed by analogy. Partition 2 \ conv(z;.,) into
Q\conv(wy,) =U{V,:i=1,...,m;,j=1,...,d — 1},

where {57 }; enumerates the j-dimensional facets of the simplices in the Delaunay
triangulation which appear on dconv(zy.,), and

V/={z+tw:zecs,wel(s)),t>0},

where C(s]) is the normal cone to s]. We will define an extension of f such that
it is continuous piecewise linear, where V; constitute the linear pieces.

For extension into V;-l, we can extend the linear function on the boundary as
usual,

fl)=fla)+ Vi) (x—z)), zeVlzes.

It remains to define f on V7, the areas of Q \ conv(z;,,) that are projected
onto vertices of the convex hull. Each of these regions borders two regions
Vi!, Vil associated with facets, on which we have already defined the extension
f. Evaluations of f at 20 € s?, xi € OVINoVY, al € 8}/;; N OVY, uniquely
specify a linear function with gradient ¢”. The extension f on V,° may then be
expressed,

fla)=fa) + ¢ (@ —a0), aeVl

* In d > 3, the details of a first-order extension have not been worked out yet.
Extension onto V;* ! is straightforward, but extension onto the regions of Q \
conv(xy.,) corresponding to the lower-dimensional faces require more thought.
Do continuity and linearity provide enough constraints to uniquely specify a
function?

A devil’s advocate view: is {V;J } the “appropriate” partition over which to define linear
pieces? For example, in the d = 2 case, should we eliminate the V,? pieces and instead
divide them in half and assign them to V;'? This would result in roughly half as many
linear pieces. Would continuity still be guaranteed if we did this? See Figure 3.7 for an
example of the partition of 2 \ conv(x;.,) using the normal fan of the convex hull.

Comparison of properties. We now make some remarks on the methodological
and computational properties of the two extension approaches outlined above.
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Data Interpolator

Zeroth-order extension First-order extension

Figure 3.6: Extension schemes in d = 2 applied to a toy dataset with five samples. The
zeroth-order scheme simply propogates the value at each point on the boundary along
the normal cone anchored at that point. The extended function satisfies continuity and
piecewise linear structure; however, there is a sharp and noticable change in gradient
across dconv(xy.,). In contrast, the first-order extension more gracefully extends the
linear structure of the fitted function beyond conv(x.,), yielding a function with lower
gradient variation (in this example) than the zeroth-order extension.

Practical aspects. To demonstrate the structure of the extension schemes, the zeroth-
and first-order approaches are applied to a toy dataset with five samples in Figures
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3.6 and 3.7. In Figure 3.6, we see that the first-order approach gracefully extends
the fitted function f by continuing the linear structure of the boundary simplices
beyond conv(zy.,), whereas the zeroth-order approach introduces abrupt changes
in the gradient across dconv(xy.,). This point is underscored by Figure 3.7, which
outlines the locations across which the gradient of the extended function changes.

The difference in behavior between the zeroth- and first-order extensions can be
summarized by observing that the former only uses the value of f along dconv(xy.,),
whereas the latter uses both the value and the gradient*. Another way to view the
lower complexity allowed by the zeroth-order extension is to note that the directional
derivative along the outer normal of conv(z;.,) is constrained to be zero.

Based on these qualities, one would expect the zeroth-order approach to fare
worse than the first-order method in general, except in cases where the function to be
estimated to expected to have a smaller gradient near the boundary of the domain. In
practice, however, we anticipate that as long as n is sufficiently large, any difference in
the overall performance of the estimators (i.e., in terms of integrated error over all of
) will be negligible, as 2 \ conv(x1.,) constitutes a vanishing fraction of the domain).

Zeroth-order extension First-order extension

1.0 1.0

0.8 0.8

B e

0.2 0.2

0.0 0.0

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Figure 3.7: Extension schemes in d = 2 applied to a toy dataset with five samples.
Locations across which the fitted function experiences a change in gradient are marked in
orange. Whereas zeroth-order extension requires a change in gradient across Oconv (1., ),
first-order extension continues the linear function of the simplices on the boundary into

Q\ conv(zxy.,). Both schemes partition Q \ conv(z1.,) using the normal fan of the convex
hull.

4At the vertices, the gradient is not well-defined, but we work around this by first extending from
the facets and then from the vertices.
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Computation. Both zeroth- and first-order extension require a Euclidean projection
onto conv(xy.,), which may be posed as a quadratic program. Write the convex hull
as an intersection of halfspaces, i.e., conv(zy.,) = {z : Az < b} for some A,b. The
projection of a point o € R? onto conv(z;.,) is then obtained by solving

minimize |z — 2|3
T
subject to Az < b.

In two dimensions, the projection may be solved directly by calculating the distance to
each facet (line segment).

Projection onto conv(xy.,) is sufficient to perform zeroth-order extension (we
simply evaluate f at the projection). For first-order extension, the projection is used
to determine onto which face (including all lower-dimensional faces) x is projected,
which in turn affects which linear function to evaluate for f . In two dimensions,
points projected onto a facet of the convex hull simply requires evaluation of the linear
function from the simplex containing that facet. Points projected onto a vertex of the
convex hull requires evaluation of the linear functions of the two simplices to which
the vertex belongs.

Minimal energy extension? The zeroth- and first-order extension schemes de-
scribed above both define the extended function in an ad hoc fashion. In contrast, a
more principled approach (and a natural candidate) for the extension is to solve the
problem

minimize TV(VJf)

FECPWL() (3.18)

SUbjeCt to (f - f) |conv(x1m,) = 0.

In the one-dimensional case, this coincides with the customary first-order extension
of f onto 2. When d > 1, it is unknown what a solution to (3.18) might be, or if one
even exists.

3.3 Estimation theory for BGV classes

This section is dedicated to estimation theory for bounded gradient variation (BGV)
functions, of both the discrete- and continous-time flavors. First, we introduce a statis-
tical analysis of the penalized triogram, of which the Delaunaygram is a special case.
A worst-case risk upper bound for the penalized triogram is obtained for estimating
functions with bounded discrete-time gradient variation. We then show that under
Assumption A1, the Delaunaygram obtains this rate as well. A phase transition in the
rate of estimation at d = 4 is observed, mirroring the findings of Sadhanala et al. [2021]
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in the lattice-based gradient variation setting. Minimax lower bounds for estimation
over continuous-time gradient variation classes are obtained, with rates that match
the risk upper bounds for the Delaunaygram. We conclude with a discussion of how
to relate the upper bounds, which work over the discrete-time gradient variation class,
and the lower bounds, which work over the continuous-time gradient variation class.

3.3.1 Discrete analysis of penalized triogram estimators

This section provides a statistical analysis of the penalized triogram in recovering a
function fj of bounded discrete gradient variation, given noisy values at fixed design
points z1,...,z, € Q = (0,1)? and a triangulation of these points. The analysis
in this section assumes the triangulation is pre-specified and is agnostic to how the
triangulation is formed. Rates of estimation are given under assumptions on the
geometry of the triangulation. In a subsequent section, random design on 1., is
considered, and the geometry of the triangulation is controlled probabilistically.

The penalized triogram. We first consider the ¢, -penalized triogram of Koenker
and Mizera [2004]. Given points 1, . . ., z,, € (), a triogram model fits a CPWL function
on a conforming triangulation 7 (to be formally defined shortly) of x1.,,. In other words,
it is just like the Delaunaygram, except that the triangulation of x;.,, need not be the
Delaunay triangulation. Formally, a penalized triogram fits the estimator

f7 = argmin % ;(yi = f@)?+ Ay wy [VEs =Vl (319)

fer] i,j=1

for weights w;; > 0, where .F,LT is the space of functions on conv(zy.,) which are
CPWLon 7.

Assumptions on the triangulation. We analyze the penalized triogram using a
general triangulation 7 under the following assumptions. A triangulation 7 of points
x1,...,T, € (is an open partition {s,..., S, } of conv(zy.,) whose simplices s
satisfy the property that v(s) C z1.,.

(T1) The triangulation 7 = {sy, ..., S, } is conforming. A triangulation is conforming
of the nonempty intersection of the closures of any two simplices in 7 is an
entire common face (of dimension 0,1,...,d = 1).

(T2) The graph (T, E7),
Er= {{Si, S]’} : ’Hd_l(ﬁsi N (%j) > O},

is connected.



Chapter 3. k = 1: estimation of bounded gradient variation functions 68

(T3) 7., form the vertices, also known as the 0-dimensional faces, of the triangulation

T.

We also define certain functionals of the design points x;., and the triangulation 7
relative to a resolution-/V lattice partition

I ={y:ie[N", (3.20)
i.e., I' forms an open partition using hypercubes of sidelength 1/N. In particular, we
will take
o\ 1/
N = [ Lmin (3.21)
log™ n

for a user-chosen parameter ar. Consider now the following functionals of xy.,, 7.

* np(s) :=[{y € T : yNs # 0} is the number of grid cells v which overlap a
simplex s.

* np(7T) = maxser nr(s) is the maximum overlap of grid cells with any one
simplex.

*nr(y) == {s € T : sN~ # 0} is the number of simplices s which overlap a
grid cell 7.

* ny (L) := max,er ny(7) is the maximum overlap of simplices with any one grid
cell.

* ny(y) := [{x1., N 7}| is the empirical content of a grid cell ~.

* n,(I") := max,er n,(7y) is the maximum empirical content of any one grid cell.

Discrete gradient variation. We now additionally define a discrete notion of gra-
dient variation for a function f based on evaluations of f at locations x4, ..., z, € €},
and a triangulation T (z1.,) = $1,. .., Sm of x1.,. On each simplex s;, with vertices
Tips ..., Tiy,,, take g(s;) to be the gradient of the unique linear function passing
through the points (z;,, f(2i,)), - .., (iy,,, f(2i,,))’. The discrete gradient variation
is defined

DGV (f; T(1n),w) = > wij - (1) = a(s)]2 (3.22)
ij=1
for a set of weights w;; > 0,¢,7 = 1, ..., m. Note that the discrete gradient variation is

defined for any function f such that x;., C supp(f) without requiring any additional
structure.

Theorem 5. Consider pointsxy, . .., x, € $Q, a triangulation T of these points satisfying
Assumptions (T1)-(T3) and weights w;; =< nt/4=1 s, s;} € Er. Suppose a function

Equivalently, the expansion of z; in the tent basis.
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fo: Q@ — R satisfying .
DGV (fo; T, w) = O(L), (323)

observe noisy responses y; = fo(x;) + zi, 2 ~ N(0,0?) independently. If the design
points and triangulation satisfy

ne(T),nr (), e (1) = O(1), (3.24)

the penalized triogram (3.19) using triangulation T, weights w, and properly chosen A
satisfies average squared error

4

I 7y o2 JOp(Ln ™) d <4,

ford € {1,2,3,...}.

Remark 17. The scaling condition on the weights w < n'/¢~! corresponds to the
shared surface area between neighboring grid cells in the lattice discretization, or
the expected shared surface area between neighboring simplices of the Delaunay
triangulation of uniformly sampled points. This scaling condition was also found in
the k£ = 0 setting of Chapter 2.

Remark 18. The scaling condition on the discrete gradient variation (3.23) can be
rewritten as

DGV(f;T,w)

nl/dwmin

= O(Ln'~%4)

to correspond to the canonical scaling C,, < n'~* introduced by Sadhanala et al.
[2021] for lattice-based discrete variation classes. Their work also observed the phase
transition in the rates of estimation (3.25) in the lattice setting.

3.3.2 In-sample rate for the Delaunaygram

In this and subsequent subsections, we use the Assumption Al and the standard
assumptions from Chapter 2.

Background & setup. The analysis of Section 3.3.1 considered estimation of bounded
discrete gradient variation functions under fixed design, using a penalized triogram

estimator with a fixed triangulation assumed to be given. Rates of estimation were

derived assuming the design and triangulation satisfied certain conditions (3.24) for-
malizing the notion that the input points are evenly spread about the domain and the

simplices in the triangulation were not too large.

We now consider the random design setting, where the function f is now observed
at locations z1,...,x, ~ P, where P follows Assumption Al. We consider the
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penalized triogram with the Delaunay triangulation D7 of the input points x;.,,
which we previously introduced as the Delaunaygram in Section 3.1,

f|s]-||27
1=1 1,j=1

for w;; > 0.

Challenges of the Delaunay triangulation with random inputs. In order to
obtain rates of estimation for the Delaunaygram via Theorem 5, it is necessary to
control certain functionals of the triangulation (3.24). Unfortunately, it turns out these
functionals cannot be controlled at the proper order for the Delaunay triangulation
using points randomly sampled from a uniform-like distribution on €2. This is due to
well-known boundary effects suffered by forming the Delaunay triangulation from
points on a bounded set; see, e.g., Bern et al. [1991], which rather than triangulating
randomly sampled points on a bounded set, triangulates all of R¢ using points from a
Poisson process, and then analyzes the subtriangulation on a bounded subset of R, This
approach for the elimination of boundary effects is known as minus-sampling [Miles,
1974].

Inspired by minus-sampling, we analyze an modified version of the Delaunaygram
which restricts estimation to a subset Q1 C €. The subset (2 is formed by excluding a
tube around the boundary of the domain where boundary effects are observed

Q:=Q\ B(Q,r), (3.26)
where .
. 1)1 1/d
n
for a user-chosen parameter o > (0. Consider the subtriangulation
DT ={s € DT :s €}, (3.28)
and denote the subset of design points
{v(s) : s € DT} = F1n C T, (3.29)

Finally, let nn := |Z1.,|. Although boundary effects prohibit the high-probability geo-
metric control of Delaunay simplices in the full Delaunay triangulation D7, the results

of Appendix B.2.3 reveal that probabilistic control is possible over DT .
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Main result. The preceding discussion discussed the idea of learning a penalized
triogram using the Delaunay triangulation of randomly sampled points, as well as
issues such an estimator may encounter on the boundary of the sampling domain. We
propose an estimator which uses a subtriangulation DT of the Delaunay triangulation
and analyze the in-sample error properties of such an estimator. Since we are only
learning estimates on a subset 7., of the original data, we measure error only on this
subset of data. As n grows with dimension fixed, the share of the data used to learn
the estimator approaches the full dataset.

Theorem 6. Consider points x1,...,x, ~ P following Assumption Al and noisy
responses y; = fo(x;) + 2;, where fy : @ — R and z; ~ N(0,0?) independently. Form
the Delaunay triangulation DT from x1.,, and consider the estimator fPT obtained by
forming the penalized triogram (3.19) with the Delaunay subtriangulation (3.28). If the
estimand [y satisfies -

DGV (fo; DT, w) = Op(L)

with weights w;; < it/471, {s;, s;} € E75+, then the estimator fPT with weights w and
properly chosen \ satisfies average squared error

Z (fﬁ(mz) - fo(ﬂfi))Q =

xie-i’l:n

ford e {1,2,3,...}.

(3.30)

S| —

Op(Ln~ 1) d < 4,
Op(Ln~d)  d>4,

Remark 19. Pruning the Delaunay triangulation D7 by removing simplices outside
does remove a nontrivial fraction of the data, and so we are exploring methodological
adjustments to use more of the data, including approaches based on the Voronoi
neighbor relationship and minus-sampling.

* The Voronoi neighbor relationship, derived from the Voronoi tessellation of (2
(rather than all of R?, in which case it coincides with the Delaunay triangulation),
provides good geometric properties with high probability in a way that (we
suspect) removes fewer simplices.

* A minus-sampling-based approach would introduce artifically sampled points
on R?\ Q, triangulate all of R?, and then use the subtriangulation ) to form
the estimator. Both these approaches are promising but introduce subtleties that
complicate the analysis, and so they are outside the scope of this document.

Remark 20. The extension approaches of Section 3.2.7 assume a function that is fit

on a convex polyhedron. The pruned Delaunay triangulation DT is still a polyhedron,
but it is not longer necessarily convex, unlike the original Delaunay triangulation D7 .

To extend the CPWL fit on 1,?\7/' onto the rest of {2, one may first extend the function



Chapter 3. k = 1: estimation of bounded gradient variation functions 72

from DT onto DT using the tent basis on D7 (which is a superset of the tent basis
for DT), and then applying any of the extension approaches from Section 3.2.7.

3.3.3 Minimax lower bounds

In the preceding subsection, we derived an in-sample rate of convergence for the Delau-
naygram in terms of the discrete-time gradient variation of the underlying regression
function. For an appropriately scaled bounded discrete gradient variation function
class, we obtained a rate of estimation with a phase transition: in the supercritical
regime d < 4, the rate (up to log factors) of nil%d, and in the subcritical regime
d > 4, the rate (again up to log factors) of n=/¢. We now present minimax lower
bounds for the rate of estimation for the closely related continuous-time bounded
gradient variation function classes. These rates match the worst-case rates for the
Delaunaygram, up to the phase transition between the supercritical and subcritical
regimes. Note carefully that there is a mismatch between the function classes — for
the worst-case risk bounds for the Delaunaygram, we consider a discrete-time notion
of complexity, whereas for the minimax lower bounds we consider a continuous-time
notion of complexity. These two function classes are intimately related, and their exact
relationship is further discussed in the subseqeuent subsection.

Supercritical and subcritical lower bounds

For the following result, we introduce a class of bounded gradient variation functions
which are also essentially bounded, i.e., the class

BGV (L, M) := BGV(L) N L®(M).

The following theorem lower bounds the rate of estimation over BGV(L) in the
supercritical regime of d = 1,2, 3 and over BGV (L, M) is the subcritical regime of
d>4.

Theorem 7. Under the standard assumptions,
* whend = 1, 2, 3, the minimax risk satisfies

inf sup  E|f — foll3ap) > CrLIFInT T, (3.31)
I foeBGV(L)

for a constant Cy > 0; and

(d—

7 < L < Co(M?n)*/d

* when d > 4, provided that n, L, M satisfy co(M>n)~
for constants Cy > ¢y > 0, the minimax risk satisfies

inf sup E|f - follzep) = CoLM T n~ %1, (3.32)
[ fo€BGV(L,M)
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for another constant Cy > 0,

where the infima are taken over all estimators f that are measurable functions of the data
(i), i=1,...,n.

The proof of Theorem 7 follows a classical approach also used to obtain a n~'/¢

lower bound over the class BV (L, M) (cf. Theorem 3), but with a different construc-
tion of test functions. Slight differences in the analysis account for the fact that a
tighter lower bound of n~*/(4*9 is obtained in the supercritical regime d = 1,2, 3.

Impossibility result when d > 4

We now discuss why, for Theorem 7, we considered the essentially bounded BGV
function class rather than the usual BGV function class for the subcritical regime. It
turns out that (analogously to the £ = 0 case), in the subcritical regime estimation
under the sampling model is impossible for functions in the BGV class.

Proposition 7. Under the standard assumptions, exists a constant ¢ > 0 not depending
n such that

inf sup E|lf - fOH%Q(P) =>c>0,
f fo€BGV(1)NL2(Q)

where the infimum is taken over all estimators f that are measurable functions of the
data (x;,y;),i=1,...,n.

The proof of this result follows the argument of Proposition 2, with an adjustment
to the construction of the test functions.

Proof. Recalling Assumption A1, we will equivalently study L?(p) risk. Consider the
two-point hypothesis testing problem of distinguishing

Hy: fo=0 versus H: f1 =eY?. d(-,0(0,€)) - Lio,e)¢,

Cue
where 0 < € < 1 and Cy is a constant that depends only on dimension. Note that f; is a
continuous and piecewise linear function that takes the value 0 on R?\ (0, ¢)? and the
value C;'e=%2 at €/2 - 1, where 1 is the length-d all-ones vector. Direct calculations
reveal that

2

||f1||%2(9) = d+1)(d+2)Cq and TV(Vf) = /22

implying that f; € L?(Q2), and f; € BGV(1) for d > 4. A standard reduction provides
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that

inf sup E|f — follrz@ = inf  sup  E|lf = follz2e)
' foBGV(1)NL2(Q) I foe{fo,f1}

> inf (Puv = 1} +Pufv =1}).  (333)

where the infimum in the final line is over all measurable tests 1. Conditional on the
event

E={z; € (0,e)i=1,....n},
the distributions are the same under the null and alternative hypotheses, Py {-|€} =

Py, {|€}. Additionally, we have that P{€} > (1 — ppaxc?)™ under Assumption A1. It
follows that for any test v/,

Pu {tp =1} =Py, {¢ = 1 EIP{E} + Pu, {¢p = 1[E}P{E}
<Py {v = 1EIP{E} + 1 — (1 — praxe®)”
< PHo{w - 1} +1-— (1 - pmaxed)n‘

Rearranging the above, we find that

]P)HO{I/) = 1} + PHl{dj = O} > (1 - pmaxed)n-
Take ¢ — 0 and substitute into (3.33) to obtain the result. 0

3.3.4 Discussion: discrete- versus continuous-time gradient vari-
ation

In the preceding development, we have provided a framework for discrete analysis of
triogram estimators; an in-sample rate of convergence for the Delaunaygram in terms
of discrete-time gradient variation of the underlying function; and minimax lower
bounds for estimation of functions in terms of their continuous-time gradient variation.
This playbook follows the same brushstrokes of the analysis of the Voronoigram in
Chapter 2, in which the discrete-time analysis of the Voronoigram is connected to
rates of estimation for continous-time function classes by Lemma 2, which relates the
discrete-time and continuous-time variation measures of complexity for a function.
In this final subsection, we discuss a partial result of similar flavor for the gradient
variation and the current shortcomings of our analysis. Obtaining this result would
yield an L?(P,) rate of convergence for the Delaunaygram over (continuous-time)
bounded gradient variation function classes, and a L?(P) minimax estimation lower
bound with the same rate up to log factors.

For a triangulation 7, define the quantity A, (7) to be
i in(M(s)" M
ma Amin (M (s) (s)),
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where
1 O1><d
1 zy—2
M(s) = 2 1
I zgp—m
for s = (z1,...,Tq41).
Lemmad4. Samplex, ..., x, iid. from P following Assumption A1. Form the Delaunay

triangulation DT and consider the subtriangulation DT formed from n points T1.,, as
constructed in Section 3.3.2. There exists a constant C' > 0 depending only on d and a
user-chosen parameter o« > 1 such that for all sufficiently large n and f € BGV({2), the

discrete gradient variation measured by DT using weights w;; < 7i'/4~!

by

is bound above

DGV(f;DT,w) = > wyllals:) — sy,
toisi}ebor (3.34)
d+1+1/d X >\I:111r{2<’D7-) . Tv (Vf|ﬁ)

< g(lo n)
=58 (log /) 1/

with probability at least 1 — § — n~=“.
The proof of this result in deferred to Appendix B.2.6. We now make some remarks:

* We conjecture that
A 2pTY
2o BT) 5,1, (335)
(lognn/n)1/d
in which case Lemma 4, along with Theorem 6, provides an in-sample rate
of estimation for the Delaunaygram in terms of the continuous-time gradient

variation of the estimand f;.

* The scaling (3.35) calls for uniform control of a functional of the Delaunay
simplices. We are able to establish non-uniform control, i.e.,

Ain () < 0/

up to log terms, for each s € DT, as a sanity check. The proof this result is
given in Appendix B.2.6.

3.4 Illustrative empirical examples

In this section we illustrate the practical usage of the Delaunaygram through numerical
experiments. The first experiment performs extensive comparisons of the Delaunay-
gram to the thin-plate spline, a linear smoother, in a structured function recovery
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setup against a set of canonical signal functions meant to represent heterogeneous and
homogeneous notions of smoothness. The second experiment considers real data from
a meteorological setting, where the goal is to estimate the ocean thermal response to
the passage of a tropical cyclone.

3.4.1 Comparisons on synthetic data

The first set of experiments contrasts the performance of the Delaunaygram, a non-
linear estimator, to the thin-plate spline, a linear estimator, in estimating functions of
heterogeneous and homogeneous smoothness. Functions of heterogeneous smoothness
constitute a larger function class than functions of homogeneous smoothness, and it is
generally hypothesized that while linear estimators are able to recover functions of
homogeneous smoothness well, they suffer in recovering functions of heterogeneous
smoothness as compared to nonlinear estimators. This notion is formalized in certain
settings, such as the univariate problem and the multivariate problem on grids, by
deriving a minimax rate of convergence over the heterogeneous function class which
is achieved by a nonlinear estimator, and then deriving a minimax linear rate of esti-
mation which is observed to be slower. While we do not have minimax linear theory
for the multivariate scattered data case, this set of experiments illustrates some of the
deficiencies of linear estimators in recovering functions of heterogeneous smoothness.

Experimental setup. We consider three signal functions supported on (0, 1)?, which
are depicted in Figure 3.8. They consist of:

* the Bumps function, which is the addition of two spherical normal probability
density functions centered at (1/4,3/4) and (3/4, 1/4), with standard deviation
7/40;

* the Pyramids function, which follows a similar structure to Bumps, except that
it is piecewise linear;

* the Sine function, which is the outer product of a sine wave with period 1.

The Bumps and Pyramids functions exhibit heterogeneous smoothness: the roughness
for those functions is entirely localized to the upper-left and lower-right quadrants.
The Sine function, on the other hand, is a classic model of homogeneous smoothness.

All three signal functions f, are normalized to have signal strength one, i.e.,
Var(fy) = 1, with respect to the Lebesgue measure. For each fj, we observe samples

yi = folw;) + 2, i=1,...,2000, (3.36)

where z; ~ Unif((0,1)?) and z; = N(0, 1), giving a signal-to-noise ratio of 1.
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Bumps Pyramids Sine

O N WM

Figure 3.8: The Bumps, Pyramids, and Sine functions are depicted in the first row, and
in the second row we add n = 2000 evaluations fo(x;) + z;, where z; ~ N(0,1). The
heterogeneous smoothness of the Bumps and Pyramids functions are apparent, with high
signal in upper-left and lower-right quadrants, and low signal in the lower-left and upper-
right quadrants.

Estimators. Using data drawn following (3.36) from each fj, we fit the Delaunay-
gram and a thin-plate spline, over a wide range of complexity for both estimators.
This process is repeated using ten independent sets of 7 = 2000 observations for each
signal function.

Results. In Figure 3.9, we report the mean squared error (MSE) performance of the
Delaunaygram and the thin-plate spline in recovering each of the signal functions. At
each tuning parameter value, the average MSE over the ten repetitions is reported,
with error bars given by the standard error of the average MSE. The values of the
tuning parameters themselves have been re-parameterized as the estimated degrees of
freedom for the estimators (see Section 3.2, as well as Tibshirani and Taylor, 2012). For
the Delaunaygram, an unbiased estimate of the degrees of freedom is the nullity of the
generalized lasso penalty operator after removing the rows corresponding to the active
set®, whereas the degrees of freedom for the thin-plate spline, being a linear smoother,

®While mathematically the definition of expected degrees of freedom for the Delaunaygram at a fixed
A is clear, the determination of the degrees of freedom via the nullity of a subsetted penalty operator
in the presence of numerical error requires two thresholding values which affect the reported degrees
of freedom: the first is used to determine the active set (i.e., ¢ such that (D#); # 0), and the second is
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is the trace of the smoother matrix which takes the observed y to the smoothed 7 at
the data points (e.g., Hastie and Tibshirani, 1990).

Bumps Pyramids Sine
100<

—}— Delaunaygram
Thin-plate spline

100 4

10—1 4

10—1 4

L?(u) mean squared error

10 10° 10° 100 10° 10° 100 102 10°
Estimated degrees of freedom
Figure 3.9: The average MSE (evaluated against the Lebesgue measure) over the ten
experimental repetitions is reported over a range of complexity levels for each estimator,
with the standard error of the average MSE indicated using vertical bars. While the Delau-
naygram and the thin-plate spline perform comparably in recovering the homogeneously
smooth Sine function, the Delaunaygram outperforms the thin-plate spline in recovering
the heterogeneously smooth Bumps and Pyramids functions in by a noticeable margin.

We see that for the Bumps and Pyramids functions, which exhibit heterogeneous
smoothness, the Delaunaygram outperforms the thin-plate spline by a considerable
margin. For the Sine function, which exhibits homogeneous smoothness, the Delaunay-
gram and the thin-plate spline perform comparably. The gap in performance between
the Delaunaygram and the thin-plate spline in the heterogeneous smoothness regime
is in keeping with the hypothesized behavior of linear versus nonlinear smoothers
under heterogeneous and homogeneous smoothness. We also observe that in the
heterogeneously smooth settings, the Delaunaygram is a more efficient estimator than
the thin-plate spline in another sense: the best performing Delaunaygram estimator
consumes fewer degrees of freedom than the best performing thin-plate spline. In fact,
at every level of complexity, holding estimated degrees of freedom fixed, the Delau-
naygram is able to use the data more efficiently when estimating the heterogeneously
smooth functions.

In Figure 3.10, we depict the Delaunaygram and thin-plate spline estimates from one

used to determine the numerical matrix rank from the calculated singular values. The former source of
numerical error arises in the optimization step of determining 0 for a fixed A, and the latter source of
numerical error is inherent in the process of diagonalizing a (large, sparse) subsetted penalty matrix.
The second source of numerical error may be eliminated by using an equivalent characterization of the
degrees of freedom which counts the number of piecewise affine constraints implied by D 40 = 0 to
determine nullity (D 4c ). For more details, see Section 3.2 (methods and basic properties).
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Figure 3.10: The estimates produced by the Delaunaygram (second row) and the thin-plate
spline (third row), each using n = 2000 noisy evaluations of the signal function (first
row). For the Bumps and Pyramids functions, the thin-plate spline undersmooths in the
low-signal regions (lower-left and upper-right quadrants), whereas the Delaunaygram
adaptively enforces greater regularization over those regions.

repetition of the experimental setup, at the minimizing tuning parameter values from
Figure 3.9. In assessing the thin-plate spline estimates for the Bumps and Pyramids
function, we can clearly see the pitfalls of using a linear estimator (which is not
expected to achieve spatial adaptivity) in estimating functions exhibiting heterogeneous
smoothness. For both of these functions, the thin-plate spline captures the high-peaked
regions well, but at the price of noticeably undersmoothing in the flat regions. The
Delaunaygram, in comparison, automatically enforces greater regularization in the
low-signal regions and less regularization in the high-signal regions. For the Sine
function, the estimates produced by the Delaunaygram and the thin-plate spline are
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similar, as anticipated by their comparable performance in average MSE. The estimated
degrees of freedom for each of these estimators is also reported; in keeping with
Figure 3.9, we see that the oracle-tuned Delaunaygram and thin-plate spline estimators
consume roughly the same degrees of freedom. (The apparent discrepancy between
reported degrees of freedom in Figures 3.9 and 3.10 is due to Figure 3.9 reporting the
degrees of freedom averaged over the ten experimental repetitions, whereas Figure 3.10
reports the degrees of freedom as calculated for the estimators for the repetition that
is plotted.)

3.4.2 Comparisons on real data

In this second experiment, we consider the estimation of the ocean thermal response
to the passage of a tropical cyclone (TC). The data consist of measured temperature
differences at a depth of ten meters belong the ocean surface, parameterized in terms
of the time since TC passage 7 and cross-track angle (distance) d from the TC, referred
to as the “TC-centric coordinate system.” Prevailing scientific theory suggests that
energy flux from the ocean is a driver of TCs, through a process called wind-induced
surface heat exchange (see, e.g., Emanuel 1986, 1999). This energy flux can be observed
through negative differences in the subsurface ocean temperature, measured before
and after TC passage.

Statistical model. The statistical problem under consideration is to estimate the
change in temperature at each location relative to the TC, using scattered temperature
difference observations. The statistical model for the data is

yi = f(di, i) + 2, (3.37)

where y;, i = 1,...,n, is the observed temperature difference at location (d;, 7;) in
the TC-centric coordinate system, and z; € N (0, 07) is an observation-specific noise
term which depends on external factors including the location of the observation in
Earth (latitude and longitude) coordinates, time of year, etc. In the scientific setting,
o; must be estimated using other data; for the purposes of our illustrative example,
these variances have already been estimated through a separate procedure. Therefore
we pose our estimators as penalized weighted least squares estimators, and use the
estimated variances 0; as plug-in weights.

Experimental setup. Formally, we have n = 4202 observations, which we use to
set up a prediction problem comparing the Delaunaygram, the thin-plate spline, and
multivariate adaptive regression splines (also known as Mars; see Friedman, 1991). The
experimental setup is as follows:
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1. Of the 4202 observations, 80% are placed into a training set and 20% are placed
into a held-out test set.

2. The training set is used to fit a Delaunaygram model using five-fold cross-
validation, a thin-plate spline again using five-fold cross-validation, and a multi-
variate adaptive regression spline using the default automatic model selection
settings in the earth package (citation here).

3. Quantitive performance is assessed by model performance on the held-out test
set. Qualitative performance is assessed through visual examination of the
estimated surface f(d, 7) over the its domain (—8, 8) x (—2,20).

Results. Figure 3.11 provides a comparison of the three estimators in terms of
predictive performance. We observe that the Delaunaygram and thin-plate spline
achieve comparable predictive performance, as assessed by cross-validation error on
the training set and by held-out test set error. The Mars estimator (which performs its
own internal model selection process on the training set) performs markedly worse in
terms of test set error.

Five-fold cross-validated error

-~ Delaunaygram
Thin-plate spline

g 10° H Test Error
3 Delaunaygram 0.577

g ox10” Thin-plate spline 0.580

-V L A R O N Mars 0.746

= ax10-14 || [T FFrEtefptpnr

102 103

Estimated degrees of freedom

Figure 3.11: Left panel: Five-fold cross-validation errors for the Delaunaygram and thin-
plate spline on the train dataset. The predictive performance of the two estimators largely
match, although at each level of model complexity (degrees of freedom), the Delaunaygram
does no worse than the thin-plate spline, suggesting a more efficient representation at the
same number effective parameters. Right panel: The three estimators, learned using the
train dataset, are evaluated on the held-out test set. The Delaunaygram and thin-plate
spline perform comparably, the error of Mars is markedly worse.

Figure 3.12 illustrates the ocean thermal response to TC passage, as estimated by
the Delaunaygram, thin-plate spline, and Mars. The local adaptivity property of the



Chapter 3. k = 1: estimation of bounded gradient variation functions 82

Delaunaygram allows it to capture a large decrease in subsurface ocean temperature
in the immediate wake of the TC, while smoothing away variation in the rest of the
domain. On the other hand, the thin-plate spline, which as a linear smoother enforces
the same amount of smoothing on the entire domain, estimates a smaller decrease
in ocean temperature in the wake of the TC, while yielding “lumpier” estimates on
the rest of the domain. Examination of the Mars estimator suggests that it is not
well-suited to a problem of this structure. Mars is able to capture the general notion
that there is a decrease in temperature in the wake of the TC and correctly localizes it
to a few degrees of zero in the cross-track angle coordinate, but is unable to localize
the largest magnitude of effect to about ten days of TC passage, as the Delaunaygram
and thin-plate spline do. On the other hand, it is able to enforce greater regularization
of the estimates away from the zero cross-track angle axis, unlike the thin-plate spline.

Delaunaygram Thin-plate spline Mars
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Figure 3.12: The mean ocean thermal response to the TC passage, as learned using the
Delaunaygram, thin-plate spline, and Mars estimators. The Delaunaygram estimator is
able to capture a large decrease in temperature in the wake of the TC, while smoothing
away variability in the region away from the TC path. The thin-plate spline captures a
smaller mean effect, while undersmoothing away from the TC path. Mars generally is
unable to accurately capture the ocean thermal response in the wake of the TC.

In summary, the thin-plate spline is not able to localize the signal, produces a
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low-variance estimate that allow it to do well enough in predictive performance. Mars
performs some localization of the signal, but yields a high-variance estimate that
performs poorly in prediction. The Delaunaygram finds a sweet spot, localizing the
signal properly while doing as well as the thin-plate spline in prediction.

3.5 Discussion

This chapter has provided a first-order extension to the results of Chapter 2. We
have studied an estimator, the Delaunaygram, which fits a CPWL function on a data-
dependent, adaptively chosen partition of the input space.

Although the core idea of the Delaunaygram existed previously in the litera-
ture [Koenker and Mizera, 2004, Pourya et al., 2023], we have provided several novel
results that elucidate basic properties of the Delaunaygram, including:

* structure of estimates, in particular the types of boundary between fused cells of
the Delaunay partition which are possible when the design points lay in general
position;

* an estimate of the degrees of freedom, via generalized lasso theory, which has a
natural interpretation in terms of the number of free parameters;

* a view of the Delaunaygram as a generalized group lasso estimator, which
opens the door to a number of methodological extensions based on penalizing ¢,
differences of gradients or relaxing the requirement that the fit be continuous.

We have also provided theoretical results which build towards a rate of convergence
for estimating BGV functions, including:

* a framework for analyzing penalized triogram estimators, which give a rate of
convergence in terms of the discrete gradient variation of the underlying signal
when the triangulation upon which the triogram estimator is posed is sufficiently
well-behaved;

* probabilistic results ensuring that the Delaunay triangulation using points sam-
pled randomly satisfies the well-behavedness conditions sufficient to provide a
rate of convergence in terms of the discrete gradient variation of the underlying
signal;

+ analysis that provides a path towards connecting the discrete gradient variation
of a function to the continuous-time gradient variation of that same function.

In the final chapter to come, we will discuss the general problem of adaptive piecewise
polynomial estimation of order £ > 2 in the multivariate scattered data setting.



Chapter 4

Discussion: £ = 2 and beyond

In this final chapter, we briefly outline the research landscape that remains in the
estimation of £™-order bounded variation functions using scattered data. As mentioned
in the introductory chapter, when d = 1 we have a complete understanding of this
problem through the locally adaptive regression spline [Mammen and van de Geer,
1997] and trend filtering [Tibshirani, 2014, 2022] estimators, which penalize using
k™-order total variation and achieve optimal rate over the corresponding bounded
variation classes. The trend filtering estimator also exhibits several properties that
connect discrete- and continuous-time notions of complexity, which we will return to
at the end of this chapter.

4.1 Bounded variation classes for k > 2

In one dimension, the £-order bounded variation class over an interval [ = (a, ) is

BV*(I) = {f : 1 — R : fis k-times weakly differentiable, and TV (f®) < oo}.
(4.1)
In this thesis, we studied estimation of functions in the bounded variation and bounded
gradient variation spaces, corresponding to order indices £ = 0 and 1, posed over
(0,1)%. These function spaces can be generalized to the k'"-order case by defining a
k™-order notion of total variation® for a function f : Q — R,

TV(D*f):= > TV(Df), (4.2)
|a|=k

!Strictly speaking, this does exactly match our notion of gradient variation as given in Section 1.4.
For these notions first-order total variation to match exactly, one would need to replace the Frobenius
norm constraint on the test functions ¢ in (1.7) with an ¢5 o-norm constraint. However, these spaces
are equivalent in terms of rates.
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where D is the partial derivative operator corresponding to the multi-index «.. The
k™-order bounded variation class is then defined,

BV*(Q) = {f :(0,1)* = R : f is k-times weakly differentiable, ws)
and TV(D"f) < oo} ‘

Note that the BV* space matches the W +1! space while admitting functions whose
(k + 1) derivatives are Radon measures.

4.2 Anticipated rates of convergence

With the k™-order bounded variation classes in hand, we now outline the anticipated
rates of convergence for estimating functions from these classes in mean squared error.
Over the class BV, we anticipate the L?(P,) rate of estimation to be

~ _2(k+1)
|<f—fouig<pn>:{0“” ) )

Op(n~ ") d>2(k+1).

These anticipated rates are based on the discrete-time, lattice-based case, which was
comprehensively analyzed by Sadhanala et al. [2017, 2021]. This thesis obtained the
result (4.4) for £ = 0 and (pending resolution of the uniform control issue outlined in
Section 3.3.4) for k = 1.

We further anticipate that the optimal rate of convergence for estimation in L?(P)
to be

2(k+1

Op(n~ 205073 d < 2(k +1), fo € BV(L)

7 2 ~ kil

f=tolliam =13 Os(n=8)  d>2(k+1), fo € BVH(L) N L=(M), (45)
C d>2(k+1), fo € BV¥(L).

The additional casing on whether f; belongs to the full BV* space or if it adheres to an
additional essential boundedness assumption reflects the impossibility of estimation
in the subcritical regime, which we show in this thesis for £ = 0, 1, and which we
anticipate to persist for higher orders?. This thesis obtained the result (4.5) for k = 0.

4.3 Closely related function spaces and methods

The multivariate k-order notion of total variation provided in (4.2) is by no means
the only way to generalize univariate k™-order total variation. A stream of contempo-

2We expect that an appropriate choice of test functions to obtain minimax lower bounds for all of
these orders is the family of box splines [de Boor et al., 1993].



Chapter 4. Discussion: k = 2 and beyond 86

raneous work considers various multivariate notions of smoothness which collapse
into k'M-order total variation in one dimension (under suitable regularity), including:

* Hardy-Krause, Sectional, and Mars variation, as studied by Bibaut and van der
Laan [2019], Fang et al. [2021], Ki et al. [2021]. These notions of smoothness
involve integrating the L' norm of mixed partial derivatives of higher order than
coordinate-aligned derivatives. Optimal rates of estimation over these classes
are derived using estimators which perform constrained least squares, where
the constraint is in terms of the Hardy-Krause or Mars complexity measure.

* Radon variation, as studied by Parhi and Nowak [2021, 2023]. This notion of
smoothness applies the total variation norm (in the sense of measures) to a trans-
formation of the function f into the Radon domain. It has a special “sparsifying”
properties for ridge splines, which in fact are the solution to the Radon total
variation-penalized empirical risk minimization problem. Optimal rates of esti-
mation over the second-order Radon bounded variation class (which corresponds
to k = 1 in the indexing of this thesis) are derived using this estimator.

* Vitali variation, as studied by Ortelli and van de Geer [2021]. This notion of
smoothness applies an L' penalty to the mixed partial derivative of order % (along
every coordinate index) of the function f. This stands in contrast to Kronecker
variation [Sadhanala et al., 2021], which penalizes the sum of variations of the
k™ (non-mixed) partial derivative along each coordinate index. Like Kronecker
variation, this notion of smoothness is defined on tensors, and the analysis is
entirely in discrete time. A trend filtering-type estimator is defined by applying
empirical risk minimization penalizing this notion of smoothness, and rates of
estimation over the Vitali variation class are given.

Each of these notions of smoothness yields a function class over which the rate of
estimation is dimension-independent. These results seem remarkable, in the sense that
they apparently defy the “curse of dimensionality,” especially when compared to the
anticipated rates of convergence over the k"-order bounded variation classes outlined
in Section 4.2. It turns out that the differing dependence on dimension in rates between
these function spaces is due to the relative sizes of the function classes and complexity
of the functions admitted by each of them, and we believe that BVF classes, which
admit a broader set of functions, are interesting to study in their own right.

4.4 What is a multivariate trend filter?

Up until now, we have focused on the estimation setting for the £ > 2 case—bounded
variation function spaces and rates of estimation—without explicit reference to an
estimator which we might hope attains these rates. We now describe the desired
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properties of a hypothetical estimator, a k™"-order multivariate trend filter, which would
generalize the result of this thesis:

1. The estimator takes the form,

n

p 1
f=argmin =" (y; — f(2:)” + ATV(D*f), (4.6)
feFn M
where F,, is a finite-dimensional subspace of BV*.
2. The estimator f is a piecewise polynomial of order k.

3. The estimator f has an equivalent discrete form,

n

é:argminlz(yi—Qi)Z—i-)\HDHHl, (4.7)

n
fern M =

where || D6||; measures the k™-order discrete total variation of 6.

4. The immediately preceding property implies the existence of an extrapolator
taking the fitted parameter vector ¢ from the discrete problem to a fitted function
f (coinciding with the solution of the variational problem) with the property
that

1DO]|, = TV(Df);
that is, the k™-order discrete TV of § matches the k-order TV of f )
5. The estimator achieves the L?(P,) rate for estimating f, € BV¥,

2(k+1)

e DT d < 2k 1),
B/ = Solliacey = {n’“f d>2(k+1)

and the minimax rate in L?(P).

6. The estimator is adaptive to the local degree of smoothness in practice.

The estimators analyzed in Chapters 2 and 3 of this thesis satisfy all of these properties
(with the anticipated rates of convergence for the Delaunaygram). We look forward
to future work with the hope that all of these properties may be satisfied for orders
k> 2.
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Appendix A

Supplement to Chapter 2

A1 Added details and proofs for Sections 2.1 and
2.2

A.1.1 Discussion of sampling model for BV functions

We clarify what is meant by the sampling model in (1.1), since, strictly speaking, each
element f € BV((2) is really an equivalence class of functions, defined only up to sets
of Lebesgue measure zero. This issue is not simply a formality, and becomes a genuine
problem for d > 2, as in this case the space BV ({)) does not compactly embed into
C°(92), the space of continuous functions on €2 (equipped with the L> norm). A key
implication of this is that the point evaluation operator is not continuous over BV ().

In order to make sense of the evaluation map, z — f(x), we will pick a representa-
tive, denoted f* € f, and speak of evaluations of this representative. Our approach
here is the same as that taken in Green et al. [2021a,b], who study minimax estimation
of Sobolev functions in the subcritical regime (and use an analogous random design
model). We let f* be the precise representative, defined [Evans and Gariepy, 2015] as:

1
lim ——— / f(z)dz if the limit exists
fr(x) = { =0 u(B(z,€) Jpae
0 otherwise.

Here 11 denotes Lebesgue measure and B(z, €) is the ball of radius € centered at x.

Now we explain why the particular choice of representative is not crucial, and any
choice of representative would have resulted in the same interpretation of function
evaluations in (1.1), almost surely, assuming that each x; is drawn from a continuous
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distribution on ). Recall that for a locally integrable function f on €2, we say that a given
point z € (2 is a Lebesgue point of f provided that limgao(fB(x,E) f(z)dz)/u(B(x,¢))
exists and equals f(z). By the Lebesgue differentiation theorem (e.g., Theorem 1.32 of
Evans and Gariepy, 2015), for any f € L'(Q), almost every x € () is a Lebesgue point
of f. This means that each evaluation f*(z;) of the precise representative will equal
the evaluation of any member of the equivalence class, almost surely (with respect to
draws of ;). This justifies the notation f(z;) used in the main text, for f € BV(Q)
and z; drawn from a continuous probability distribution.

A1.2 TV representation for piecewise constant functions

Here we provide result from which Proposition 1 will follow. First we give a more
general definition of measure theoretic total variation, wherein the norm used to
constrain the “test function” ¢ in the supremum is an arbitrary norm || - || on R¢,

TV ) =sup { | f(o)div o) do 6 € CHOR),

(A1)
|lo(z)]| < 1forallx € Q}

Note that our earlier definition in (1.2) corresponds to the special case TV (f; 2, [ - [|2),
that is, corresponds to choosing || - || = || - ||2 in (A.1). In the more general TV context,
this special case is often called isotropic TV.

Proposition 8. Let V;, ..., V, be an open partition of {2 such that each V] is semialge-
braic. Let f be of the form
f=> 61y,
i=1

for arbitrary 6y, ..., 6, € R. Then, for any norm || - || and its dual norm || - ||.. (induced
by the Euclidean inner product), we have

n

el =Y ([ inolae o) -0l

ij=1
where n;(t) is the measure theoretic unit outer normal for V; at a boundary point
t € 0V;. In particular, in the isotropic case || - || = || - ||2,

TV Q- ll2) = > HTHOVNdV;) - [0; — 0]

ij=1

Proposition 8 is a special case of Proposition 3 with dy = 1 and m = n. The proof
of Proposition 3 is given in Appendix B.1.
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Remark 21. The condition that each V; is semialgebraic may to weakened to what is
called “polynomially bounded boundary measure.” Namely, the proposition still holds
if each map r +— H41(0V; N B(0,r)) is polynomially bounded (cf. Assumption 2.2
in Mikkelsen and Hansen, 2018). This is sufficient to guarantee a locally Lipschitz
boundary (a prerequisite for the application of Gauss-Green) and to characterize the
outer normals associated with the partition Vi, ..., V.

A.2 Proofs for Section 2.3

A.21 Roadmap for the proof of Theorem 1

The proof of Theorem 1 consists of several parts, and we summarize them below. Some
remarks on notation: throughout this section, we use ov,, for the constant c; appearing
in (2.18), and we abbreviate || - || = || - ||2. Also, we use C''(€2) and C?(12) to denote the
spaces of continuously differentiable and twice continuously differentiable functions,
respectively, equipped with the L norm.

1. An edge {i, j} in the Voronoi graph depends not only on z; and z; but also on
all other design points x, k # i, j. In Lemma 5, we start by showing that the
randomness due this dependence on xy, k # i, j is negligible,

(log n)(d+2)/d

nl/d )

2
E[(DTV(f;w") = Unver())*] < Mc (A2)

for a constant C' > 0. The functional U,, v, (f) is an order-2 U-statistic,

UnverlF) = 5 3 D21 F(0) = F(a) v ),

i=1 j=1

with kernel Hv,,(z,y) defined by

(o) = [0V 0Vl ] = [ (1= ) P
LNQ

I3

Here L = L,, is the (d—1)-dimensional hyperplane L = {z : ||[z—z| = |ly—z|
and p,(z) = P(B(z, ||x — z||)). (Note that p,(z) = p,(z) forall z € L.)
2. We proceed to separately analyze the variance and bias of U,, vo,(f). In Lemma 6,

we establish that U, vo,(f) concentrates around its mean, giving the estimate,
for a constant C' > 0,

(log n)®
n

Var [Un,Vor(f)] <C ||f||%1(9) (A.3)
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3. It remains to analyze the bias, the difference between the expectation of U,, vo(f)
and continuum TV. Lemma 7 leverages the fact that the kernel Hy,,(z,y) is close
to a spherically symmetric kernel—at least at points z, y sufficiently far from the
boundary of (2—to show that the expectation of the U-statistic U, vo,(f) is close
to (an appropriately rescaled version of) the nonlocal functional

y—x
en(fh) = [ [ 150 = sl (P @ dyas,
aJa e(z)
for bandwidth (z) = (np(z))~Y/9, weight h(x) = (p(z))@*/9, and kernel
Kyor(t) defined in (A.10). Lemma 8 in turn shows that this nonlocal functional
is close to (a scaling factor) times [, ||V f||. Together, these lemmas imply that

lim E[Unvor(f)] = ovor / IV £ ()] da. (A5)

n—0o0

Combining (A.2), (A.3), and (A.5) with Chebyshev’s inequality implies the consistency
result stated in (2.18). In the rest of this section, across Sections A.2.2—-A.2.4, we state
and prove the various lemmas referenced above.

A.2.2 Step 1: Voronoi TV approximates Voronoi U-statistic

Lemma 5 upper bounds the expected squared difference between Voronoi TV and the
U-statistic U, vor(f)-

Lemma 5. Suppose x1.,, are sampled independently from a distribution P satisfiying A1.
There exists a constant C' > 0 such that for all n € N sufficiently large, and any

feCci(Q),

(log n)(@+/d

ni/d

E[(DTV(f,wV) . Un,ng(f))2i| < CHfHCq(Q)

Proof of Lemma 5. We begin by introducing some notation and basic inequalities used
throughout this proof. Take £y = (logn/n)'/?. Let B,(z) := B°(z, ||z — z||) denote
the open ball centered at z of radius ||z — z||, and note that by our assumptions on p,
we have p,(z) := P(B,(z)). We will repeatedly use the estimates

Pmin
>
pa(2) 2 55

pallz — 2%,

pg:}n Md’

(1= pa(2))" < exp(—cinf|z — 2[|).

and therefore for ¢; =
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It follows by Lemma 18 that for any constants a, ¢ > 0, there exists a constant C' > 0
depending only on a, ¢ and d such that

Vo (Wl <Ca) |
[ a-aner<o(HEAS S, L),

We will assume n > 8, so that the same estimate holds with respect ton — 4 >
n/2. Finally for simplicity write A(z;, z;) = |f(z;) — f(2;)|(H*(0V: N OV;) —
HVor(xivxj))-

We note immediately that, because 1., are identically distributed, it follows from
linearity of expectation that

E[(DTVvor(f30") = Unvenl )] = (Z)]E[(A(x1,x2))2]

n (Z)]E[A(xl,xg)A(m,fs)}

N (Z)E[A(wl,xg)A(xg,ﬂMﬂ

= (y)n+ () ()n

We separately upper bound |7} | (which will make the main contribution to the overall
upper bound) and |75| and |7}| (which will be comparably negligible). In each case,
the general idea is to use the fact that the fluctuations of the Voronoi edge weights
HI=1(dV, N OV,) around the conditional expectation Hyq, (1, 72) are small unless z;
and x4 are close together.

Upper bound on 77. We begin by conditioning on x;, 9, and considering the
conditional expectation

E[(A(x1, %)) a1, 23] = [f (1) = f () |*Var(HH(0V1 0 OVa) |2y, ).

By Jensen’s inequality,

Var(HH 0V N OVa) |z, 20) < HEH (LN Q)/ Var (1{P,(By,(z)) = 0}|z1) d=

LNQ

=H"HLNQ) / (1- pxl(z))(n_Q) dz

LN

L 1
= C(Wl{nxl —x9|| < Ceo} + E)
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Taking expectation over z; and z, gives

1181 @ e
T1§C<(d—1(/d)//|| —yl*1{llz —yll < Ceo}dyda ++(>)

d+2
1F 1121 g2 >+ HfHLoo(Q)>
nld-1)/d np

<||f||cl o) (log ) +2)/¢ N ”fH%oo(Q))

n(2+1/d) no

<c(

Upper bound on T>. Again we begin by conditioning, this time on x;.3, meaning
we consider

E[A(zy, 22) A2, 23)|21:3]
= 1 (e2) = (@1 (1) = Flzs) Cov [H (@Vi N 9Va), 1~ (0V; M 9Vl

We begin by focusing on this conditional covariance. Write L = {z € Q : ||z — x4|| =
|z — 2|} and likewise L' = {z € Q : ||z — 21]| = ||z — x3||}. Exchanging covariance
with integration gives

Cov[H OV NOVL), HT 1 (9V4 N OV3)|1:5]

< [ [ [CovTH{PABA ) = 01 1P ) = 0}irra] | '

(n—3)
// pxl +px1( )> dzdz'
+ / / (1= pz(2)) ”‘3)(1—px1(z’))<"—3> dz' dz
1 1 1
= C( —am7a Hller — 22| < Cep} + ﬁ) (ml{“xl ~ | < Ceod + ﬁ)

—1 1
= C( sy Hller — 2| < Ceo}1{flay — wsll < Ceo} + $>

(A.6)
The 1nequa11ty (1) follows first from the standard fact that for positive random variables
[X,Y]| <E[XY]+ E[Y]E[X], and second from the upper bound

(n—=3)

B[P (B () = 0} 1B () = 0}] < (1= P(Ba,(2) U B, ()

z 2\ )
- (1_P(Bm( >)+2P(Bx1< ))) |
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Taking expectation over z.3, we have

1412
72 < (s [ [ [ b= ullle = <118l ol < Cahi{lle - #1 < Cea) dy o

2(d— 1)/d
1f117
N +<ﬂ>>
n

2(d+1
< oM™ 1l
- ( n2(d-1)/d - nd >
Il oy (08 ) 0 (1
~cf : L
n n

Upper bound on T3. Again we begin by conditioning, this time on 1.4, so that

E[A(zy, 22)A(xs, 24)|21.4]
= |f(@1) = f@2)llf (25) = f(22)|Cov [HHAVE NOV2), HTH(OV5 N OVA) ]

Write L = {z € Q : ||z — x1]| = ||z — 22|} and likewise L' = {z € Q : ||z — x3| =

Cov [HH(0V1 N OVy), H 0V N OV, |214]
- /L 7 COV[l{PTL(Bm(z)) = 0}, 1{Pn(Bx3(Z/)) = 0}|231:4] ds d=

We now show that this covariance is very small unless z; and 3 are close. Specifically,
suppose ||x; — x3]] > £¢. Then either ||z — z1|| > &¢/3, or |2/ — x3]| > &o/3, or
By, (2) N B, (2') = 0. In either of the first two cases, we have that

‘COV[l{Pn(B:cl(Z)) =0}, {Pu(By, (7)) = 0}|x1;4]

< 2exp(~22 (0 — &)l — 2[) exp(=E5 (0 — 4) s — ]1*)}
Pmin O
<2 — —4 < —
exp(~22 (n — a)ef) < &
In the third case, it follows that P(B,,(2) U B,,(2')) = psy(2) + pas(2). Assume

x3, 14 € By, (2), and likewise x1, 79 §Z B,.(%'), otherwise there is nothing to prove.
We use the definition of covariance Cov[X, Y] = E[XY] — E[X]E[Y] to obtain the
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upper bound,

Cov[1{P(By, (2)) = 0} 1{Pu(Bry () = 0}ra] |
= (1= (2 (2) + 2y ()Y = (1= Py ()71 = iy ()

— _ P (n—4) (1 _ P (n—4) - pm(z)pm(z) (n—4)_
= (@) (- e S )

< (1= Py (2)) "7 (L = Py () VP, (2)pag (2)0
Pmin

Pmin
< Pkt exp(=5 (1 = 4) [y — 2[|*) exp(=5E (0 = D)y = 2[|%) s — 2]y — /|
< Cexp(=E2 (n — )y — 2I|) exp(—220 (n — 4) |22 — 2[[*)ei'n

Integrating over z, 2/, it follows that if ||z, — x3]| > £, then

[Cov [H*1(0VA 1 9Va), MO0V N 0V

2d
€o

(d—2)/d

1
< O( =l Ullan = wall < O}ty — | < Coo} + —).
Otherwise ||z — z3|| < €, and using the same inequalities as in (A.6), we find that

(Cov [H1(9Vi N 0Va), HH(0V5 1 OVi) ]

1_ 1
< C<n2(d_1)/d 1{H$1 — .1'2” < 080}1{”.1'3 — 56'4H < Cgo}{Hxl _ l‘g” < 50} + ﬁ)

Taking expectation over x4, we conclude that

n<o( T [ ey

x Wz —yll < Ceo}l{||lh — 2| < Ceo} dhdzdy du

+ Wl L[] e =tin =)

x |z —y||C < eo}1{||h — z|| < Cey, ||x — h|| < &0} dhdzdydx

N HfH%OO(Q))
n5

< C(Hf”cq )0 4d+2 n Hf“cvl(g gatt? Hf”%oo(ﬂ))
= n(d—2)/d n2(d-1)/d n®
:C<Hchl o) (log ) (44+2)/¢ . ||f||%°°<ﬂ))

nd nd .

Combining our upper bounds on 7}-75 gives the claim of the lemma. [
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A.2.3 Step 2: Variance of Voronoi U-statistic

Lemma 6 leverages classical theory regarding order-2 U-statistics to show that the
Voronoi U-statistic U,, vo, (f) concentrates around its expectation. This is closely related
to an estimate provided in Garcia Trillos et al. [2017], but not strictly implied by that

result: it handles a specific kernel Hy,, that is not compactly supported, and functions
f besides f(x) = 1{z € A} for some A C Q.

Lemma 6. Suppose 1., are sampled independently from a distribution P satisfiying Al.
There exists a constant C' > 0 such that for any f € C*(Q),

(logn)?®
n

Var [Unver (/)] < CEEL £, 0 (A7)

Lemma 6 can be strengthened in several respects. Under the assumptions of the
lemma, better bounds are available than (A.7) which do not depend on factors of
log n. Additionally, under weaker assumptions than f € C(2), it is possible to obtain
bounds which are looser than (A.7) but which still imply that Var [Un,\/or( f )] — 0 as
n — 00. Neither of these are necessary to prove Theorem 1, and so we do not pursue
them further.

Proof of Lemma 6. We will repeatedly use the following fact, which is a consequence
of Lemma 18: there exists a constant C' > 0 not depending on n such that for any
x,y € €,

) < [ exp(=(pn/2d) = 211) d e
N 8

! 1
: C<W1{llx —y|l < Ceo} + ﬁ)

Now, we recall from Hoeffding’s decomposition of U-statistics [Hoeffding, 1948] that
the variance of U, vo,(f) can be written as

Var[Upvor ()] = i(n(n — )WVarlh(zy, 22)] + n(n — 1)(n — 2)Var[h1(:c1)]) (A.9)
where h(z,y) = |£(z) = £(4)| Hvor(w, y) and b (x) = E[(w1, 22)]a].

We now use (A.8) to upper bound the variance of h and h;. For h, we have that
Var[h(z1, 25)] < E[R? (21, 22)]

2
< el e / / ly = 212 (Hyor (. ))? dy da
1

nt

1
< C||f\|%1(m<m | [ l=alP1ile =l < Ceady o +

3d)| £112 ”f“%“(ﬂ)
<Ol e’ lfler ) + A )

)
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For h;, we have that for every x € (),
@) < 7 leriopns [ 1y ol Hven(y,2) dy
Q
1 1
< Cllfleven (| v =l =l < Coupdy+ =
1
<Clfllerey | e’ + = )-
n

Integrating over = € (), we conclude that

Var[hy (z1)] < E[(h1(21))*] < C|[ fl1 210 ( o'+ %)

Plugging these estimates back into (A.9) gives the upper bound in (A.7). O

A.2.4 Step 3: Bias of Voronoi U-statistic

Under appropriate conditions, the expectation of U, vo:(f) is approximately equal
to (an appropriately rescaled version of) the nonlocal functional (A.4) for bandwidth

ey (z) = (np(x)) Y4, weight (p(z)) @Y/, and kernel

o0 2 d/2
Kyor(t) :/ exp<—ud{ 1 + s } >3d2 ds. (A.10)
0

Lemma 7. Suppose x1., are sampled independently from a distribution P satisfying Al.
Forany f € C'(),

Nd—2 (10g n)3+1/d
E[Unvor(f)] = n(d“)/dT-TVa(l),Kvor (f;ij(d—&-l)/d)—f—O (Tnfncl(m .

Proof. We will use Lemma 17, which shows that at points =,y € (2 sufficiently far
from the boundary of (2, the kernel Hy,,(x,y) is approximately equal to a spherical
kernel. To invoke this lemma, we need to restrict our attention to points sufficiently
far from the boundary. In particular, letting 2~ = h,, be defined as in Lemma 17, we
conclude from (A.82) that

/ / f(y ) Hvor (2, y)p(y)p(x) dy da: =
/Qh/ £l )| Hvor (2, y)p(y)p(z) dydfr+0(%||f!|cl<m>a (A.11)
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where we have used the assumption f € C*({2) and (A.82) to control the boundary
term, since

/ /|f z)|Hyor (7, y)p(y)p(x) dy dx
0\Q,
Cspmata—2ll fller @ |y — ||
< — || Kvor dyd
- nld-1/d /Q\Qh/g”y 7l Cyntra ) Y

@) C5C D2y o fllera
P <>/ / | Kvor (|1 ])) dh ez
o\Q, JRre

n2

(i) (d+1)/d_2 oM >
< C3Cy " Pmaxtla—2Md-11 fllor () / / t? Kvyor(t) dt daz
O\Qy,

n2

(A.12)

(Zi) Cllfllere
< =
< Chl| fllcr

n2

CANTY

where (i) follows by changing variables h = (y — x)/Csn'/%, (ii) by converting to
polar coordinates, and (iii) upon noticing that [;~ t* Ky, (t) < oc.

Returning to the first-order term in (A.11), we can use (A.81) to replace the integral
with Hy,, by an integral with the Voronoi kernel Kv,,. Precisely,

/Qh / £ (y) = f(@)| Hyor(, y)p(y)p(2) dy dz

/d/ /!f \Kvor<||x€(1)yl|)p(y)(p< )" dy do
+O( //\f |dydx)

( logn)? //If {Hx—y\l <C(logn/n)l/d} dyda:)
7zidf/d/ /’f \Kvor<”x€;)y”)p(y)(p( ) dy de

Il (g
ro(Mhge , B8 ey

_ (de/d//’f |Kvor<%)p(y)(p<x))l/ddydx

<||f||01 (logn)* /¢ h||f||0—1(“))
n2

n3 n2+1/d Hf”cl(ﬂ) +

(A.13)

Y
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with the second equality following from the upper bound (A.39), and the third equality
from exactly the same argument as in (A.12). Finally, we use the Lipschitz property of
p to conclude that

| [ 1w |Kv0r(”i;)y”)p<y><p< o)y da
-/ / 16) = ol () o) ayan + o (L),

(A.14)

since

//If IKvOr(||Is<1)yH>\p(y) — p(a)| (p(x)) " dy do

I‘_
< llovntls | [ o=t Ker (F=2) g

f 1( pmax
<cl '/' [ 1l Rl dn

n(2+d)/d

_C“f”(’l(”pma"”d 1// 1 Kvor (1) dt dx

/dn(2+d )/d

||f||cl(Q
<C n2td)/d ’

with the last inequality following since [~ t**! Ky, (t)dt = C' < oo. Combin-
ing (A.11), (A.13) and (A.14) yields the final claim. 0

Finally, Lemma 8 shows that the kernelized TV TV, x(f; €, h) converges to a
continuum TV under appropriate conditions.

Assumption A2. The bandwidth ¢(x) = &,,g(x) for a sequence &,, — 0 and a bounded
function g € L>(€). The kernel function K satisfies [~ K (t)t*™ dt < co. The weight
function h € L>(£2).

Note that Assumption A1l implies that Assumption A2 is satisfied by bandwidth
£(1), kernel Ky, and weight function h = p(@+1/2,

Lemma 8. Assuming A2, for any f € C?*(9),

lim (£,) YTV ke (f; 2, h) =UK/QHVf(fC)IIh(ﬂﬁ)(Q(ﬂf))d+1 dx (A.15)

n—oo

where

_ 2Na—2 > d
O = - 1)/0 K(t)t* dt. (A.16)



Appendix A. Supplement to Chapter 2 107

Proof. The proof of Lemma 8 follows closely the proof of some related results, e.g.,
Lemma 4.2 of Garcia Trillos and Slepcev [2016]. We begin by summarizing the major
steps.

1. We use a 2nd-order Taylor expansion to replace differencing by derivative inside
the nonlocal TV.

2. Naturally, the nonlocal TV behaves rather differently than a local functional
near the boundary of 2. We show that the contribution of the integral near the
boundary is negligible.

3. Finally, we reduce from a double integral to a single integral involving the norm

VAL
Step 1: Taylor expansion. Since f € C?({2) we have that
fy) = f@) = V(@) (y — 2) + O flcxally — =[I*)-

Consequently,

—z
Vel 00 = [ [ (19107 = 0+ 0l lewa) i (P Y e
QJo e(x)
We now upper bound the contribution of the O(||y — x||?)-term. For each x € 2,
ly —$||2>
y—u K(— d
[ =t (M
< Clea(x)|"*? /Rd Iz K (lI2]1) dz < Clea(2)]** < Clea(x)|**?,

with the final inequality following from the assumption fooo tH K (t) dt < oo. Inte-
grating over (2 gives the upper bound

[ [ osenat -ty (Mo o) dyas = oG ezt

recalling that h(x), g(x) € L>(Q).

Step 2: Contribution of boundary to nonlocal TV. Take » = r, to be any
sequence such that r,, /&, — oo, r, — 0. Breaking up the integrals in the definition of
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nonlocal TV gives

[ v ok (M n o

- [ [vrere- >|K(”y i) dya

(z
g

= Il +[2+Ig

Now we are going to show that I, and I3 are negligible. For /5, noting that r /e(xz) — oo
for all x, we have that for any x € (2,

v @) - oK (=2 gy ay
/Rd\sz < e(x)

< 1 K — x|l d
= HfHC () /Rd\Q < 8([1)) Hy H Yy

< I\fllcwm(e(ﬂf))lf IZI[E (=) d=
RNB(0,r/e(x))

o0

(1)
2 Ollfllor e (e (@) // N PR dit

D o([1f e @y (@)™,

where (i) follows from converting to polar coordinates and (ii) follows by the as-
sumption [ t*™ K (t) dt < occ. Integrating over z yields I = o(|| f||c1(n)gi™!), since

h,g € L>(Q).

On the other hand for I3, similar manipulations show that for every = € (2,

Yy —
vt (=) ay < ciflon e
Noting that the tube 2 \ €, has volume at most C'r, we conclude that

Is < Cll flleriey (@)™ u(@\ Q) < Crllfllere (@)™ = o[l fler((2))),

with the last inequality following since r = o(1).
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Step 3: Double integral to single integral. Now we proceed to reduce the double
integral in /; to a single integral. Changing variables to z = (y — z)/e(x), converting
to polar coordinates, and letting w(x) = V f(x)/||V f(x)]],

[ s -0 (o) g
= ) [ A AR el
= ety ([ wrrelan ) ([T ewa)
= vl ([ ot olaw) ([T e )
— eI ( [ o) ([T erwa)

= 0le(@) IV (@),

with the second to last equality following from the spherical symmetry of the integral,
and the last equality by definition of 0. Integrating over = € (2, gives

R / IV £(2) () (g()) " dx
— gyt / IV 7 @) h()(9(2)H dz + (e Fller ),

with the second equality following from the same reasoning as was used in analyzing
the integral /.

Putting the pieces together. We conclude that
(2,) YTV, (f;Q,h)

_(z d+1>// IV f(z )|)>K<“y€(_x;c”)h(x)dydx

+OEfllc2e)

_(z d+1>/ /R IV f(z )|))K(”y€(_x§”“)h(x)dydx

+ 0@ fllox@) + o[ fllor)
oo /Q/Q IV @) Ih(x)(g(2)** da + OEall fllez) + olllfllere)

completing the proof of Lemma 8. [



Appendix A. Supplement to Chapter 2 110

A.3 Sensitivity analysis for Section 2.4

In Section 2.4, we chose the scale k, € in the k-nearest neighbor and e-neighborhood
graphs to be such that their average degree would roughly match that of the Voronoi
adjacency graph, and we remarked that mildly better results are attainable if one
increases the connectivity of the graphs. Here, we present an analogous set of results
to those found in Section 2.4, where the average degree of the k-nearest neighbor and
e-neighborhood graphs are roughly twice that of the graphs in Section 2.4. All other
details of the experimental setup remain the same.

* In Figure A.1, the estimates of TV by the k-nearest neighbor and e-neighborhood
graphs approach their density-weighted limits more quickly than in Section 2.4,
with slightly narrower variability bands.

* In Figure A.2, we see that e-neighborhood TV denoising is now competitive with
k-nearest neighbor TV denoising and the unweighted Voronoigram for the “low
inside tube” setting. In the “high inside tube” and uniform sampling settings, the
performance of k-nearest neighbor TV denoising improves slightly.

As previously remarked, the Voronoigram has no such auxiliary tuning parameter,
so the weighted and unweighted Voronoigram results here are the same as in Sec-
tion 2.4. We also note that with greater connectivity in the k-nearest neighbor and
e-neighborhood graphs comes greater computational burden in storing the graphs,
as well as performing calculations with them. Therefore, it is advantageous to the
practitioner to use the sparsest graph capable of achieving favorable performance.
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Figure A.1: Results from the TV estimation experiment, with greater connectivity in the
kNN and c-neighborhood graphs. Compare these results to those in Figure 2.3.
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Figure A.2: Results from the function estimation experiment, with greater connectivity in
the kNN and e-neighborhood graphs. Compare these results to those in Figure 2.5.
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Figure A.3: Visualization of the Voronoi, kNN, and -neighborhood graphs, with greater
connectivity in the latter two graphs. (The Voronoi graph does not have such an auxiliary
tuning parameter.) Compare these graphs to those in Figure 2.4.
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Figure A.4: Extrapolants from graph TV denoising, with greater connectivity in the kNN
and e-neighborhood graphs. Compare these results to those in Figure 2.6.

A.4 Proofs for Section 2.5

A.4.1 Proof of Theorem 2

From (2.29), in the discussion preceding Lemma 3, we have

Ellf — foll32p) < E[Knllf - fO”%?(Pn)] +2E| fo — follZ2(p); (A.17)

where
K, = 2pmaxn - <.£r11ax u(Vi)).

The second term is bounded by Lemma 3. We now outline the analysis of the first term.
As in the L?(P,) case we will decompose the error into the case where the design
points are well-spaced and the case where they are not. This is formalized by the set
2 = 21N Zs,, where 27, 25 are defined in Appendix A.6. z1., falls within this set
with probability at least 1 — 3/n%, and notably on this set,

max u(V;) < Cylogn/n
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for some C; > 0, since 25 is the set upon which the conclusion of Lemma 15 holds.
We proceed by conditioning,

E[Kulf = foll3scr, |

= 2 <E [Eupe [maxp(V)]10 = 6oll3] Harn € 2]

+ By By [max p(V)0 — 60l3] 1orn ¢ 27} )

(A.18)
Using the fact that 2., € 2, the first term on the RHS of (A.18) may be bound,

E.je |max (V)10 — 603 | 1{wrn € 2}
1 4
< Cy(logn) E., {5”9 - 90||g} Az € 2} (A19)

M| D6 log®
1D, "),
n n

< Cy(logn) < (A.20)

where the latter inequality is obtained by following the analysis of Lemma 1. For
the second term on the RHS of (A.18), we apply the crude upper bound that p(V;) <
w(Q) =1foralli =1,...,n. Then apply (A.59) to obtain,

E.po [mosc (V9 = 60l 1{enn & 2)
<E.. [16H21:n‘|§ + 2>‘”D90H1} Haw ¢ 273 (A21)
= (16n + 2X|| Db ||1) {210 & 27}

(161 + 4n°X||0o] oo |l 00) w1 & 27}

<
< (16n + 4n®A||0o]| o) {210 & 27, (A.22)

where we also use crude upper bounds on the discrete TV. Substitute (A.20) and (A.22)
into (A.18) to obtain,

p 1 E|D 1 1+a
E Kan - f()”%z(pn)] < 03 (( Ogn))\ H 90” + (Ogn) + )\ﬂQ]P){$1;n Qz %})
n n

14+«
< o, (UsmlBIDNL g™, 2)

n n n?

3/2+« 1+«
<C (aTn(logn) E|| D6, || N (logn) ) 7

(A.23)
n n

where in the final line we have substituted in the value of A = co7,(logn)'/?*. Apply
Lemma 2 to (A.23) and substitute back into (A.17) to obtain the claim. O
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A.4.2 Proof of Theorem 3

To establish the lower bound in (2.24), we follow a classical approach, similar to that
outlined in [del Alamo et al., 2021]: first we reduce the problem to estimating binary
sequences, then we apply Assouad’s lemma (Lemma 9). This results in a constrained
maximization problem, which we analyze to establish the ultimate lower bound.

Step 1: Reduction to estimating binary sequences. We begin by associating
functions f, with vertices of the hypercube O = {0, 1}*, where S C [m]? for some
m € N. To construct these functions fy, we partition €2 into cubes,

1
Qi=—(iy — 1,i1) X -+~ x —(ig — 1,iq), fori € [m]<,
m (i1 i1) . (iq iq) ori € [m)]

and for each f € Og take fy to be the piecewise constant function

fo(z) :=a- Z 0;1¢,(z), (A.24)
icS
where 1, (z) = 1(x € ;) is the characteristic function of );. Observe that for all
0 € Og, letting € := 1/m,

TV(fg) < 2da|S\ed_1, and HngLoo(Q) < a. (A.25)

So long as the constraints in (A.25) are satisfied {fy : € ©g} C BV (L, M), and
consequently

CL2€d -~
inf E
inf max op(0,0),

inf Sup Efo”f—fomﬁ(m > if%fgrel%};EGHf—faH%%Q) 2 1

f fOGBVoo(LuM)
(A.26)

where p(0,0') = Y _._¢|0; — 0;| is the Hamming distance between vertices 6,0’ € Oy.

The second inequality in (A.26) is verified as follows: for a given f, letting

1, if f(x) dx > a/2,
i — Qi
0, otherwise,

)

it follows that
If = follzep) = Z If = follZ200,)

i€[m]d
> N = follzo
€S
2. .d
> = > 10 A 6.

€S



Appendix A. Supplement to Chapter 2 116

Step 2: Application of Assouad’s lemma. Given a measurable space (Z,.4), and
a set of probability measures M = {p : € Og} on (Z,.A), Assouad’s lemma lower
bounds the minimax risk over ©g, when loss is measured by the Hamming distance

p(8,6) = Y ics |0; — 6;|. We use a form of Assouad’s lemma given in Tsybakov [2009].

Lemma 9 (Lemma 2.12 of Tsybakov [2009]). Suppose that for each 0,0 € Og :
p(0,0") = 1, we have that KL(jug, per) < av < 0. It follows that

inf sup ]Egp(é\, 0) > @ max(% exp(—a), (1 — \/a/Z)).

0 0€Og

To apply Assouad’s lemma in our context, we take Z = (2 x R)®", and associate

each 0 € Og with the measure uén), the n-times product of measure e = Unif(Q2) x

N(fo(x),1). We now upper bound the KL divergence KL(,ué"), or ) when p(0,0') = 1;
letting i € S be the single index at which 6; # 6,

KL(f1g, o) = /WRlog (%) oy — folz)) dy dx

(St -

(S

and it follows that KL(,uén), ugf)) < ne?a?/2. Consequently, so long as (A.25) is

satisfied and
neta?
<1,
2

we may apply Lemma 9, and deduce from (A.26) that

R ) a2l a’ed|S|
inf  sup  Egllf = follf2) = mfmaXEeP(e 0) 2 16 exp(1)’

— (A.27)
F fo€BVoo(L,M) 4 3

Step 3: Lower bound. The upshot of Steps 1 and 2 is that the solution to the
following constrained maximization problem yields a lower bound on the minimax
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risk: letting s = |S

5

2.d

i a‘e’s
maximize —_—
16 exp(1)
subject to 1<s< e‘d,
L
1 o
ase™ < o,
a<M,
2 d
naet
Setting a = M,e = (%)Vd, and s = ﬁe_(d_l) is feasible for this problem if
QdM(MT%)_@ < L < 2dM(MTZ”)1/d, and implies that the optimal value is at
least #;?WLM (M?n)~"/4, This implies the claim (2.24) upon suitable choices of
constants. [

A.4.3 Proof of Lemma1l

In this proof, write 0y := (fo(x1), ..., fo(xn)) and E.;[-] = E[-|z1.,]. We will use D
to represent the modified edge incidence operator with either clipped edge weights or
unit weights; the following analysis, which uses the scaling factor 7,,, applies to both.
Let

X =21NZs, (A.28)

with 27, 25 as in Section A.6. By the law of iterated expectation,

1 -~ 1 ~
B[ 110 ulE] = B [Bae[310- ] - 1o € 2}
1 (A.29)

We now upper bound each term on the right hand side separately.

For the first term, we will proceed by comparing the penalty operator D to the
averaging operator (A.63) and surrogate operator 7" corresponding to the graph (A.64).
By construction z1.,, € £ implies, for (&, ux) the kth singular value/left singular
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vector of T', that

A > Cio7,(logn)t/?+

%

5
k=2 i
®o(D, T, A) - 0\/210gn},

where the latter inequality follows from combining (A.60), (A.61) with (A.65), (A.66) in
the clipped weights case, or (A.67), (A.68) in the unit weights case, for an appropriately
chosen (. We may therefore apply Theorem 8 with D, T', and A, which gives

> max {8 max Co|'?®1 (D, T, A) - o, | log 2n* -

1 -~ N[ D6, log®
E., [—||9—90||§] arm € 2} < (J( 1Dl log ”) (A.30)
n n n
On the other hand, to upper bound the second term in (A.29) we use (A.59),
1 ~ 16||z1.112 2X\|| D6
Bupe [0~ 03] - 1 g 2} < B [Pl AP 4y, gy
2| D6
< (16 + M)l{xm ¢ 2.
(A.31)
Substituting (A.30) and (A.31) into (A.29), we conclude that
1 ~ AE|| D6, log®
E[—H@ — Qo”%} < C'( [ Dboll: + o8 I + P(x1., & %))
n n n
< C(AEHDQOHI N log n)
n n
log n)'/2**E|| D log”
_p(onlon EIDA gty
n n

with the second inequality following from Lemma 13, and the equality from the choice
of A = Cyo7,(logn)l/?*e, O

A.4.4 Proof of Lemma?2

We prove the claim (2.27) separately for the unit weights and clipped weights case
(recall that they differ by a scaling factor 7,,. We will subsequently abbreviate f := f
and use the notation DTV( - ; w®"") to denote the e-neighborhood graph TV, having
sete =r.
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Unit weights

Our goal is to upper bound
E|DTV (f(ara); @) | = n(n = VE[|f(z) = f(e) 1{H (VN T) > 0}].

By conditioning, we can rewrite the expectation above as

P / / @) — @)y, {HE (Vo Ty) > 0} dydr,  (A33)
QJQ

where V, = {z : ||z — 2|2 < ||z — ]| Vi = 2,3, ..., n}, and likewise for V. Note that
V, and V,, are random subsets of R4.

We now give an upper bound on the probability that the random cells V, and V,,
intersect on a set of positive Hausdorff measure, by relating the problem to uniform
concentration of the empirical mass of balls in R?. The upper bound will be crude,
in that it may depend on suboptimal multiplicative constants, but sufficient for our
purposes. Define (V) := sup{||z — z|| : z € V,}. Observe that if ||y — z| >
r(Vz) +r(V,), then V, NV, = (, since for any z € V,, by the triangle inequality

{lz=yl = lly —=ll = llz =2l > r(V})} = {= € Vi, };
therefore
R (Ve V) > 0} = {lly — ol < r(Va) +r(Vy)}-
Now, choose z € V,, for which ||z — z|| = r(V},). Observe that the ball B(z,r(V,)/2)

must have empirical mass 0, i.e., B(z,7(V,)/2) N {z3,...,2,} = 0 (indeed, this same
fact must hold for any r < r(V},)). Therefore,

P, {r(Vy) >t} < Px&n{ﬂz : B(z,t/2) N {xs, ..., x,} = @}.

It follows from Lemma 14 that if ¢,, 5 = c¢((dlogn + log(1/4)) Y4 1o, where to is a
constant not depending on n, d, then

P, {3z : B(z,tns/2) N{xs,...,z,} =0} <o.

Summarizing this reasoning, we have
Py {H (Vo1 V) > 0} < Py {lly — 2l < 7(V2) + (V) |
< Puy, {ly = 2ll < 20(Va) } + Pa, { Iy — 2l < 2r(V;) }
<Po {320 1BC o =yl /) N {s, oo} = 0}
+ Poy {32 1Bz, o = yll/4) O {as, w0} = 0}

- 2, if ||z — yll2 < 2,5,
— | 29, otherwise.
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Setting 6, = n~(@*1)/4 and plugging this back into (A.33), we conclude that if t,, 5, < to,
then

E[DTV(f(;cln) wV)

< 2n(n—1) //yf (1{||x—y|!<2tn5n}+25)dyda:

(A.34)

<BEDTV(fiws )] + 2 [ [ 1)~ o)l dyde. (a39)
aJa

Note that since lim, . t,s, = 0, the condition ¢, 5, < t; will automatically be
satisfied for all n sufficiently large.

We now conclude the proof by upper bounding each term in (A.35). The first term
refers to the expected e-neighborhood graph total variation of f when e =t,,5,, and
by (A.39) satisfies

EDTV,.t, ()] < Cn®(ts,) " TV(f;2) < Cn' =Y log n) TV ().

The second term above can be upper bounded using a Poincaré inequality for BV(£2)
functions, i.e.,

//|f ]dydx<2/]f F(2)] dz < CTV(f;9).
Plugging these upper bounds back into (A.35) yields the claimed result (2.27) in the
unit weights case. ]
Clipped weights

We now show (2.27) using clipped weights. Our goal is to upper bound

E[DTV (f(xlm); wv)]
= n(n— E||f(a1) = f(z2)
max{con” Y/ AL{HITH VLN VL) > 0}, HEL (VN TR) Y.

By conditioning, we may rewrite the expectation above as

Vo [ [ 170 -

X Egs., [max{con_(d_l)/dl{ﬂd_l(‘_/x nV,) >0}, H" V., N V) }H dy da,
(A.36)
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where V, = {2z : ||z — || < ||z — ;|| Vi = 2,3,...,n}, and likewise for V. Note
that V,. and V), are random subsets of R?. We now focus on controlling the inner
expectation of (A.36). Upper bound the maximum of two positive functions with their
sum to obtain,

o | max{egn ™ VLHT (V0 V,) > 0}, MOV 0 T))]

< con”CVAP{HENV, N V,) > 0} +E [HTH (V. N V)]
(A.37)
We recognize the first term on the RHS of (A.37) as having already been analyzed in
the unit weights case; we now focus on the second term. The latter “Voronoi kernel”
term may be rewritten,

E,,. [H(V,NT,)] = /L = pe)

where L = {z : ||z — z|| = Hy — z||} and pm( ) = P(B(z,||x — z||)). Observe by
Assumption Al that p,(z) > py 4, and therefore

| =l < expl—enlle — 2],
for some ¢ > 0. Apply Lemma A.16 with a = 2 to therefore bound,

1 - Hllz — < Cy(logn/n)Y/
£ (0] <0 (M =A EClomnia ) L 1y

for constants C', C'y > 0. Substitute (A.38) into (A.37) and (A.36) to obtain,

E[DTV (f(z1m); w)]

< Prax //If <cn VP {H(V, N V,) > 0}

_ < 1/d
+ ¢, Mz =il < Callogn/m)} | )@M
n

nld-1)/d
< PhraxCon” VIR [DTV(f (21); 0]
+ p?naxc n-(d=1/dg [DTV(f(m1:n>; weeCz(logn/n)l/d)]

hCr [ [ 150) = 1@ dy da

:T1+T2+T3.
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We bound each of the terms above in turn. The first term appeals to (2.27) in the unit
weights case, which we have already proved.

T1 = p?naXCOTli(dil)/d]E [DTV(f(QJln), 'UVJV)}
< an—(d—l)/dn(d—l)/d(log n>1+1/d TV(f)
= Cs(log n) 4TV (f).

The second term refers to the expected e-neighborhood graph total variation of f
when ¢ = Cy(log n/n)"/?, which by (A.39) satisfies,

Ty = Pl Cin™ VIR [DTV (f(:vl n); w“—@(logn/n)l/dﬂ

< Cyn~ /A2 (Jog n/n) VATV (f)
< Cylogn) TVITV(f).

The third term can be controlled via the Poincaré inequality,

ngpiaX01//|f<y>—f+ f (@)l dy do
< 05/ |f(x ﬂ dzx
< CsTV(f
where f := f, f [

e-neighborhood and kNN expected discrete TV

Lemma 10. Under Assumption A1, there exist constants c, Cy,Cy > 0 such that for all
sufficiently large n and f, € BV(Q),

* The e-neighborhood graph total variation, for any € > 0, satisfies

E[DTV ( Fo(Trm; ws))} < Cin2e TV (fy). (A.39)

* The k-nearest neighbors graph total variation, for any k € N, satisfies

JE[DTV (fo(xl:n; w’f)ﬂ < Cy (R YR/ L n? exp(—ck)) TV(fo).
(A.40)

Proof.
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e-neighborhood expected discrete TV. This follows the proof of Lemma 1 in
Green et al. [2021a], with two adaptations to move from Sobolev H?(2) to the BV (2):
we deal in absolute differences rather than squared differences, and an approximation
argument is invoked at the end to account for the existence of non-weakly differentiable

functions in BV(£2).

Begin by rewriting,

E | > If(z:) = flz)] - Yl — ]l < 6}]

o w2 1o - oo (B |

(A.41)

where X and X' are random variables independently drawn from P following As-
sumption Al and K (t) = 1{t < 1}. Now, take €' to be an arbitrary bounded open set
such that B(z, c¢y) C ' forall z € Q.

For the remainder of this proof, we assume that (i) f € BV (€Y') and (ii) || f|| pv () <
C'|| f|| Bv(q) for some constant C’ independent of f. These conditions are guaranteed
by the Extension Theorem (Evans, 2010; Section 5.4 Theorem 1), which promises an
extension operator £ : W1P(Q)) — WHP(Q) (take p = 1 and the BV case is established
through an approximation argument). We also assume that f € C*°(2), which is
addressed through via an approximation argument at the end. Since f € C'*(Q2), we
may rewrite a difference in terms of an integrated derivative:

f@) = f(z) = /0 Vi -+t —)" (2 —2)de. (A.42)

It follows that

B |1x) - reol (=20

3

2 ) — f(r ||:E/_:B||> 2 dr
< [ [ 110 = soire (122 asar

(A.43)
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and the final step is to bound the double integral. We have

s (s
(z)//’/ Vi 4+t —2z)" (’—x)dt‘K(M)dx’dw
(”)/// IV f(z+t(a =) (o —2)|K (M) dida'dz

(zn) )
//01/ IV f(x+ tez) (e2)| K (||l dtdzde

:gd+l// /|Vf(:1:+t6z)TZ|K(HZ||)dtdde
o JB0,1) Jo

(iv) 1
& in / / / V()T 2K (|2 ded=dz,
+JB(0,1) Jo

where we obtain (i) by the fundamental theorem of calculus; (ii) by Jensen’s inequality;
(iii) by setting z = (2’ — x) /¢, and (iv) by setting & = x + tez.

Next, we apply the Cauchy-Schwarz to |V (%) z| to obtain,
/ IVF(@) " 2 K([[2])d= S/ IV @[ K (lz])d=
B(0,1) B(0,1)
= [V (@) 1[5 ([[=]))d=

(B(0,1)

= Ca| V(@)

Substituting back in to the previous derivation, we obtain

, o~ 2l .
[ [ = i (= arae < coet |9 s@haras

= Cae™ | DFIN)
< CaC'e™ M DFII(Q)

Hence,

LS 1) = Fa)- e - wjllée}] <" =Lz .o D) (©)

’le

< Con*e™ D)
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Finally, we provide an approximation argument to justify the assumption that f €
CH(). For a function f € BV({)'), we may construct a sequence of functions
fr € C°°() via mollification such that f, — f u-a.e. (specifically, at all Lebesgue
points) and || D f[[(Y) — ||[Df|[(®) as k — oo (Evans and Gariepy, 2015; Theorems
4.1 & 5.3). Via an application of Fatou’s lemma, we find that

Z (i) = fag)] - Wl — <€}]

ljl

=E |5 Z | im fi(@i) = fi(wy)] - Hllws — a5 < e}

z]l

ij=1

Z (i) = ful)] - Wz — 5] < €}

z]l

<liminf E
k—oo

< li;n inf Cn2e™|| D fi ||(€2)
—00
= Cn* ™| Df((Q)

k-nearest neighbors expected discrete TV. Let ¢,(z) = ||z — 2 (x)|2 and
er(z,y) = max{ex(z),ex(y)} be data-dependent radii. Notice that

DTV, x(f) = % Z |f (i) = fa)| - 1]l — 5] < eplai, )}

By linearity of expectation and conditioning, the expected k-nearest neighbor TV can
be written as a double integral,

E[DTV(f; w")]
= n(n— DE|If (@) = f(z)| 1{llas — 23] < ewlas,z;)}]
= n(n = VEE||f(z:) = [ 1{lle: = 23]l < enlwi 25) i, 23] |
<ato=1) [ [ 1) = £@IP{le sl < z1(o.9)} dady

o =1) [ [ 1700 = £@] (Bl =yl < 2u()} + Pl =il < cuta)}) e dy

(The first inequality above is nearly an equality for large n, and the second inequality
follows by a union bound.)
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We now derive an upper bound P{ ||z — y|| < &4(x)}. First, observe that the event
|z — y|| < ex(z) is equivalent to |B(z, ||y — z||) N x1.,| < k. Suppose ||y — z|| >
C(k/n)Y for C = (p?—ClMd)l/d. Then

2k

pmln
pi(e,y) i= (B, lly = 1)) 2 B gy — o) = =,

and applying standard concentration bounds (Bernstein’s inequality) to the tails of a
binomial distribution, it follows that

P 1B(e.l — al) vl <

= IED{|B(937 ly = z[]) N @1p] — npi(z,y) <k — ”pk<‘”>y)}
c(npr(z,y) — k)?
7)

< _
= eXp( npi(,y) + [npi(a, y) -
< exp(—ck).

Otherwise if ||y — z|| < C(k/n)"/%, we use the trivial upper bound 1 on the probability
of an event. To summarize, we have shown

1 if o — gl < C(k/n)"",

exp(—ck), otherwise.

Y

Pl <o) < {
It follows from (A.40) that

EDTV(fiut)] < 20 [ [ 1) = f@) ((Ule =yl < Clo/m) )
+ exp(—ck)) dx dy
< C(EDTV(f; wC® ") £ n?exp(—ck)TV(f,Q));  (A44)

the first term on the right hand side of the second inequality is the expected e-
neighborhood graph TV of f, with radius C'(k/n)*/¢, while the second term is obtained

from the Poincaré inequality
dy dx < C’(TV(f; Q)),

//M |@M—
(A.45)

where f = f, f(x) dx is the average of f over . The claimed upper bound (A.40)
follows from applylng inequality (A.39), with ¢ = C(k/n)"?, to (A.44). O

— f(z)
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A.4.5 Proof of Lemma3

Recall that ||g||12(p) < Pmax||9l|z2(u) for any g € L?() and note that || fo||poe () < M
with probability one. By Holder’s inequality,

Ellfo = foll32y S E[Ifo = follzao - I1fo = folleiu)

] (A.46)
< 2M E| fo — follri (.

and the problem is reduced to upper bounding the expected L'(u) loss of fo. By
Fubini’s Theorem we may exchange expectation with integral, giving

Ellfo ~ follog = | Blfa(o) - foo)l do
= [ [ 16 - @ @ dydz, A

where p” (+) is the density of z(1)(x). We now give a closed form expression for this

density, before proceeding to lower bound (A.47).

Closed-form expression for pa(nl). Suppose P satisfies Assumption Al. For any
y € Qand 0 < r < dist(y, 0N2), we have

P{u () € Bly,r)} <nP{as € By,r)}(P{ws & Blw, |ly — 2 }) "™

(n=1)
< mpnast (B(y.1)) (1= P(Bla ly—=]))) .
Taking limits as r — 0 gives

n P € B (1= P (B~ al)

W) = = Bl)

Upper bound on (A.47). There exists a constant C;; such that for all z, y € €2,

Pmin Pmin b
P(B(z, |ly — =) > o, B lly —2l)) = =7 Uy — 2.
d d

This implies an upper bound on the density of z(;)(z),
1 Pmintd d (n=1)
) < 1 - Ly )
d

Pminld Hy—ﬂfH d
SneXp<_ Cd < nil/d ) )
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where we have used the inequality (1 — z)" < exp(—nxz) for |z| < 1. Using the
inequality, valid for all monotone non-increasing functions ¢ : [0, c0) — [0, 00), that
g(t) < 1{t <tp}g(0) + g(to), we further conclude that

1
P (y) < niflly - all <3+
pzcid (logn/n))"/?. Plugging back into (A.47), we see that the expected

L'(u) error is upper bounded by the expected discrete TV of a neighborhood graph
with particular kernel and radius, plus a remainder term. Specifically,

for 57(11) = (

Enfo—fonwSn/ﬂ/gv()(y) fol@) 1 {lly — ]| < £0} dy dz

// olw) — foler) dy da

C ; Q)
<o [ [ 1) = Aol - ol < 0 dydo + SO

(A.48)
= LEDTv (e + SV,

n

where (A.48) above follows from the Poincaré inequality (A.45). We can therefore
apply (A.39), which upper bounds the expected e-neighborhood graph TV, and conclude
that

7 (logn)'*1/4 1 L(log n)i*1/d
IEHfO - fOHLl(H) < C(T + ﬁ TV(fO,Q) < C T .

Inserting this upper bound into (A.46) completes the proof of Lemma 3. [

A.4.6 Proof of Theorem 4

The analysis of the e-neighborhood and kNN TV denoising estimators proceeds identi-
cally, so we consider them together. Henceforth let D denote the penalty operator for
either estimator and f denote their 1NN extrapolants. Follow the proof of Theorem 2
(given in Appendix A.4.1) to decompose the L?(P) error for some C > 0,

Mogn E|| Dyl  (logn)'T® LM (logn)'*+'/d
+ + .
n n n

Y

(A.49)
where we have applied Lemma 3 which controls the 1NN extrapolation error. Lemma 10
provides that under the standard assumptions, there exist constants C, C| > 0 such
that for all sufficiently large n and 6y = fo(21..), fo € BV(Q),

E Hf_fOH%Q(P)} < C(
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« setting ¢ = ¢ (log® n/n)/<,

E||D%0p[l; < Cin!® D/ (logn)* /4 TV (fy); (A.50)
« setting k = ¢} (logn)?,
E||D*6||; < Cinl4=Y/4(1logn)**/ITV(f,). (A.51)

Take these values of ¢, k and A = co(logn)/?~%, ¢ = ¢4, ¢, and substitute (A.50), (A.51)
into (A.49) to obtain the claim. O

Note that the L?(P,) in-sample error may be obtained similarly, beginning with
an analysis identical to that of Lemma 1 to obtain the preliminary upper bound,

; )\E D@ 10 n 14+«
E[Ilf—folliQ(Pn)}gc( IDéo] . ogr) )

n

A.5 Analysis of graph TV denoising

In this section, we review tools for analyzing graph total variation denoising. Suppose
an unknown 6y € R" and observations y1, . .., Yy,

yi = 6o + 2, 1=1,...,n, (A.52)

where z; ~ N(0, 0?). The graph total variation denoising estimator 0 associated with

agraph G = (V, E), |V| = n, is given by
A 1
0 = argmin |[|y1., — 0|13 + A DO, (A.53)
OcR"

where D € R™*" is the edge incidence matrix of G.

The initial analysis of graph total variation denoising was performed by Hutter
and Rigollet [2016] for the two-dimensional grid. Sadhanala et al. [2016] subsequently
generalized the analysis to d-dimensional lattices, and Wang et al. [2016] provided
tools for the analysis of general graphs. These techniques rely on direct analysis of
properties of graph G and the penalty D in induces, which is tractable when G has a
known and regular properties (e.g., it is a lattice graph).

Unfortunately, direct analysis on D may not always be feasible. It may be possible,
however, to compare the operator D to a surrogate operator whose properties we
analyze instead. For our purposes, we compare D to a linear operator which first takes
averages on a partition, and then computes differences across cells of the partition.
Comparison to this type of surrogate operator was used by Padilla et al. [2020] to bound
the risk of graph total variation denoising in probability; the following theorem provides
an analogous risk bound in expectation. We note that elements of the “surrogate
operator analysis” are also found in Padilla et al. [2018].
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Theorem 8. Suppose we observe data according to model (A.52) and compute the graph
TV denoising estimator 6 of (A.53). Let A € R™" denote an averaging operator over N
groups of the form,

ny'l,, 1, 0 o 0
-1
. o 1n21;2 = o |
: : o
0 0 . 1nN 1

with M := max; n;, and let A € RN*" be the same matrix with redundant rows removed,

Further let T € R™ Y be a surrogate penalty operator, with singular value decomposition
T =UXVT", such that

ITA9||, < (D, T, A)|| DI, (A.54)
|1 = A)6], < ®5(D, T, 4)|[ D61, (A55)

for quantities (D, T, A), ®o(D, T, A) that may depend on n, for all@ € R™. If the
penalty parameter

N
A > max ¢ SMY2®,(D, T, A) - 0, |log(2n?) Z ES ,Do(D, T, A) - 0+/2log(n)
k=2

(A.56)
where wy, is the kth column of U and &, the kth diagonal entry of X, then there exists a
constant C' > 0 such that

E [%Hé B 90”3] <C (/\||D90||1 N Mnulllty(T)) . (A57)

n n

Proof. We follow the approach of Padilla et al. [2020], with adaptations to provide a
bound in expectation rather than in probability. From the basic inequality,

16 = Boll3 < 2(21:0, 8 — 60) + A Dol — | DG]0),

where z1.,, € R" is the vector of error terms z;, ¢ = 1,...,n. We provide two deter-
ministic bounds under the “good case” that the error term falls into the set,

Zy = 2., : Mmax {Ml/z(I)l(D, T, A) sup |(Z1, AB)],
Aberow(T):||TA0]1<1
(A.58)

A
(1)2(D7T7 A)HZITLHOO} S §}7

where 71, € RY has entries Zinj = n;/ Q(Azlm) ;» and under the “bad case” that
Z1:n §Z Z)\-
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Upper bound in the “good case”. Decompose the first term on the RHS

~

(21,0 — bp) = <len7é — Aé) + (21, ABy — 00) + (21:0, A(6p — é))
< (21, A(Oo — 0)) + |21l (II(1 = A)Ol1 + [|(1 — A)bol|1)
< (21my A(Op — 0)) + |21l P (D, T, A)(||[ DO |1 + | DO]]1),

where the final inequality follows from (A.55). Observe that we may rewrite, for any
0 € R,

(21, AO) = Zzzln@] i (49);

Jj=1 =1

N
i Z njl-/zzlznj (/_19)]

7j=1
= (21m, A0) < M2 (Z1,, AG)|
< M2 ’(projv(m) Ab) + (projy-. (Z1m), /_19)‘
< M'2|[[projy (zi) 2l 46|z + (projy- (Z), A6) |
< M2 ([[projy (Zrm) 1612 + [(projy. (Zi), AB)|

where 775, € RN has independent A/(0, 02) entries and V = null(T)). Substitute back
in to obtain

60))1)

16— Bol3 < 2M"2([[projy(z5) 1216 — bollz + [(projy -+ (zr), A6
+ A1 Dol = 1D9]1),

+ 2[|21:0llo (D, T, A) (|| Dbo |1 + | DI]1)
and consequently
16 = oll2(116 — 6ol — 2072 [projy (zi:)l2)
< 2M"?|{projy. (Z1m), A9 — 60))|
+ 2/| 21l ®(D, T, A) (|| Dbo ||y + | DG]11) + A Dbo|lr — | D6 ).

Case 1. HH Ool|2 < 4MY2||projy (Zim) |l2-
Case 2. ||0 — 0y||2 > 4M*/?||proj (Zi)||2. Then,

10 = 0[5 < 402 |(projy.. (Zi), A(0 — 6o)))|
+ 4|21l ®(D, T, A) (| Dbo 1 + ([ DO]1) + A1 Dol — (| DO][1).
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We then bound

[(projy-+ (1), A(6 — 60))]

N () -
— |{ projy. (i), —=— ITA(B - 60)|x
< Y |rTA<e—eo>\h>
< sup |(Z, A0 TA@G — 60)|h
AeV L TAg|1<1
< sup |(Zim, AG)|(D, T, A)(||DO||x + || Dbol}r),

AGeVL:||TAg|1<1

where the last inequality follows by (A.55). Conditioning on z., € Z), we find that
under Case 2,

R N N R
16 — oI5 < 5 UIDOIL A+ [1D8ol1) + S (I DO]L + [[DGoll1) + A Dol — (1 D6]1)
< 2X[[ Db
Therefore, conditioning on z1.,, € Z) and combining Case 1 and Case 2, we obtain that

16 — 6o]12 < 16M||projy, (Zim) 1|3 + 2A[| Dbl

Upper bound in the “bad case”. On the “bad event” that 21, € Z), we apply
Holder directly to the basic inequality to bound

16— 00ll3 < 2]l 21116 — 6ol + Al Do 1,
and rearrange to obtain

16 = 6o]|3 < 16| 2112 + 2X[| Db |1 (A.59)

Combining the “good case” and “bad case” upper bounds.

1

1 .- A ~
~E[0 — 0oll3 = ~E [0 — Goll31{z10 € 20} + 110 — bol31{z10 & 20}]

1 R
<+ [E 16 1proiy (IR + 21Dl
+E (1010l + 21 D81 (o1 ¢ 2]

[16]\/[dim(V) + 4N Dbo||1 + V3n - Pz, ¢ ZA]}

IN

IN
S 3=
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It remains to bound the probability of the bad case,

P{oin & 22} <SPS MY sup  [(Z1, AB)| = A/8D(D, T, A)
APeVL:||TA0|1<1

+P{l[21nll0 = A/8R(D, T, A)}
< P{M'20(D, T, A)||(T") "Zralloe 2 A/8} + P{®(D, T, A)||21nlo > A/8}.

Standard results on the maxima of Gaussians provide that

P{MW@(M AT Zimlloo >

N 2
M'2®(D,T, A) - o,|log(2n2/5) - Z ““’““ } <4
P{@2(D, T, 4) |21l = ®(D, T, 4) - 0 1og(2n2/5)}
Recalling the choice of penalty parameter,
N 12,
>\>max{8M1/2<I>1(D,T,A)-a log(2n*) Z ,
(1)2(D7 T, A) Y 210g(n)}7

we conclude that 0

P{Zln g ZA} < —2
completing the proof. O]

We now state a well-known result controlling certain functionals of the lattice
difference operator. These quantities have been analyzed by others studying graph
total variation denoising on lattices, e.g., Hutter and Rigollet [2016] and Sadhanala
et al. [2017].

Lemma 11. Let T' be the edge incidence operator of the d-dimensional lattice graph
N elements per direction. Denote n = N¢. The left singular vectors of T' satisfy an
incoherence condition,

Ca
oo < =2 i=1,...
fulle <

7n’
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for some Cy > 0, and its singular values satisfy an asymptotic scaling,
cai/m)* <& < Ca(G/m)', j=2...m,
or some 0 < cqg < C,. Consequently,
q Y,

Uu; logn d=2,
! fl'm:cd{lg 1= (A60)

A.6 Embeddings for random graphs

We begin by providing a result that controls the number of sample points that fall into
each cell of a lattice mesh.

Lemma 12. Suppose x1,. .., x, are sampled from a distribution P supported on (0,1)%
with density p such that 0 < puin < p(z) < Ppmax < 1 forallz € (0,1)¢. Form a
partition of (0, 1)? using an equally spaced mesh with N = Cy (pminn/log® n)¥4, a > 1,
along each dimension. Let C; denote the (th cell of the mesh, and let |C,| denote its
empirical content. Then for all x1., € 21, withP{xy., € 21} > 1—2/n?,

max ICe| < C5log™n, (A.61)
min |Ce| > c4log™n, (A.62)

forn sufficiently large, where Cs, c4 > 0 depend only on Duin, Pmax, d.

Proof. From standard concentration bounds (e.g., Von Luxburg et al., 2014; Proposition
27) on a random variable m ~ Bin(n, p), for all 6 € (0, 1],

B(m > (1+ 6)np) < exp{—0%np,
P(m < (1 - )} < oxp{~ 50"}

Apply these bounds with p = P{z € C,} to obtain that

max 1
P {méax ICo| > (1 + 5)Cfp logan} < N%exp {—5(52011 logan} ,

1
P {mém ICo| < (1 —6)C¢ logan} < Nexp {—5(52051 logan} ,

for all § € (0,1). Setting the RHS to 1/n?,

1

Cd min 1
~1PminTt exp{—§5QC’1—d log®n} < -

log™ n
1
10g(Cpmin) — log(log® n) — 552Cfd log®n < —5logn;
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it follows that

1
55201_‘[ log® n > 5log n 4 1og(C%pmin) — log(log® n)

1 d min 1 1 “
52 Z 30;1 510g17an + Og(Clap ) o Og( 0§ n)
log™ n log™ n

0> Oy log(l_o‘)/2 n,

for some C; > 0 for all n sufficiently large. Therefore deduce that

m max «@ ]‘
P{m?X\CA > C{lp 2 logo‘n—i—C’flC’Qp—alog(1+ )/271} < -
min Pmin n
1
P{méin ICo| < Clog®n — CICy 10g(1+0‘)/2n} <
n

Recall that @ > 1 by assumption, and choose (s, ¢, > 0 with n sufficiently large to
obtain the claim. O

The following lemma establishes embeddings from certain random graphs into a
coarser lattice graph.

Lemma 13. Partition the domain (0,1)? using an equally spaced mesh with N =

C1(pminn/ log® n)'/? elements per direction. Suppose that v, € 2., with x1., re-
indexed such that
T1,-- 32y € Cy,
T|Cy|+1s -+« 3 T|Cy|+|Cal € CQ,

xzé\,:dl_l Col 417" , Tnd € CNd.
Consider the averaging operator
’Cl‘_ll‘cllll—gﬂ | | 10 N O
0 Co| " 1ie, 1 e 0
A= | e | L (A3)
0 0 |CNd|711\CNd|1\TCNd|
and the lattice difference operator I based on the graph
Gr = ({17'--7Nd}7ET)7 (A-64)

where (i, j) € Er if the midpoints of C;,C; are 1/N apart. Also, let A € RN*" pe the
matrix obtained by dropping the redundant rows of A.
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* Build the Voronoi graph from x1.,, and let DV denote the edge incidence operator
with edge set EV and edge weights 0y, = max{con~(@=V/d wy;} for each i, j.
Further condition on the set 25 such that the result of Lemma 14 holds with
probability 1 — 1/n* (equivalently, the set that the result of Lemma 15 holds with
probability 1 — 1/n*). Then there exists a constant Cs > 0 such that for all§ € R",

ITAB|ly < Cen'™ /4| DV (A.65)
(I — A)8||; < Cs(logn)*n' =1/ DV, (A.66)

* Build the Voronoi graph from x.,, and let DV denote the edge incidence operator
with edge set EV and edge weights wx =1 foreach i, j such thatw}fj > (. Further
condition on the set 25 such that the result of Lemma 14 holds with probability
1 — 1/n®. Then there exists a constant C; > 0 such that for all € R",

|7 A6, < Cq[| DV, (A.67)
I(1 = A)0]l; < C+(logn)*||DVO]s, (A.68)

* Build the e-neighborhood graph from x1.,, with ¢ > 2v/d/N. Then with the
constant c4 from Lemma 12, it holds that for all § € R",

- 1
[TA||y < —— D01 (A.69)
cylog™n
2
(I = A)flly < ——5—[1D0||1, (A.70)
cylog®n

* Build the k-nearest neighbors graph from x1.,, with k > Cslog® n. Further condi-
tion on the set 25 such that the result of Lemma 14 holds with probability 1 —1/n*.
Then with the constant ¢, from Lemma 12, it holds for all 0 € R",

- 1
ITAY||; < 5 D"0])1. (A.71)
c;log™n
2
I(7 = A)0lh < ——=—1D"]|, (A.72)
cylog®n

Proof. e-neighborhood graph. First, we prove (A.69) and (A.70). For the former,
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observe that

A6 =) |G D b= lCd™ 6

(k,£)EET i€Ck, Jjel
1
< > o Y 6i—6
CklICe| A=
(k,é’)eE i€[Crl.7€ICe|

S % el

log n (k,0)e Ex 1€Cy,,jE€Cy
1
< —||D80||1,
2 log”

ase = 2V/d /N. For the latter, similarly deduce that

|!(I—A)9|!1—Z 0 —c@) ™ Y o
JEC(7)
< Z|c Y6 -
JEC(7)
< X:IC(Z')I‘1 > 16— 05
i=1 JeC(i)
ZZ!CA YO 10— 64
zEngECg
< — 0, — 0,
c4log ;K]ZEQ| |
< 2 D).
cqlog™n

k-nearest neighbors graph. Recall that we have conditioned on the set 25 such
that the result of Lemma 14 holds. In particular, (A.75) gives that

1 /4
min e(x;) > C (—) ,

i=1,...,n n



Appendix A. Supplement to Chapter 2 138

where e (2;) := ||2;—2 ) (x;)||2. The results (A.71) and (A.72) then follow by observing
that on the event .25, the k-nearest neighbors graph with k > C5log® n dominates
the e-neighborhood graph with e = 2v/d/N.

Voronoi adjacency graph. We will prove the results (A.67) and (A.68) by providing
a graph comparison inequality between the e-neighborhood graph with ¢ = 2v/d/N
and the Voronoi adjacency graph. The results (A.65), (A.66) follow from the inequality
IDVO||, < cgtn@D/4| DV, for all § € R™.

Intuition and outline. The central goal of this proof is to show that
ID*0]l, < C(n)[[1DVL,
for all # € R", where C(n) is at most polylogarithmic in n. This will be accomplished

by

(i) verifying that forany {z;, z;} € E, there existsa path {z;, ¢, }, {7k, Tro }, - - - s {Thy;, 75} €
EV, and

(ii) showing that if one uses the shortest path in the Voronoi adjacency graph GV
to connect each {z;,;} € E°, then no one edge is used more than Cy log** n
times, where () is a positive constant and & > 1 may be chosen.

Step (i). Consider x;, z; such that {z;, z;} € E°. We will show the existence of a
path between z; and z; in GV and also characterize some properties of the path for

step (ii).

By definition, ||z; — z;|| < . Denote
T + T
==
rij == |z — x5

Tij -

Consider the subgraph G = (V% E"), where

Vij = {Vk : Vk N B(xij,rij) 7£ @},
B = Vi, Vi} : Vi, Ve € VI HTH OV, N OV,) > 0},

where B(z;;,7;;) is the closed ball centered at z;; with radius r;;. By construction,
T, Tj € Vi, and by Lemma 16, G is connected. Therefore a path between z; and z;
exists in the graph G% (one can use, e.g., breadth-first search or Dijkstra’s algorithm
to find such a path).

Step (ii). For any {z;,z;} € E°\ EV, we create a path in G" as prescribed in step
(i). With these paths created, we upper bound the number of times any edge in EV is
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used. We do so by uniformly bounding above the number of times a vertex z; appears
in these paths (and since each edge involves two vertices, this immediately yields an
upper bound on the number of times an edge appears in these paths). We split this
into two substeps:

(a) first, we derive a necessary condition for x; to appear in the path between z;
and z;;

(b) then, we will upper bound the number of possible pairs z;, x; such that this
necessary condition is satisfied.

Step (ii a). For x;, to appear in the path between z; and x; as designed in step (i),
it is necessary for Vj, € V. Consider z € Vi N B(z;;,7:;). Since x belongs to the
Voronoi cell V,

e — aell < min{lje — il | — 2},
but since x also lies in B(x;;, r;;),
[ — @i < 7.
It follows that,
lze — 2| < [lz — 2] + (|2 — 244

< lz =@l + [z — 2y

<l — 2yl + |z — 2yl + (|2 — 24

< 3rij,
thus if V;, € V%, then it is necessary for x), € B(x;j, 3r;;).

Step (ii b). Recalling ¢ = 2v/d/N, where N = C}(pmnn/log® n)"/%, we have a
uniform upper bound of

log™ n 1/d

max Ty < Cg X

{xi,xj}GEE

for some Cs > 0. Thus, we conclude that for an edge of x}, to be involved in a path

between x; and x;, it is necessary for
z;; € B(ay, 3Cs(logn/n)'/?),
or more loosely,
i, x; € B(xy,4Cs(logn/n)Y?),
recalling that r;; = ||z;; — ;|| = ||z;; — ;|| and the uniform upper bound on 7.
Therefore, the number of paths in which any x; may appear is bounded above,

(nP,(-,4Cs(log® n/n)"*))? < Cylog** n,
where the final inequality is obtained by (A.74). O]
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A.7 Auxiliary lemmas and proofs

A.7.1 Useful concentration results

The following is an immediate consequence of the well-known fact that the set of balls
B in R has VC dimension d + 1 (e.g., Lemma 16 of Chaudhuri and Dasgupta, 2010).

Lemma 14. Supposexy, ..., x, aredrawn from P satisfying Assumption Al. There exist
constants C1-C'5 depending only on d, puin, and pmax such that the following statements
hold: with probability at least 1 — ¢, for any z € (),

ogn 0] 1/d
{|B(z,r)ﬂ{:z1,...,asn}|:O}:>{T<C’1<lg “g(1/5)> } (A.73)

n

and

{r <0, (k — Cy(dlogn +log(1/9) + /k(dlogn + 10g(1/5)))>1/d}

n (A.74)

= {|B(z,r) N {xy,...,z,}| < k}.

In particular, if k > Cy(log(1/6))? log n, then

1\ 1/d
{|B(z,r)N{z1,...,2,}| > k} = {TZCE)(ﬁ) } (A.75)
A.7.2 Properties of the Voronoi diagram
High probability control of cell geometry

The following lemma shows that with high probability, no Voronoi cell is very large.
Let 7(V;) := max{||z — z;|| : © € V;} be the radius of the Voronoi cell V;.

Lemma 15. Suppose x4, ..., x, are drawn from P satisfying Assumption Al. There
exist constants Cy and Cy such that the following statement holds: for any 6 € (0, 1),
with probability at least 1 — ¢

1 log(1/6)\ V¢
max r(V;) < Cl( Og”+n0g( /%) ) , (A.76)
and | log(1/6
max (V) < 02( Og“nog( / >). (A77)



Appendix A. Supplement to Chapter 2 141

Proof. If x € V;, then | B(z, 5|z — z;||) N {z1,...,2,}| = 0. (Note that the same holds
true if 3 is replaced with any a € [0, 1)). Taking z to be such that ||z — z;|| = r(V), it
follows by Lemma 14 that

1 1
_ ) — — — |l <
5" (Vi) = 5llv —aif < C<

10gn+10g(1/5)>1/d
n )

with probability at least 1 — §. Multiplying both sides by 2 and taking a maximum over
1 =1,...,n gives (A.76). The upper bound (A.77) on the maximum Lebesgue measure
of V; follows immediately, since V; C B(z,r(V;)). O
Connectedness of the Voronoi adjacency graph

The following lemma relates graph theoretic connectedness to a kind of topological
connectedness that excludes connectedness using sets of H?~!-measure zero.

Lemma 16. Let Q C R? be open such that there does not exist any set S C Q with
HI(S) = 0 such that Q\ S is disconnected. Let {V1, ..., V,,} denote an open polyhedral
partition of Q. Then the graph G = ({V1,...,V,,}, E), where

E = {{Vi,V;} : H* Y (0V; N dV;) > 0},
is connected.

Proof. Assume by way of contradiction that G is disconnected. Therefore there exists
sets of vertices C;, Cy such that

HTN(VN V) =0, (A.78)
forall V; € Cy, V; € Cy. Next, define

Ql = (U\éecl‘?i)oa
QQ = <U‘/36C2V‘)o,
such that {2, 5} constitutes an open partition of €. Let
= QN (0% NON) U ((27)° N (23)°))
=QN (02 NIN) U (N D))
= QNN NON,. (A.80)

From (A.78) and (A.80) we see that H¢~1(S) = 0. On the other hand, (A.79) yields that
0\ S = UQy is disconnected (24, {25 are open and disjoint). O]
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Analysis of the Voronoi kernel

Recall that in the proof of Theorem 1, we compare Voronoi TV to a U-statistic involving
the kernel function

Hyor(w,y) = E[HTH(OVe, N OVy, )11 = @, 20 = 4] = / (1—pa(2)" ) dz.
LnQ
The following lemma shows that this kernel function is close to a spherically symmetric

kernel.

Lemma 17. Suppose x1, ..., x, are sampled from distribution P satisfying Al. There
exist constants C,-Cy > 0 such that for h = h, = C(3logn/n)"%, the following
statements hold.

e Foranyz,y € p,

e (2, 9) = %Kvor(nyg(—l)ﬂ)

1 a )2 (A.81)
ogn
+O(—3 —llz -yl < Cz(logn/n)l/d})
e Foranyx,y € (),
Cs ly — |
HVor(xvy) (d 1/d KVor( C’4n1/d . (A82)

Proof of (A.81). We now replace the integral above with one involving an exponential
function that can be more easily evaluated. Then we evaluate this latter integral.

Step 1: Reduction to easier integral. Let (2, = {z € Q : dist(z,09Q) > ||z — z||}.
(Note that L N €2, = L N §2,.) Separate the integral into two parts,

/ (1 - px(z)) " dz
LnQ -, o

We start by showing that the second term above is negligible for x,y € €;,. For any
z € Q\ €, it follows by the triangle inequality that

dist(x,00) < ||z — z|| + dist(z, Q) < 2||z — z||.
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Since x € , it follows that p,(2) > (Puin/2d)||2—2||¢ > (Pmin/2%1d)(dist(z, 02))? >
(Pmin/2%71d)he. Integrating over z € )\ €2, implies an upper bound on the second
term,

(n—2)
/ (1 — pm(z)> dz < / exp(—(n —2)p,(z))dz
LAE@\Q,) LA(©\02)
= O(exp(—(pmin/2" *d)nh?))
1
with the last line following upon choosing C| > (puin/2%+2d)~/¢ in the definition of
h.

On the other hand, if z € ), then B(z, ||z — z||) C €. Consequently, letting
pz(2) = p(z) , it follows by the Lipschitz property of p that

o) B < [ 1ple) plo)l = < Oz =l

and

| exp(—np.(2)) — exp(—np,(2))| < Cuallz — 2" 'n.

Additionally recall that exp(—np) > (1 — p)" > exp(—np)(1 — np?) for any |p| < 1.
Combining these facts, we conclude that

/mz (1 —px(Z))ndZ
-/ ) (1 Olpi(2)) d-
- / o) (14 0nllz = al) + Oz — 1)) dz
2 [ expl-mp(apuale — =" d: (a.83)
+0( 5+ 11{Jlz — yll < Collogn/m)**})
| exp(=nplapale = =1) a:

1 1
04+ LB e ) < Cflognym 4y ).

il

N
=

We prove the last two equalities, which control the remainder terms, after completing
our analysis of the leading order term.



Appendix A. Supplement to Chapter 2 144

Step 2: Leading order term. Letr = ||z — y||/2. Due to rotational symmetry, we

may as well take x = re;, y = —rey, in which case the integral becomes
[ exp(-nppdle =AY ds = [ exp(-nplaelpalres - 2|1) ds
L {0} xRd-1

= /d exp(—np(l‘),ud(T2 + ’|Z||2)d/2) dz,
R -1

with the latter equality following from the Pythagorean theorem. Converting to polar
coordinates, we see that

[ exp(-npla)natr® + 1)) dz
i
= / / exp(—np(z) pa(r® + 152)‘1/2)t”l_2 de dt
0 Jsi-z
— 77d2/ exp(—np(z) pa(r® + t2)d/2)td’2 dt
0

= s | e (el Ol ) ) %) s as

with the second to last equality following by substituting s = ¢/(np(x))~'/%.

Controlling remainder terms. We complete the proof of (A.81) by establishing (i)
and (ii) in (A.83).

Proof of (i). Take g = (4logn/ptapminn)"/?, and note that if ||z — x| > &y then
exp(—panp(z)||z — z||*) < ;. Recalling the definition of p,(z), we have

w [ esp(onpa) s - ol
LN,

:n/ exp(—udnp(x)Hz—x||d)||z—x||d+1 dz
LN

HIHLNQ
<o [ exp(panmmllz = o) — et s+ ROy
LNB(z,e0) n
HIH(LNQ
<neftt [ oxp(panpunllz — o) dz + 00
LNB(z,e0) n

HTYLNQ)

< nedTHHL N B(x,g0)) + 3
n
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For any z,y we have H* Y (L N B(x,50)) < pg_1e0 . If additionally ||z — y||/2 > &0
then L N B(z,5) = 0, and so H4"1(L N B(z,&)) = 0. Compactly, these estimates
can be written as

HH LN B2, 20)) < paal{ ]|z — yll < 220}e5 "
Plugging this back into (A.84), we conclude that

n/ exp(—nf)x(z)) |z — z||“** dz
LNQ,

HTYLNQ)

< nei1{fle -yl < 200} +

(logn)?
n

< O(SE L 1flo -yl < Callogn/m) ) + ).

n?
for Cy = 2(4/(pmintta))"/?. This is precisely the claim.

Proof of (ii). Recall the fact established previously, thatif z € L\ 2, then ||z —z|| >
h/2. Therefore,

Joo,

np,(z)) dz
P

D

Xp

< ex (—udnpminHz — de) dz

(_
L\Qq

IN

/ exp(—udnpminHz — :L’Hd) dz
L\B(z,2)

+ / exp(—,udpminn(h/Q)d) dz
(LNB(2,2)\Q)

HYL N B(x,2
<[ (s o)) ds + TEDEE2),
I\B(z,2) "

with the last inequality following upon choosing C} > 2/(ftgpmin)*/¢ in the definition
of h. The remaining integral is exponentially small in n, proving the upper bound

(i1). O
Proof of (A.82). Note immediately that

Hyor(7,y) < /

exp(—np,(2))dz < /exp(—n,udpminﬂx — z||d/2d) dz.
Lo

L

We have already analyzed this integral in the proof of (A.81), with the analysis implying
that

o (2d) T ly — 2]
gl — 2|4/2d) s = 2D T ey =al
/Lexp( NftdPmin||T — 2[|%/2d) dz (NP ) =D/ Vor (2dn /puin ) /2
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This is exactly (A.82) with Cs = 1g_(2d/puin)* /¢ and Cy = (2d/pmin) /% O

Compact kernel approximation

The kernel function Hv,,(z,y) is not compactly supported, and in our analysis it will
frequently be convenient to approximate it by a compactly supported kernel. The
following lemma does the trick. Let gy := (logn/n)/<.

Lemma 18. Letx,y € Q,and L = {z : ||x — z|| = ||y — z||}. For any a,c > 0, there
exists a constant C' > 0 depending only on a, c and d such that

Hllz —yll <Ceo} | 1
exp(—cn||z — || dz§0< — +—
/Lm | " n(d-1/d ne

1/d

(A.85)

where gy := (logn/n)

Proof. Let &y = Cygq for Oy = (a/c)'/?. The key is that if |z — z|| > &, then
d 1
exp(—enlle — 2|l < —.
na

Now suppose ||y — z|| > 2&;. Then ||z — z|| > & for all z € L, and

d—1 LN
/ exp(—cn||z — z||) dz < w
LNQ

na

It follows that

/ exp(—cn||z — z||%) dz
LNQ
HIYLNQ)

<1flly—z| < 250}/ exp(—cnllz — =|[%) dz +
LNQ n

< Yly — =f| < 280} exp(—cnllx — 2||) dz +2
Baoi((a-+9)/2.0)

na

Hlly — x|l < 20}

HEY(LNQ
exp(—||z||d) dz + 2%
d—1

n(d—1)/d
Wy — x| <25} 1
< 02( n(d-1)/d + ne |-

for Cy = max{ [p. , exp(—|z||?) dz, 2H* ' (L N Q)}. Equation (A.85) follows upon
taking C' = max{2C}, Cs}. O
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B.1.1 Proof of Proposition 3

Proof. For the matrix-valued ¢ : RY — R%*% introduce the notation ¢, : RY — R¢
to denote a column of its value.

TV (g;, ||]])

da
= sup {Z/ﬂfk(x) div ¢ (2)dz - ¢ € CHQRM*%2) g, < 1 ‘v’x}
k=1

do n
= sup {ZZ [ radiv(ontalde o € CHRRS ), ol <1 \m}

k=1 i=1
— sup { i iw /8 VZ_(@(@, ns(E)) dHL (1) - )
¢ € Ce(GRY), 1] <1 v:v}
dy
= sup { ; ZN; (%'k /8 — (), ma (£))dHO(2)
o /avmvj (@ (t), nj(t)>d71d1(t))
(B.2)

D / Lol ) )

i:V;NOQAD

NV
=0; (¢, compactly supported)

¢ € Co(BRME), 9] <1 Vt}

= sup { Z Z (D (1), (vaw — vjr)na(t))dH(2) -

k=1 i~j Y OViNOV;
¢ € CHORME) g <1 Vt}
= sup { Z/ (0(t), (vi — ;) " @ma(t))dH(2) -
ies Jovinov;

¢ € Co(URM®), 9] <1 Vt}
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where we obtain (B.1) by applying the Gauss-Green Theorem [Evans and Gariepy,
2015, Theorem 5.16]; and (B.2) by observing that when the boundaries of exactly two
Vi # V; intersect, they have opposing outer normals, and when the boundaries of three
or more V; # V; # Vj, # - - - intersect, the outer normal vector is zero [Mikkelsen and
Hansen, 2018, Lemma A.2(b)]. Apply Hélder’s inequality to obtain an upper bound,

TV(g:2, [I]1)

<Sup{Z/ @110y =75) " @ na(B) M (1) -

wn~]

¢ € Co(BR™®) o]l < 1Vt}

=X s @ ol o),

where recall |||, ||||. are dual norms. Finally, we obtain a matching lower bound via a
mollification argument. The target of our approximating sequence will be a pointwise
duality map with respect to ||-||. Define the function ¢y : U;-;0V; N OV; — Ré1*42 by

¢o(t) € {9/llglls - g € F(ni(t)),t € OViNVj},
and its piecewise constant extension to €2, ¢ : Q — R41*% by

o(z) = oo (t € argmin{ ||z — sz : s € U;;0ViN 8%}) ,

where recall for a Banach space E and its continuous dual Fx, ' : E — P(E*) is the
duality map defined by

F(xo) = {llfol

and moreover when £ is strictly convex, the duality map is singleton-valued [Brezis,
2011]. Observe that ¢ € L”. (Q), 1 < p < 00, and thus there exitss an approximating
sequence {(bk} = C>(2; R4*42) such that limy, x — Oi p-a.e. We invoke Fatou’s

g = ||zo||pand(fo, zo)(m,5+) = |0l %}
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lemma and properties of the duality map to obtain a matching lower bound,

TV (g2, 1)

=su n; -1 :
p{z /M — )T @ mat)) M (1)

i~vj

¢ € Co(BR™ %) o]l <1 Vt}

k—o0

>3 timint | o (0, = )T @) )

i~j

- ; /<9Vnav h/gggf ¢k( ) (% - ’Yj)T ® ni(t»d%d—l(t)

-y / oo )T @ () A (8)

’LNj

=2 /Wmav_ (i = 75) " @ na(t) | dH (1),

This gives (3.5). Subsequently, (3.6) is obtained by observing that ||z" ® yl|,, =
|lz||»||y||, and recalling that n;(¢) has unit length in the Euclidean norm. O

B.1.2 Proof of Proposition 5

The following proof refers to a technical lemma given at the end of this subsection.

Proof. We begin with the discrete penalty

> wlT G0 - Gy 0o,

{i,j € EPT

which is known to be equivalent to the continuous-time penalty of (3.3) for f € F27
by the gradient variation representation of that function class. Each summand of the
above display equation is the ¢-norm of a gradient difference.

* First, the gradient difference is computable as the difference of linear transfor-
mations of the parameter vector 6.

* Second, the /;-norm of the gradient difference is computable by taking the
absolute value of an inner product between the gradient difference and a fixed
vector which depends only on D7 and not on #; this is due to Lemma 19.
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With these two facts in hand, it immediately follows that the discrete penalty may be
written as the /;-norm of a linear transformation D of the parameter vector 6. [

This technical lemma shows that for a piecewise linear function on a triangulation
(i.e., a partition of 2 C R? where each element is a d-simplex), the difference in
gradients between two adjoining triangles is a scalar multiple of the normal vector to
the face joining those triangles.

Lemma 19. Let f € FP7. Let s; and s; share a face, i.e, H'"1(ds; N ds;) > 0, and
gi := gi(0) = Vf|s,. Then

19 — g5ll2 = [{g: — 95, mi5)] (B.3)

where 1;; is such that (n;j, v —v) = 0, u,v € Js; N Osj,u # v,
unit-length normal vector to the face joining s;, s;.

nijlle = 1, ie., the

Proof. For any matrix A, we denote by A, the ith row of A and by A;.; the submatrix
induced by taking the ith through jth rows of A (endpoints inclusive). Similarly, for
any vector 0, 0; denotes the ith entry of ¢ and 6;.; the ith through jth entries. We
denote by X;.; € R¥ the matrix which takes the d shared points as its rows.

The key insight in this proof is that the continuity of f constrains the gradients in
two neighboring simplices to lie in a one-dimensional affine space. This affine space is
parameterized by y + ¢f3, 7y, (3 fixed in R?*! and ¢ varying over R. The gradient proper
occupies the latter d components of v + ¢, while we call the full (d + 1)-dimensional
vector (which includes an “offset” term in the first component) the “extended gradient”.

It turns out that 35.(441) is equal to 7, the vector normal to the hyperplane coinciding
with the face shared by the two neighboring simplices. Having shown this, it follows
that the gradient difference takes the form (¢ — ¢)n.

First, we show that extended gradient for two neighboring simplices takes the form
v+ B, 7, B € R ¢ € R. Write the two linear systems that define the gradient for
each of the two neighboring simplices, calling them s, s’. Recall that because they are
neighboring, these simplices share d vertices and hence (by continuity) match in value
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on these d vertices. They only differ in location and value on the final, (d + 1)st vertex.

1 T11 s T1d b 81
0
1 Tal s Tdd Qd
L T@s o Tarnd] (94| [far]
) Ay ’ =
1 T11 T1d | -b/- [ 01 |
: an|
1 Td1 s Tdd 9d
/ / / /
_1 Ta+nr ° Ta+nd] [Yd] | Vd+1 |
A ‘74/ 7 N 6/ J

Recall that Ay, = A}, and 0.4 = 0., by definition. We also observe that A4
must be rank deficient and, assuming it has rank d, possesses a one-dimensional
nullspace. Hence, the linear system consisting of the first d rows has an infinite
number of solutions lying in an affine space of dimension one, which we may write as

{v+cB:ceR}.

The inclusion of Ay (or A, ), a (d + 1)st row linearly independent to the first
d, provides the necessary constraint make the solution unique. Suppose we solve the
subsystem given by the first d rows by taking the minimum norm solution, calling this
v € R, Further let 3 € R?*! denote the unit vector spanning the nullspace of A;.4.
By definition, (3, A;) = 0fori = 1,...,d. Therefore, for the problems with d + 1
constraints, we may directly obtain “updated” solutions ¥ = v + a3, 7' = v + /5,
where we define

o Qa1 — (Adas1,7)

o <Ad+1> ﬁ>
e — (A )

 (Aun, B)

which satisfy the first d constraints (because we have only added a perturbation lying
along their nullspace) and also satisfies the (d + 1)st constraint (by construction).

It remains for us to show that the normal vector 7 € span(3s.(a+1)), 5 spanning
the nullspace of A;.4. Recall that) | H(X}.4), the hyperplane spanned by the d points
shared between the two neighboring simplices. Every element in H(X;.;) may be
written as cn + ¢, with ¢ € L {n} and ¢ = min{c'n € H(X1.4)}, and it follows that
for any element 2’ € H(X1.q), (z/,n) = c.
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Because 1 € RY, it is determined in d constraints as such,
Xign=cl & Xign—cl =0,

and we observe that up to scaling, this problem is equivalent to determining the
nullspace of

(1 X4 {;f}::o.

Finally, take § =

—c
. } . Hence, 1 € span(fa:(441))- O

B.1.3 Proof of Proposition 6

Proof. We investigate the nullity of D 4. via its equivalent characterization as the
dimension of the solution set to the system of linear equations

D40 = 0. (B.4)

Block structure. First, we group the |.4°| equations in (B.4) into blocks based by the
connected components, giving the system

Dz =0
D, =0 59
Dz 6 =0

where B; contains index ¢ if the inactive facet 7 € A° belongs to the jth connected
component (it is easy to check that each inactive facet belongs to only one connected
component).

Change of variables. We now introduce a change of variables for (B.5). Letting n; :=
|21, ﬂéj ,j=1,...,m,andn := ZT:LHJ': introduce the block vector 3 € R”, where
the jth block is indexed f3;; for ¢ : x; € C;. 5 serves as a re-indexed form of 6, where
0; is duplicated into multiple blocks if x; lies in multiple connected components (this
occurs when z; lies on the boundary between connected components). Introduce
ng € RIBiI¥" a5 a version of Dg, subject to analogous re-indexing and duplication
along its columns, but with nonzero entries only in columns 1 + ) ,_. n; through

Zj/gj nj, i.e., corresponding to the jth block of 3.

J'<j
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Consider now the system of equations

(Dg, 3 =0
Dg, B =0
: (B.6)
Dg, 3 =0
(Bij; = Bie =0 x; € 0Cp, L > j;

where j; = min{j : z; € C;}. It is clear that the systems (B.4) and (B.6) have the same
solution set after identifying ¢; with 3;;,. Therefore we may investigate the solution
set dimension of the latter to determine the nullity of D 4.

Piecewise affine structure conditions. Consider the jth block of the linear system (B.6)

Dg,3 = 0. (B.7)

Observing that (B.7) is a homogeneous system of linear equations and that bgj has
nonzero entries only in columns 1 + % .,_. n; through Zj, <y, we conclude that
its solution is of the form

(HR”J") x S; % (HR”J”),

J'<3j 3>

J'<J

where S; is a subspace of R™. In particular, recalling that DBJ. B = 0 constrains
(z:, Bi;), i : x; € C; to lie on a hyperplane in dimension R4, we conclude that S; is
a subspace of dimension d + 1. Applying this argument to blocks 7 = 1,...,7m and
intersecting their solution sets, we find that the solution set to the system of equations

Dg =0
Dg,8 =0
D, =0

is
Sl XSQX'-'XSm,
the outer product of 1 subspaces, each having dimension d+ 1, i.e., the solution set has

dimension m(d 4 1). This solution set corresponds the functions which are piecewise
affine on 7 (Z1.,; Y1.0, A) without satisfying continuity across the pieces.

Continuity conditions. We now consider the full system (B.6), which includes the conti-
nuity conditions. The solution set to each constraint

Bi;, — Bie =0
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isa (7 — 1)-dimensional subspace of R™. In order to show the claim that (B.6) has a
solution set of dimension

n m

m(d+1)—2(21{xi eéj}—1),

i=1  j=1

we must demonstrate two conditions:

(a) thereare > i (3", 1{z; € C;} — 1) continuity conditions, and

(b) each of the equations f3;;, — B;¢ = 0 is linearly independent of all other equations
in (B.6), i.e., that this constraint is not implied by any of the other constraints in
the system.

Condition (a) is easily checked by examining the construction of 3. To check condition
(b), we first interpret linear dependence of 3;;, — B;¢ = 0 on the other equations in (B.6)
as stating that the other equations in (B.6) require

fe, (i) = fe, (i),

where [ is the affine function on C; determined by (B.7), extended to take its limiting
values on JC;. Due to the affine nature of f¢ , f¢,, this “continuity” of f between C;,
and Cy at z; can only happen

(i) at z; and nowhere else along 9C;, N OC,, or

(ii) along all of OC;, N OC;.

Continuity only at ;. For (i) to be implied by the other equations in (B.6), 3;;, — B = 0
must be implied by the other continuity conditions at the same vertex, i.e., by the
constraints 3;;, — Bir = 0, k # £. This is not possible by construction of the constraints
(which enforce equality across ;. through a hub-and-spoke model).

Continuity along all of OC;, N OC,. For (ii) to be implied by the other equations in (B.6),
we must have |[{9C;, N 9C; N x1.,}| > d + 1, since (ii) requires that d vertices (other
than z;) lie on 9C;, N OC,, enforcing continuity on all of 9C;, N OC,. This possibility is
ruled out by Proposition 4. O

B.2 Proofs for Section 3.3
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B.2.1 Proof of Theorem 5

The subsequent subsections incrementally develop the result (3.25), with proofs of
technical lemmas deferred to the Appendix.

Basic inequality & analysis overview
Abbreviate J(-) := DGV(+; T, w). We begin by deriving a basic inequality,

Hyl:n - fT(mln)Hg + AJ(fT) S Hylzn - f('rln)H% + AJ(f)
= [|(f = (@)l < 2020, (f = H@a))2 + A () = I(f)),

for any f € F/, and in particular

1(fo = M) (@)} < 2021, (f = fo) (@) + MJI(f) = I (). (B.S)

Our principal concern now is to control the quantity
<len7 f(xln)> = Z f(xi)zia (Bg)
i=1
f € F7,in terms of J(f).

Elements of the analysis. The analysis of (B.9) involves the following elements:

* The function f, which is CPWL on a triangulation, will be compared to its
“projection” Il f onto the set of function which are piecewise linear an a lattice-
based partition of €2. This incurs a truncation error measuring the distance of
I f to f, which is shown to be controlled by the discrete gradient variation of

£l

* The comparison of f to Il f reduces the analysis of (B.9) into the Gaussian
complexity of the second-order discrete-difference operator on a lattice. This
complexity class (and its higher-order generalizations) has been rigorously stud-
ied by Sadhanala et al. [2021].

+ We find that the complexity of Il f, measured in terms of the lattice-based
second-difference operator, scales with the discrete gradient variation of f,
measured using second-order discrete-differences on the triangulation.

+ This analysis allows us to use the graph trend filtering framework of Wang et al.
[2016] and the spectral analysis of lattice-based discrete-difference operators
of Sadhanala et al. [2021] to control the penalized triogram complexity class.
The comparison of penalty operators, and in particular the comparison to a
lattice-based penalty operators, is inspired by the surrogate operator analysis of
Padilla et al. [2018, 2020].
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Lattice-based discretization

Consider a grid-based partition of 2 = (0, 1)¢ with the following properties.

The grid I" will be instantiated with N cells ~y;, where i € [N]Z. T = {v; : i €
[N]¢} is an open partition of (2.

Assume that IV is chosen such that y N7 # 0,y € T

The sidelength of each ~y is 1/N.

Define the adjacency graph Gr = (I, Er), where v;,v; € Er iff || — j||; = L.
Coincidentally, this condition is equivalent to H*~!(9v; N d;) > 0.

Define a knot ¢, associated with each cell. ¢, is the “lower-left” corner of the cell
7; i.e., for y;, tr, := (i — 1)/N.

For a grid partition I' of {2, we introduce a space of piecewise linear functions
onl,

Fr=1{f(z) = {Z 1{z €7} (ay+8,(z—1,) 1oy €R, B, € Rd}. (B.10)

yer

Note carefully that unlike F,/, the functions in Jr are not required to satisfy
continuity.

We also define a “projection” operation from Iy : F,/ — Fr,

Mpf(z) =Y Hzeq}: (ft,) + VIt) (@ —t,)). (B.11)

yel

That is, the o, 3, associated with Il f are the function and gradient evaluations
att,. Ift., ¢ T, take the linear function from any simplex s with nonempty
intersection with ~y (this is guaranteed by assumption), extend it to all of 7, and
define o, 3, accordingly.

Remainder term

First, we split the Gaussian process term (B.9) into a “main term” and a “remainder

term”

, corresponding to different subspaces of R/'l. The main term will be controlled

via certain spectral functionals of the lattice-based difference operators. The remainder
term will correspond to a parametric rate in the subcritical regime, and in the super-
critical regime the size of the remainder subspace will be carefully tuned to obtain the
desired rate.

Begin by rewriting the Gaussian process term

<f(x1:n>7 Zl:n> = <f~, 6),
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where f € Rl has elements

fom (S 0e))”

€ZT, €Y

and € € R/ has independent elements €, ~ N (0, 0?). For an index set S C [N]<, let
Ps denote the projector onto some dimension-|S| subspace of RI'l corresponding to
S. With this notation in hand, decompose the Gaussian process term into a remainder
term and a main term,

d

(f(x1m), 21m) = (f, €)
= <f7(I_PS)€>+ <f,P3€>
< f @) 2l (T = Ps)ella + (F, Pse).

After substitution back into the basic inequality and solving a quadratic inequality in
| f(21:n)][2, the remainder term will be Op(1 — |S[/n) in average error. We now turn
our attention to the main term (f, Pse) and will return to the remainder term at the
end.

Approximation error

We now focus on the main term, ( f , Pse). Because Ps is a projector, each entry
~ 2
& =: (Ps€)y ~ N(0, 1),
where Vg < o2 Note importantly that €., €,/ are not necessarily independent, but this
will not pose a problem in our analysis. The pointwise products are distributed
1/2

fv &= (Z (f(xl))2> €y

T; €Y

¥(0 X ey

T, €Y

Z (f ()€,

€T, €Y

[

B
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where €,;, ~ N(0, 1/3) with independence across i. We may then decompose and
rewrite

fPSE ZZ E'yza

vel z; €y

= Z Z — U f(z;) 4+ p f (7)) €y,
~el' z; €y

_ZZ HFfIZ 672+ZZHFf xz E'yz
~yel z; €y vyel z;ev

<N = T f) @)l 2o + D> e f(a:)éy

vel' z;€y

to obtain an approximation term and a lattice-based Gaussian complexity term. The
approximation term is controlled using the following result.

Lemma 20. The approximation error between a CPWL f € F.| and its lattice-based
approximation IIr f may be bound above in terms of its gradient variation,

Vdnr()ne(T)ng ()

Nwmin

H(f - HFf)(xlzn)Hl S ' DGV(f; T? U)), (B-lz)

where Wiy 1= ming, s )epr Wij-

The proof is deferred to Appendix B.2.2.

Lattice-based Gaussian process
We now study the lattice-based Gaussian process term.

Equivalent representation. Begin by representing Il f explicitly in terms of the
piecewise intercepts and slopes, i.e.,

Do) Uefla)ds =) > (ay + 8] (@i —t,))é,
vyel z;€v vyel z;ey

We now consider the Gaussian processes involving intercepts and the slopes sepa-
rately and derive representations of these Gaussian processes that are equivalent in
distribution. For the intercepts, we observe directly that due to independence in 7, we

have
. d -
E :O"ye'm‘ = ay - VN2 (7)éy.
T, €Y
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For the slopes, we decompose by dimension,

ZﬂT g’yz*ZZﬁ'y] E'yz

zi€y xz@ J=1
- Z ﬁv J Z )j €y.i
T €Y
d
45N (02 Y0, )
Jj=1 Ti€Y
1/2
L3 (St -)
T, €Y
Conclude that
d
SN Trf(zi)és = (o, SPse) + > (85, 5;Pse), (B.13)
el ziey j=1
where o, 3; € RI'l, j = 1,..., d collect the intercepts and directional derivatives into

vectors, and S, S; are diagonal scaling matrices with entries

Sy = V1 (7),
(Sj)y = ( Z(tv - $Z)§> 1/2-

Upper bound in terms of lattice-based complexity. Following the notation of
Lemma 23, for each m, define the index set

S = {i € [N":||(i —=m =12 =1},
for some r € [1,v/dN], and set
S=8%
(2)

Taking the singular value decomposition Dy’
values indexed on the lattice [V]?, note that

= UZV' T with the singular vectors and

span({V; 1 i € SP}) C span({V; : i € SP}) = R® ¢ RW.
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We now treat the intercepts and slopes separately. For the intercepts, follow the
analysis of Wang et al. [2016] and Sadhanala et al. [2021] to upper bound,

(@, SPgee) = ¢ Py SPR<2)a
=c'P (2>S( N DP o
< (D)) TS Pyrelloll D e
For the slopes, we approach coordinate-wise to obtain a similar upper bound,
(Bj, SjPge) = €' Py SiPrn s
=¢'P (2>s»(D(”)+D(F”5j
< (D)) Pgrellocll D511
< [((DE) ) TS Pselloo| DE B3 1

noting in the final line that S\* C Sfl)

Control via spectral functionals. Apply Lemma 24 to upper bound

S 1
1(DE)) TS Pywelle < o 22IEL |o10g1r) 4 5) 3

VT S (&)

< ot2VeL) oo 48 o
<o (log [T +6) > )

ies?

with probability at least 1 — 2 exp(—¢), where §§m) are the singular values of D(Fm).

Similarly, for each j € [d], we may upper bound

fimaxyer />, o (ty — ;)3 1
I(DF)) T8 Psovelloe < 0 e = 200801 +8) 3 —5
vIE S0 (@)

ieS) >0

M1 \/na: 1
<O ST 2(l0g [T +6) Y —52
N iceS1) (51(1))2




Appendix B. Supplement to Chapter 3 162

with probability at least 1 — 2 exp(—4). We conclude that (B.13) is bound above by

Z Z Ip f(24)€y

vyl z; €y

< opy/ns(T)y/2(log [T] +6)

1
( m—lzT)Z~\|D§2>au1+\/|rr—lz @) ZH %nl)

iESﬁQ) (gz ieS) i

Lattice-based constraint sets

The following two results show that when IIrf is obtained from a function f €
F satisfying bounded discrete gradient variation, the intercepts of Iy f satisfy an
integrated second-difference constraint, and the slopes satisfy an integrated first-
difference contraint. Their proofs are deferred to Appendices B.2.2 and B.2.2.

Lemma 21. Suppose a CPWL f € F,| and its projection Iy f onto PWL functions on T,
Letting v ~ ~/ denote the neighbor relationship in Gr,

3 (T) (1 + 4n7(D)Vd)

Nwmin

Z |l — 20 4 a,| < -DGV(f;T,w), (B.14)

Y~y
where Wiy 1= Mins, 5 )ep, Wij.

Lemma 22. Suppose a CPWL f € F.| and its projection II f onto PWL functions on T
Letting v ~ ~' denote the neighbor relationship in Gr,

S 1By — Byl < 2 "F( T) Dav(f: T, w), B.15)

v~y

where Wiy 1= Min, s.)e B, Wij-

Putting it all together

The foregoing analysis has established that the triogram Gaussian process term (B.9)
may be upper bound by a remainder term, an approximation term, and a lattice-based
complexity term,

(f @), 210) < | f@rn)lloll (T — Py el
U = e @) 2l + 32 3 e f (@)

~yel z; €y
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Lemma 20 bounds the approximation error,

C’a(n)
|(f = Tpf)(z10)]1 < N

-DGV(f;T,w)

min

with probability at least 1 — 4 exp(—0d), where
Cy(n) == Vdnr(D)np(T)ng (I).

The results of Sections B.2.1 and B.2.1 reveal that (B.13) is bound above by

Z Zpr ;L‘Z < C2(n 5) (2(1) + 21{2)) . DGV(f,T, w)’

Nw
vyl z; €y min

where we use the abbreviations

Co(n,0) =0 -4-3% pnp(T I')v/2dn,(T)(log |T| + 6)

1
W= [0 —s,
\/ ES(J &)’

1
pHCUEES Jr 1y T)Q

5@

and

This yields an upper bound on (B.9) of

(1) 21m) < N @1m)l|2ll (1 = Py el
Cr(n)l|z1mloo + Ca(n, 8) (2 + £V)

Nwiyin

-DGV(f; T, w),

with probability at least 1 — 4 exp(—4). Substitute this back into the basic inequal-
ity (B.8) with f = f7 — f; to obtain an upper bound at the same probability of

I(F7 = fo)(@rn)ll5 < AT = Pyeo))ell3
4G () 1o + 4C5(n,5) (50 + 52)
+
Nwmin
x DGV ([T — fo; T w)
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after solving a quadratic inequality of the form az® — bz — ¢ < Oinz = ||(f7
f0)(z1.1)]|2- When the tuning parameter is set such that

4G (1) |21 oo + AC(n, 8) (D) + 1))

Nwmin

A > , (B.16)

the penalized triogram f 7 satisfies

n (T = fo) (@) 13
A +2)"+ 6
- n (B.17)
. 40Ch (n)\/log(2n) + 4Cs(n, &) (2O + £7)
anmin

with probability at least 1 — exp(—d,/8) — 4exp(—d2) — 1/n.

DGV (fo: T, w)

In the following results, we choose
N = (—Z ) v
log™ n

Subcritical regime: d > 4. Setr = 1. Lemma 23 provides that there exists a
constant ¢ > 0 depending only on d such that

for a user-chosen ar > 1.

20 = v <
This yields a rate of convergence of

n T = fo)@a) I3

4(3%+6y)
S (B.18)
4(logn) O‘F/d UO )\/log(2n) —I—CC n,ds)
+ o ( 1n1+1/dwg 21 ) DGV (fo; T, w)

with probability at least 1 — exp(—0,/8) — 4exp(—d2) — 1/n. Suppose the choice of
N and T are such that ) ) )

Ci(n), Ca(n,d2) = O(1)
and

DGV (fo: T, w)

nl/dwmin

—-0 (n'~2 /d)
are both satisfied. Then the penalized triogram with 7, w satisfies

(T = fo) (@)1 = Op(n=29).
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Critical boundary: d = 4. Setr = 1. Lemma 23 provides that there exists a
constant ¢ > 0 depending only on d such that

(1) <c
and
E?) < clog(N%).

Arguments exactly following the case d > 4 confirm that when d = 4, the penalized
triogram satisfies

n T = fo) (@) |3 = O (n=2/4).

Supercritical regime: d = 2,3. First, note from Lemma 23 that for the first-
difference operator,
E(l) <ec log(Nd) d= 27
! d=3,

for a constant ¢ > 0 depending only on d. This will contribute a lower-order term to
the rate compared with »? and so we safely ignore it, along with the approximation

error term. For the second-difference operator, Lemma 23 prescribes a bound of

E,@ < e / N4—dpd—4

when r € [1, VAN |. Following the analysis of Sadhanala et al. [2021], we choose r to
balance the remainder term with the Gaussian complexity term, i.e., balance

) ap(d—2) ~ 4-d a4\ DGV §T7w
(r+2)¢ with c(logn) T Cs(n, d2) (n42ddrd24) nlgjfumin )
Choose
2d
d_ ap(d-2) ~ DGV (fo; T,w)\ ** s
(r+2)*= <(logn) 2 Cy(n, y) eV nird.
Abbreviating

2d
ar(d—2)

Cy(n, 0 = ((1ogn> % éz(n,(sQ))m,

it follows that for some C,; > 0 depending only on d, the average squared error of the
penalized triogram is upper bound by

n71“(f7’ - fO)(xln)Hg S C(4 (% + ég(n, (52) (

nl/dwmin

DGV(fo;T,w)>4+d 4—d_1) (
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with probability at least 1 — exp(—d;/8) — 4 exp(—dz). Suppose the choice of N and
T are such that )

Cg(n, 52) = O(].)
and

DGV(fo; T, w)

1
n /dwmin

—0 (n1—2 /d)
are both satisfied. Then the penalized triogram satisfies

n T = fo) (@) |3 = Os(n750).

B.2.2 Technical lemmas for the proof of Theorem 5

Introduce the following notation for the purposes of the forthcoming proofs.

* For v # 7/, we define a path 77 (v,7') = {s1,..., ¢}, where t, € s1,t, € 5
and (s;,s;41) € Exfori = 1,...,¢ — 1. By convention, we take the shortest
path.

« (D) :== {mr(~,7) : (v,7) € Er} is the collection of all paths between
adjacent grid cells.

* Note that the maximum path length in 77 (I") is bound above by 2n+(I"), since
in the shortest each simplex will be visited at most once.

+ We will also overload the path notation to have 7(s,s’) = {s1,...,s¢}, 51 =
s,80 =5 and (s;,8;41) € Eyfori =1,...,¢ — 1. Again, we take the shortest
path by convention.

Proof of Lemma 20

Proof. Fix a cell v and a point € . Let s, whose linear function matches that of
7 (i.e., s such that ¢, € s), and let s, be the triangle to which x belongs (if there are
several, then pick one arbitrarily).

Case 1. 5., = s,. Then f(x) = Ilp f(x) and we are done.

Case 2. There exists a path 7(s.,, s;) = {So,...,s¢}, £ > 1, such that sg = s,, sp = s,
and s; Ny # ( for all s; € (s, s,). Consider points py, . .., pp+1 such that py = ¢,
Prr1 = T,and p;1 € 5,41 Ns; Ny foreachs =0,..., k — 1. Use the CPWL structure
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of f on T to write,
f(ﬂf) = f(karl)
¢
= [(po) + Z f(pj+1) — f(pj)

J=0
¢

= [(po) + Zﬂ;(pjﬂ —Dj)-

J=0

Recalling the definition of IIrf on each cell v and that py = t,, sy = s,, we may
express

Ir f(z) = f(po) + B, ( — po)
¢
= f(po) + Zﬂ;—(pj—&-l — ;)

Therefore, at x € ~, the approximation error may be expressed,

M-~

|f(x) = IIp f(x)| = | (55J 5so)T(pj+1 —pj)|

o

(i

=

Mw

< ”ﬁsg Bso | Hpj—&-l - pj”
7=0

i) LIt

< ZHﬁSiH - 681' |pj+1 _ij
7=0 =0

(iii) ¢

< Vd/N - ZZH&LH Bl

7=0 =0

@ \/_nT Vdnr(v) <
ZHBSM Bs; I,

where (i) uses Cauchy-Schwarz and the triangle inequality; (ii) uses a telescoping sum
and triangle inequality again; (iii) uses an upper bound on the diameter of any cell ;
and (iv) upper bounds the length of the path 7 (s, s,) by the number of simplices that
intersect cell 7y (since in the shortest path, each simplex would be visited at most once).
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Apply this argument to all ¥ € I' and sum over x;, 7 = 1, ..., n, to obtain
dn n @)1
Z‘f (2;) = Tp f(2)| < ——7— T Z >, ||/3(x)—5<:m||
i=1 j5=0
0 ﬁT(F)nr( Tn. (1)
< N Z ||Bs - /88/||
(s s"YeEr

@ \/dnr(T)nr Y W

Nwmln

(si,sj)eET

where (i) uses a crude upper bound on the number of paths a simplex s may appear in
(the number of cells it appears in times the number of sample points in each cell); and
(ii) re-expresses the result in terms of a (weighted) gradient variation of the original
CPWL f € F/. O

Proof of Lemma 21

Proof. Consider three consecutive grid cells v = v, ¥ = Yjte;, 7" = V)42, for some
1 =1,...,d. We will analyze the term
|O‘v” — 20 + O‘Wl = |(&7” - O‘w’) - (0‘7’ - a7)|

by analyzing each of the first differences. We begin with c,» — cv,. Recall the convention
that s, denotes the simplex whose linear function matches that of 7 (i.e., s such that
t, € s), and similarly for s.,.

Case 1. s, = s,. We may represent the intercept first-difference by
T
avf — Oz—y = BW (t-y/ — t,y).

/

Case 2. s, # s.. In this case, we must work a little harder. Consider the path 7 (7, v
{s1,...,8}, £ > 2, with s; = s,, 8y = sy, and Js;;.1 NIs; N (Y UA) # 0,0 =
.,{ — 1. Associate to this path the points py, ..., psy1, where p; = ¢, pry1 = ty,
andp; € 0s; N0s;_1 N (YUY),j=2,...,L
Form the telescoping sum,

L

ay = oy = fper1) = f(p1) = Zﬁ;(pjﬂ —Dj)

J=1

and separately note that

By (t, —ty) = B) (pes1 — p1) = Zﬁj(ﬁjﬂ —pj)-
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Add and subtract 3, within the telescoping sum to obtain that

4
Qy — Qi = )+ > (B, = By) T (pjs1 — p))-
7=1

Similarly, we may reason that
Qg — Qyr = B;F’ (tyr —ty) + Z(BS} - 67’)T(p;‘+1 — 7).
j=1

Take a difference of terms to obtain,

(g — ayr) = (g — )

= B»I (tyr —ty) — ﬁj (ty —ty)
él

¢
+ 3 (Be = B) Wy = 0)) = Y (B, — B5) (pjs1 — j)
J=1 Jj=1
e T v ¢
= Nl (B’y’ - B'Y) + Z(ﬂsg - 57/)T(p;'+1 Z ﬁsj pj+1 pj)a
j=1 j=1

where in the final line we recall that t.» —t., = t,» —t, = e;/N. Apply the triangle
inequality to deduce that

‘(O‘V” —ay) = (ay — O‘v)‘

o l
1
< 518y =Byl + ZHBS; = By llpfan = Pill + leﬁsj = Byllllps+1 = sl

< Sl gl + 4 (Znﬁs/—mHZn@% mu)

0—1 j

(i) 1
< B - MI+—<ZZH55

=1 i=1 =1 i=1

)

(i) 1 ZnT —
< <8y =Byl + (ZHBS —@s;||+z||@sj+l—55j||)

MZHBSHI B, 1+ 2TV (ZH% ﬁsl+leﬁsJ+l ).

- Bsi
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where we obtain (i) from an upper bound on the cell diameter; (ii) from a telescoping
sum (and recalling that 5, = f;, and similarly for +’); (iii) from uniformly upper
bounding the path length by twice the number of simplices appearing in any grid cell;
and (iv) from another telescoping sum.

Sumover all v = vj, ¥V = Vjrers V' = Vjt2e, 3 =1,..., N —=2,i=1,...,d, to
obtain,

Z (g = ayr) = (ayy — )

Yoy oy

<¥nm (% Y 18- a0+ 2TV S s, gy

(ss)ebT N (s,8")eBT
3an(T) 1+4n7_(r)\/a
R VI L/
54,55 T

Proof of Lemma 22

Proof. Consider (7,7') € Er. Let s., denote the simplex whose linear function matches
that of v (i.e., s such that ¢, € s), and similarly for s.,.

Case 1. s, = s. Then 3, = 3., and we are done.

Case 2. s, # s.s. There exists a path from s, to s/, i.e., 7(7,7") = {s1,..., 50}, £ > 2,
with s; = s, sp = sy, and 9s; 11 NIs; N (yUY) #0,i=1,...,¢ — 1. Expand the
difference in coeflicients as a telescoping sum and apply the triangle inequality to
upper bound,

-1
1By = Byl <D NBsys — Bs, -
j=1

Summing over all neighboring grid cells,

/-1
DBy =Bl < DD IBsyis = By

v~y yy' =1
(i)
SSan(T) Z HBS’_BSH
(s,s")EET
3dnp(7-)
< — i ||V s — Vs
" Wmin Z i H fz f|]

(sisj)EET
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where (i) is obtained by observing that there are at most 3¢ paths emerging from each
grid cell, in which each simplex may participate at most once in the shortest path. [

Spectral functionals of the lattice-based discrete-difference operator

The following lemma summarizes results of Sadhanala et al. [2021] controlling certain
spectral functionals of the lattice-based discrete-difference operator.

Lemma 23 (Sadhanala et al., 2021; Lemmas 1 and 6). Let " be a d-dimensional lattice
with N vertices along each dimension, for a total of |I'| = N¢ vertices. Denote by D%m)
the mth-order discrete-difference operator on I'. Let its singular value decomposition be
Dl(ﬂm) = UZV'', with lattice-based indices i = (i1, ...,iq) € [N]% where the indices
d

[m]® corresponding to null(Dlgm)) are left unused.

* There exists a subset S™ = [N]?\ [m + 1]¢ of the left singular vectors satisfying

incoherence, i.e.,
1

Vaxh

for some (1 > 1 that depends only on m, d.

]| oo < ieSm, (B.20)

* The singular values &; corresponding to these left singular vectors satisfies a certain
decay structure. In the case 2m < d,

— <c .
2~ | Ntlog(N?) 2m =d,
for a constant ¢ > 0 that depends on m, d, but not on N.

* In the case 2m > d, forr € [1,v/dN], the singular values in the subset S = {i:
|(i —m —1)4||a > 7} C S obey the decay structure

1
Z — < cNZmpd=2m (B.22)
ieS™ '

for a constant ¢ > 0 that depends on m, d, but not on N, r.

Error control via incoherence

Lemma 24. Let D € R"™™" have rank g, with singular values {; < - -- < &, correspond-
ing to left singular vectors u, . .., u, € R". Denote the full singular value decomposition
D = UZVT. Assume an index set S C [q] upon which the vectors u;,i € S are
incoherent, meaning that for a constant p > 1,

1

%, 1 €8S.

[l oo <
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Furthermore, let S € R™™" be a diagonal scaling matrix. For ¢ ~ N (0, 0%1,,),

S
[(D*)SPsello < a“”ﬁ”z\/ RN B.23)

€S
with probability at least 1 — 2 exp(—9).
Proof. We follow the proof of Wang et al. [2016, Theorem 6]. Define
= PsSD"e;, j € [r],
with e; the jth canonical basis vector. Observe for a fixed j that
= VsVg SVE1UTe;
= Vs(S= U ey,

where Vs € R™*¢ has ith column V; for i € S and 0 for i ¢ S. Therefore for each
j€lrl,

los 2 = £ Z o

€S

<K ||5||2 Z
52

€S

Conclude via a union bound that

[(D*)7SPse]loc = max]g; e

<o /L!\|/S_H2\/ 2(logr + 6) 252

€S

with probability at least 1 — 2 exp(—9). O

B.2.3 Proofs and technical lemmas for Section 3.3.2
Empirical content of grid cells

The following lemma appears previously as Lemma 12. We reproduce it, with notation
matching our setting, for completeness.
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Lemma 25. Suppose 1, ..., x, are sampled from a distribution P supported on (0,1)%
with density p such that 0 < ppin < p(z) < pmax < 1 forallz € (0,1)% Form
a partition of (0,1)? using an equally spaced mesh with N = Ci(pminn/log®" n)'/4,
ar > 1, along each dimension. Let vy, denote the (th cell of the mesh, and let |y,| denote
its empirical content. Then for all v1., € 2, withP{xy, € 21} > 1 —2/n%,

max || < Cylog™ n, (B.24)

mein |7e| > c4log® n, (B.25)
forn sufficiently large, where Cs, c4 > 0 depend only on puin, Pmax, d-

Geometric properties of Delaunay simplices

Lemma 26. Sample x1,...,x, from a distribution P following Assumption Al. Form
the Delaunay triangulation DT (x1.,) and consider the subtriangulation DT (x1.,,). There
exists a constant C'5 depending only on pun, d, o« > 1 such that for all sufficiently large
n,
max 7(s) < Cs(logn/n)"?, (B.26)
seDT

with probability at least 1 — n™“.

The following proof is an adaptation of Bern et al. [1991, Theorem 1], which
considered the minus-sampling setting.

Proof. Let C(s) denote the circumsphere of a simplex s € DT. (Although it is called a
circumsphere, we will actually take C(s) := B(s)°, where B(s) is the smallest Euclidean
ball containing s.) We will provide an upper bound on r(C(s)), s € DT, leveraging
a defining property of the Delaunay triangulation: z1., N C(s) = 0 forall s € DT .
In other words, we will bound the probability that there exists a set of d + 1 points
with empty circumsphere of a certain radius or larger. This can be done via the union
bound,

P{3z1.(a1) C T1n : |21 N C(T1:041))| = 0,7 (C(210a41))) > €}
n —d—
= <k: + 1> (1= PP
< Cnt*lexp ( — Pmin(n — d — l)sd),
The lack of a tilde here is intentional; this defining condition holds for all members of the triangula-

tion DT, not just for the subtriangulation DT. However, the probabilistic upper bound on the radius
only holds for simplices in the subtriangulation.
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for sufficiently large n and some fixed constant C'. In the first inequality, we have used
the crucial condition that x1.441) € 1., to ensure that we can bound the probability
mass of C(21.(4+1)) from below, so long as e < C’(p,+ (v + d + 1) log n/n)"/. Choose
e = C'(pi.(a+d+1)logn/n)"/? to obtain the claim. O

Corollary 2. Sample x1,.. ., x, from a distribution P following Assumption Al. Form

the Delaunay triangulation DT (x1.,) and consider the subtriangulation DT (x1.,,). There
exists a constants Cg, C; depending only on punin, d, « > 1 such that the following

statements hold: with probability at least 1 — n=?, for any simplex s € DT (x1.,), the
volume of s is upper bounded

u(s) < Cslogn/n, (B.27)
and the surface area of any facet F;,i = 1,...,d + 1 of s is upper bounded
HIY(F,) < Cr(logn/n) -1/, (B.28)

Overlap between Delaunay simplices and grid cells

Lemma 27. Sample x1,. .., x, from a distribution P following Assumption Al. Form
the Delaunay triangulation DT (x1.,) and consider the subtriangulation DT (x1.,,). Form
a grid open partition T of Q) with N¢ cells ;, each with sidelength 1/N. On the same
event 25 upon which the conclusion of Lemma 26 holds, there exists a constant Cg such
that the number of grid cells v overlapping any simplex s is upper bounded,

Cslogn/n]| _,
max [{y €T :sNy#0 §max{[— AR (B.29)
max |{ H (/N
Proof. The result follows from a simple volume packing argument. [
Lemma 28. Sample x4, ..., x, from a distribution P following Assumption Al. Form

the Delaunay triangulation DT (z1.,) and consider the subtriangulation DT (x1.,). Form
a grid open partition T’ of Q with N cells ;, each with sidelength 1/N. Take N =
C1(pminn/ 10g® n)Y/™, ap > 1. On the same event 27 upon which the conclusion of
Lemma 25 holds, there exists a constant C depending only on pin, Pmax, d such that the
number of simplices s overlapping any cell y is upper bounded,

max [{s € DT : s N~ # 0}| < Cs(logn)or@y), (B.30)
ye

Proof. Fix a ; € I'. We will first prove that any simplex s which has nonempty
intersection with 7; must be entirely contained in

Dy = Ug3; ¢ [l — illee < 3).
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Suppose not. Then there exists s € DT such that 2,2’ € s withz € Q \T';and 2’ € ;.
By construction,
|z — || > 3/N.

Consider B(x, 2’), the smallest ball with z, 2’ on its surface. There exists B’ € B(x,z’)
such that diam(B’) = 3/N and B’ C I'; \ ;. It then follows that there exists 7, C B,
1 < [[j —il]oo < 3. On the event 27, ; contains at least ¢4 log”" n sample points,

contradicting the claim that s € DT.

We now proceed to demonstrate the claim, using a crude upper bound based on
the maximum number of sample points on each grid cell under the event .27.

s sna 20y < (2P
< C(H{aua NTH)™
< O(5%Cy log®r n)*
< Cs(log n)or@+),

This upper bound holds simultaneously for all ;. ]

B.2.4 Proof of Theorem 6

Proof. First, apply Lemmas 25, 26, 27, 28 to enforce probabilistic control of the necessary

functionals of DT, and then apply the analysis of Section 3.3.1 to f FPT on () in order
to obtain the rate

1 2 [Op(Li ) d<4,
Z ~ o) = {Op(mi) d >4,

zE:mn

We now show that on the set .27 on which the conclusion of Lemma 25 holds, 7 scales
asymptotically like n. Take ar = o > 1 for the user-chosen parameters in Lemmas 25
and 26. For x., € 27,

= |z1, N Q)

=n— Z | 1., N |

Y FNOQAD
n — 2dN% max |21, N |
vyel
> n —2dC, N log* n
> n — Cs(logn)®/dnt =1/
> CeM,

for some cg > 0 and n sufficiently large. [



Appendix B. Supplement to Chapter 3 176

B.2.5 Proof of Theorem 7

Proof. The proof proceeds in three steps: first, we reduce the problem to estimat-
ing binary sequences; next, we apply Assouad’s lemma; and finally, we optimize the
resulting constrained maximization problem to obtain the lower bounds. In the su-
percritical regime, optimizing all the free parameters in the construction provides a
valid lower bound. In the subcritical regime, optimizing all the free parameters yields
a vacuous constant-order lower bound (reflecting the impossibility of estimation when
d > 4), and so we restrict our attention to estimating functions in BGV(L) which are
additionally essentially bounded, i.e., functions in BGV (L, M).

Step 1: Reduction to estimating binary sequences. We begin by associating
functions fy with the vertices of a hypercube ©g = {0, 1}°, where S C [m]¢ for some
m € {1,2,...}. The functions fj are constructed as follows: we partition ) into cubes,

1. . 1. : .
Qiza(zl—l,zl)x---xE(zd—l,z—d), i € [m]?,
and for each 6 € Og take fy to be the continuous piecewise linear function,
= fg(x;a,Q)), (B.31)
ieS
where the function g(x; a, Q;) is given by
g(@;a,Q;) = 2ma - d(z,0Q;) - H{z € Q;}.
A direct calculation reveals that for all § € Og, € := 1/m,
V(V fp) < Caal S|e™> (B.32)
for a constant Cy that depends only on dimension. So long as the gradient varia-
tion (B.32) is bound above by L, we may reduce

aZe?

ZEQp(éa 9)7

(B.33)
where p(6,6') = >, |0; — 0;| is the Hamming distances between vertices 0,6’ € Og.

inf sup E.llf — f >1Hf Sup Eql f — f =z
f foeBGV(L) wllf = fllzae oS = ol = 64{d +2)

To obtain the latter inequality in (B.33), first for a given f, take

éi _{ JCQ = 8(d+2

0 otherwise,
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and calculate

Hf f9HL2(Q Zl‘f f9HL2(Q)

i€[m]d

>N = foll o,

€S

Z64d+2221{9 7 0i}-

The final inequality above is obtained by considering two cases. In the first case, 0; = 0,
0; = 1, and we find that

IF = ol = | (Fe) = ol Qo)
S RUERTN Ty T S
+/Q — fo. Do, = 9(230,Q:))dx
== /Q i(fQif — g(r10,Q;)) dx
- /i(g(:c; a,Q:))’dx — 2(f,, f) /Qig(x; a.Q)dz + (f, )€’

a’ed

A1 Dd+2)

upon taking fQ f< d+2 In the second case, §; = 1, §; = 0, and we find that
IF = $illoay = [ ()
:/Q g 2da:+/ (f, PPdr+ (f, f /Q () — £,
> / (fo, F)de
a’e?
>_ - -
~ 64(d +2)*

upon taking fQ f> -
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Step 2: Application of Assouad’s lemma. Given a measurable space (Z,.4) and
a set of probability measures M = {ug : 0 € Og}, Assouad’s lemma lower bounds the
minimax risk over Og, when loss is measured by the Hamming distance p(6).

Lemma 29 (Tsybakov, 2009; Lemma 2.12). Suppose that for each 0,0’ € O : p(0,0') =
1, we have that KL(ug, po) < ao < 00o. It follows that

A 1
inf sup Egp(0,0) > 5] max (— exp(—a), (1 — a/2)).
6 0cOg 2 2

We take Z = (2 x R)®" and associate each § € Og with the measure ,uén), the
n-times product of measure 19 = Unif (Q) X N(fg(x),1). We now upper bound the

Kullback-Leibler divergence KL(,ué )l Ly ) when p(0,6') = 1. Letting i € S be the
single index at which 0; # 0/ and ¢ be the density for a standard normal random
variable, we may calculate

I

/1/1g( fa((?))))cb(y fo(a)) dy d

_ / | /R < (6~ 6 (9(2:0, Q)" ;2<9i—94>g<x;a,@i>y>

x ¢(y — fo(z)) dy dx

— %/Z (g(:z:; a, Qi))2da§

a2el

T 20d+ 1)(d+2)

and conclude that

neda2

(n)  (n)
KL V) < .
(" 1) < 2(d +1)(d + 2)
It follows that as long as a, S, € have been chosen such that fy € BGV(L),0 € Og and

neta?

<1,
2(d+1)(d+2) —
we may apply Lemma 29 to conclude that

it sup Eplf-fol? e intmaxBap(0,0) > -1
1m Su 2 —ln maX .
P penavy W TIONR@ = G302 P 7] = o56(d + 2)% exp(1)

(B.34)
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Step 3a: Supercritical lower bound. The minimax risk over BGV(L) may be
lower bounded by a solution to the following constrained maximization problem:
letting s = |

>

o a’els
TS 556(d + 2)2 exp(1)
subject to 1<s< e_d,

ase?? < £,
Cq
nea?

CECE

Sete = (W)l/d and s = (A )e~(9=2) to consider the problem

n Cqa
2d +1)(d +2))**
maximize ( (d+1){d+ )) La1_4/dn_2/d,
256(d 4 2)? exp(1)Cy
1 d—4 d—2 a2n
subject to 1< ( — )Ladnd < .
Ca(2d+1)(d+2)) 7 2(d+1)(d+2)
(B.35)

When d < 4, the lower bound may be improved by taking a > 0 small, subject to the
constraints in (B.35). The first constraint is trivially satisfied for @ > 0 small, and the
second constraint reveals the lower bound

az(<2<d+1><d+2>>2/d>4id .

Ltrantid,
Ca

which when substituted into the criterion of (B.35) yields (3.31).

Step 3b: Subcritical lower bound. Returning to the constrained maximization
problem (B.35), we see that when d > 4, the criterion is maximized by taking a
large, again trivially satisfying the first constraint. The second constraint is also
satisfied by taking a large, implying an arbitrarily large lower bound on the estimation
error. As a result, we instead pursue a lower bound on the estimation error over
BGV (L, M) := BGV(L) N L*>*°(M). Arguments identical to the foregoing imply
the amended constrained maximization

2/d
2(d+1)(d+ 2
asimize (2(d+1)(d+2)) o= -2/d,
256(d 4 2)2 exp(1)Cy
1 d—4 d—2 a2n
subject to 1< ( — >Ladnd < )
Ca(2(d + 1)(d+2))d712 2(d+1)(d+2)
a < M.

(B.36)
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Take a = M to obtain (3.32). [

B.2.6 Proofs and technical lemmas for Section 3.3.4
Proof of Lemma 4

In this subsection, re-notate 7, F1.,,, {2 to 1, T1.p, € respectively; and T to DT.

Proof. Let €*2(x1.,) denote all size-(d + 2) combinations of points from z, . . . , z,,.
For each element (71,...,24.2) in €%*%(z1.,), assume without loss of generality
that the points are ordered such that the simplices s; = (21,23, ...,Z412), S2 =
(29,23, ...,x4:2) are the Delaunay simplices of (x1, ..., Z412). First, upper bound the
discrete gradient variation (unweighted) via Lemma 30 and a Holder inequality,

Z Hg(81) — §(32)||2 1{81 S 72, S € T, (81,82) S ET}
($1,...,Id+2)€<&)ﬂd+2($1:n)
max Al 2 (MY My) + Al (Mg M.
(ml,...,xd+2)€‘€d+2(z1;")( min ( 1 1) min ( 2 2))
< X 1{81 c 7-, So € 7-, (81, 82) € ET}
X > [ Raao || Wz, Tago € Blan, )}

(€1, 2q42) ECIT2(21.0)

—-1/2

min

The first term we recognize as A_.’*(7). We now analyze the second term, take its
expectation, and apply Markov’s inequality to obtain the result.

Z ‘|R$2;(d+2)|’ 1{51 S 7~'7 89 € 7~'7 (81; SQ) S ET}
(T1,0 5T y2) ECIT2(21:0)
— Z HRIQ:(HQ)H(l{sl €T, s €T,(s1,5) € Er,r(s1) Ar(se) <1}

(@1, s q42)EC T2 (21:0)

+1{s1 € T, 52 €T, (s51,8) € Er,r(s1) Ar(s2) > 1})

Choose r = r* := C(pi,(a + d + 1)logn/n)'/? for a fixed constant C' > 0 as in
Lemma 26. The latter term is zero with probability at least 1 — n™¢, so we focus on
the former term.

Z [ Ry oy || 1{51 € T.,s3 €T, (s1,82) € Er,r(s1) Ar(sy) < r*}

(:E1,...,:Ed+2)€(6jd+2(-'Elzn)

= Z HRQ?Q:(d+2) | 1{r(s1) Ar(sy) <r*}.

(€1, 2q12) ECIT2(21.0)
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Take an expectation to compute

Em{ Z | R, gio | 2, s Tare € By, 77)}

(wl ..... xd+2)€%d+2($1:n)

d+2E$1 (d+2) [HRIQ (d+2)|| 1{1;27 coy Tdy2 € B(Z’l, *)H

< i / / / |Re s | Has - asn € Blay, 1)}y . doade,

d+2 d+2
pmax/ / / HRxQ:(dJ&) H d-’lfdJrQ . drodry
331 r* B(Il 'r'*)

B
/ / / | Ray gy (B 1)) s . dasdr,
B(z1,r*) B(z1,r*)
2d2+dpd+2 At i
_ max
= Tt o [ B Rl ©3)

We now analyze the inner expectation.

]E:cz ----- ZTd42 [”R

~Unif(B(z1,r*)) T2:(d+2) Hi|

d+2

- Ez2 ,,,,, zd+2 E |sz

~Unif(B(z1,r*))

— (d —+ 1)Eoc~Unif(B(x1,r*)) |:| Z (x — :L'I)BRB(ZL‘)”

|B]=2
<(@+1) D Eeotnittary |12 = o131 Ra(2)]
|8]=2
1
<@+ 007 3 () (1 =)D f(ar + 1 — )i |da
= B(z1,r*) 0
d+1 |D” —x1))|dzd
<A+ Y / [ 1D e s

= (%)
Employ a change of variables: ¢t = t, z = x; + t(x — 1), and rename z back to x to
obtain

(%) < pgt(d+1)(r*)* d/ / > D f()|dadt

\BI 2

_ o 1
< pyt(d* + d)(r*)? d/ t—d/ | H f(2) | pdadt. (B.38)
0 B(z1,tr*)
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Finally, we substitute (B.38) back into (B.37).

2d2+d d2 + d)pit2
(B.37) = (Mp;l)pmax a™(logn)“n(r)?— / / v / ||Hf )| pdzdtds,
min xl tr*

27 + d)pi
= ( y 1> a1 (logn) ™ n(r*)* ||Hf | pdaydzdt
Hap . td B(x,tr*

25 + d)pi
= E T D 141 10 )y / / | H f(2)| pdadt

pmln

2d2+d 42 + d)pit+2

— ( pdi_l )pmax d+1(10g n)d+1n(r*)2 TV(Vf, Q)
2d2+d d2? + d)pd+2

— (pdjl )pmax d+1(10g n)dJrln(r*)Q TV(Vf, Q)

Apply Markov’s inequality and the weights w;; to obtain the claim. ]

Normed discrete second difference

Lemma 30. Given a twice-differentiable function f : {2 — R with a convex domain
Q C R? and points 1, . .., 14,0 € Q, form the simplices

S1 — (Ihl’g, Ce ,J}d+2>,

S9 — (5132,1'3, Ce >$d+2)7

and the approximate gradients §(s1), §(s2) by linearly interpolating f on those simplices.
Then the normed discrete second difference satisfies

l(s1) — 8(s2)ll < (

i i el ®9)
)‘min(MlTMl) )\mln(M;—MQ) Pt 1 '

where M, My € RUEAFDX(A+H) gre given by

1 O1xq 1 O1xd
M, — 1 I’gf.’]ﬁl M, — 1 x5 —x |
1 Zgo—m I wgro — o
and the remainder term R, , ., is given by
> 1=a(®2 — 1) Ry(s)
Raygia) = :

Z\ﬂ|:2(xd+2 — 1) Ry(za12)
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with
Rs(z) = /0 (1 —=t)D° f(x) + t(x — xy))dt.

Proof. Consider the second-order multivariate Taylor expansion of f about = = x;,
fla1) = f(z1)
flw2) = f(21) + Vf(21) (22 — 21) + Y (w2 — 21)" Ry(1)

|81=2
(B.40)
F@aze) = f(@1) + V(1) (o — 1) + Y (Tar2 — 21) Ra(2ag2).
18]=2
The first and latter d equations in (B.40) may be rewritten,
flx

f(371,3:(d+2)) =M [V;(;z) + Rx1!3=<d+2)'
Therefore the approximate gradient §(s;) can be related to the gradient at x,

g(s1) = Vf(@1) + (M R, o 0))2:at) (B.41)

For the approximate gradient §(s;), first consider the latter d + 1 equations in (B.40) as

-1 To — X1 1 _ f(x ) -
f(xz:(d+2)) = |: : Vf(;ﬂ + Rﬂfz:(d+2)
11 Zgpo —a1]| il
—1 01 x4 1 0 z9—xy
1 T3 — T [ f(xl) i 0 To — T1 f(xl)
BN : (Vf(z1)] E : |:Vf<xl)} T oy
_1 $d+2‘_'$2_ 0 T2 — X1
Applying M, * to both sides then gives
0 To — T
-1 | fla) |0 mmm f(xy) -1
M, f(372:(d+2)) = {Vf(lj)} + M, Y f(z) + M, sz:(d+2)
0 To — Iq
0 To — X1
_ | f(x) 0 Oixa f(x1) 1
ol K O N A R S

0 led
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since the all-ones vector is the first column of M,. This yields, for the approximate
gradient §(ss),

9(s2) = Vf(x1) + (M3 'R,y 0) )2:as1)- (B.42)
Finally, combine (B.41) and (B.42) to obtain a bound on the normed discrete second
difference,

||§(S1) - 9(32)” = ||(M1_1R131,3:(d+2) - MQ_le2:(d+2))2:(d+1)||
S ”MI_IRII,S:(d-FQ)H + HM2_1R

T2:(d+2) H

1
< ; )HRxQ.d N
(wmin(MI M) v/ i (Mg M) e

Minimum eigenvalue of the Gram matrix

We begin by recalling two useful results. The first is a lower bound on the minimum
eigenvalue of a Wishart matrix.

Theorem 9 (Edelman, 1988; Lemma 8.2). Suppose Y & R has columns Y; ~
N(0, ;). As §; — 0, the minimum eigenvalue of Y 'Y satisfies

P{in (YY) < 81} ~ \/dby. (B.43)

The second useful result we recall is a quantitative form of Sylvester’s law of inertia.
Theorem 10 (Ostrowski, 1959). Let A be a Hermitian matrix of order n and B be an
arbitrary real nonsingular matrix of the same order. Denote the eigenvalues of A by

AL 2 A = 2 Ay,
and those of B*AB by
P12 P22 2 Pn.

Then

where &; lie between the largest eigenvalue v, and the smallest eigenvalue v,, of the positive
definite matrix B*B.

We now state a few useful lemmas.

Lemma 31. The random vector X; ~ Unif(By4(0,1)) drawn from the uniform dis-
tribution on the Euclidean ball in R? factorizes into independent scale and orientation
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components,

R; has density f(r) = dr®™!,
0; ~ Unif(S41),
R; 11 6;.

(B.45)

Lemma 32. The random vectorY; ~ N (0, I;) drawn from an isotropic Gaussian distri-
bution factorizes into independent scale and orientation components,

Y = Sipi,

Si ~ Xd;

@; ~ Unif(S971),
S; AL ;.

(B.46)

Lemma 33. There exists a scaling function g : [0,+00) — [0,400) such that for
X; ~ Unif(By(0,1)) and Y; ~ N(0, 1),

Y- g(IVil) £ X (B.47)

Proof. Lemmas 31 and 32 allow us to factorize X; and Y; into independent scale and
orientation components, as in (B.45) and (B.46), respectively. Rewrite

Yi - g(IYill) = g(Si) - Si - i,
and observe that ¢; L 6; by construction. It only remains to verify the existence of
g : [0,400) — [0, +00) such that

d

Q(Si) -S; = R;.

We construct such a function directly, by taking

o(s) = Quantiley(Fs(s)) 7

S

where Quantiley, is the quantile function for the distribution with density function
f(r) = dr?~1 and Fy is the cumulative distribution function for the chi distribution
with d degrees of freedom. [

Corollary 3. Suppose Y € R¥? is a random matrix whose columns Y; are drawn
independently from the isotropic Gaussian distribution N (0, 1;). Then there exists a
diagonal matrix Dy (depending on Y ) such that Y Dy has columns (Y Dy ); drawn
independently from the uniform distribution on the unit Euclidean ball Unif(By(0,1)).
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Lemma 34. Suppose a matrix X € R¥*? with columns X; ~ Unif(B,(0,1)) inde-
pendently drawn from the uniform distribution on the unit Euclidean ball. There exist
constants C, Cy depending only on d such that for sufficiently small 5, € (0,1) and any
9y € (0,1), the minimum eigenvalue of its Gram matrix satisfies

Amin(X T X) > (6,02)? (B.48)
with probability at least 1 — C161 — d5;’/2 — Cyexp{—d6;"}.
Proof. Recall from Corollary 3 that under a column scaling,
X £ vyDy,

where the matrix Y € R%*? has columns drawn independently from the isotropic Gaus-
sian N (0, I;) (and Dy is a diagonal matrix that depends on Y'). Applying Ostrowski’s
theorem (B.44), we lower bound

Amin(X T X) = Auin(Dy Y 'Y Dy)
> (min (Dy)i)*Amin (Y TY). (B.49)

We now lower bound (B.49) by 10, in probability. Decompose via the union bound,

P<{(mgn<py)ﬁ)2 < 5 0 (YY) < 51})
< Pin (YY) <61} + P{ (min(Dy)is)” < 52}
=:Ppo + D1

For py, we quantify from (B.43),

po < C34/doy,

for sufficiently small ¢;. For p;, we can apply the union bound, denoting S ~ x4,

= IP’{(miin(Dy)”) < b} < d-P{g(S </}
= d - P{ Quantiley(Fs(5))/S < \/@}

= d-P{(Fs(8))/S < \/5,}.
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Finally, condition to obtain the bound

P{(F“TS))UZ @}:P{L?)w< \/5_2,S<53}

(Fs(S))l/d

1/d
< P{% <V/6,]S < 53} +P{S > 65}
< P{Fs(S) < (v/020)"|S < 6} P{S < b3} + P{S > 63}
< P{Fs(S) < (v/0205)"} + P{S > 65}

2 (v/6265)% + exp{ — (65 — 20d + d*) /20°}

< (V/0205)" + Cyexp{—d3}

(i) _
< 69 1 Oy exp{—0; Y,

where in (i) we use the fact that a chi-distributed random variable with d degrees
of freedom is sub-Gaussian with mean d and variance proxy o2, and in (ii) we set

83 = 65 O

Lemma 35. Suppose a matrix X € RV of the form

% 1 11><ol
X = :
|:0d><1 X }

where X € R is positive definite and whose smallest singular value is o in (X)) = A2,
Then the smallest singular value of X satisfies

3 N\ /2
for sufficiently small A > 0.

Proof. Letv* € S% ! such that || Xv*||3 = \. Using the variational form of the singular
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value,
2 v : 112
X) = inf || X
O pmin (X) alensdH i3

— inf | X (7 + )2

penull(1gyq),wenull({0} xR4), ||5+10|2=1

0 n w
X09:(d+1) Odx1

: ~ 2 2
= inf | X Doarny |l + w
venull(1g41),weR,||i4weq||2=1

2

= inf
venull(1g41),weR,||o4weq||2=1

= inf X\ + w?
a2+ (w—alTv*)2=1,a€[0,1]

= inf o’ 4 ((1- )2 4 alTv*)2
a€(0,1]
@ 2 T #\2
> inf oA+ (1—a+al v")
a€l0,1]
A
A+ (1T —1)2
@ A
T 14+ (1Ter—1)2
(iv) A
> —7
—d+2
where in (i) we minimize H)~(172;(d+1)H§ by taking vs.(q41) = av* for some o € (0,1)
and observe that for 0 € null(1441), 0; = —1T172:(d+1); in (ii) we use the inequality
V1—a?>1-—afora € [0,1]; (iii) holds for A > 0 sufficiently small; and (iv) follows
from the upper bound |17v*| < ||v*||; < V/d for a vector v* € S, O

Lemma 36. Suppose a matrix M € RV of the form

1 01><d
1d><1 X '

where X € R4 has columns X; ~ Unif(B4(0,r)) independently drawn from the
uniform distribution on the unit Euclidean ball. There exist constants Cy,Cy depending
only on d such that for sufficiently small 6, € (0,1) and any é5 € (0, 1), the minimum
eigenvalue of the Gram matrix M " M satisfies

|

<T6152)2
d+ 2

with probability at least 1 — C10; — d5§/2 — Coexp{—0;'}.

Amin(M " M) > (B.51)

Proof. The result follows from Lemma 34 with X /r and Lemma 35. ]



Appendix B. Supplement to Chapter 3 189

B.3 Sensitivity analysis for Section 3.3

In this section, we additionally report results from the experiments of Section 3.4.1
using the smaller sample sizes of n = 500, 1000. We find that the conclusions of
Section 3.4.1 remain unchanged. The figures here correspond to Figures 3.9 and 3.10.
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Figure B.1: MSE for n = 500. Compare these results to those in Figure 3.9.



Appendix B. Supplement to Chapter 3 190

Bumps Pyramids Sine

4 4
3 3
2 2
1 1
W2 0 0
df = 54 df =48 df = 40
% 4 4 2
o 3 3 !
% 2 2 0
c 1 1 -1
=} 0
ke ° -2
[}
o
df=69.5 df=70.9 df=33.6
Q
£
3 2
5 : :
o) 3 3 !
© 2 2 0
- ! ! -1
1
< 0 0 o
c
|_

Figure B.2: Predictions forn = 500. Compare these plots to those in Figure 3.10.
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Figure B.3: MSE for n = 1000. Compare these results to those in Figure 3.9.
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Figure B.4: Predictions forn = 1000. Compare these plots to those in Figure 3.10.
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