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Abstract

We study a family of distances between functions of a single variable. These distances are examples of
integral probability metrics, and have been used previously for comparing probability measures. Special
cases include the Earth Mover’s Distance and the Kolmogorov Metric. We examine their properties for
general signals, proving that they are robust to a broad class of perturbations and that the distance
between one-dimensional tomographic projections of a two-dimensional function is bounded by the size
of the difference in projection angles. We also establish error bounds for approximating the metric from
finite samples, and prove that these approximations are robust to additive Gaussian noise. The results
are illustrated in numerical experiments.

1 Introduction

Many tasks in statistics and machine learning require specification of a metric to measure the distance
between two data vectors. For example, typical methods for clustering will attempt to group points together
that are close and separate points that are far, where “close” and “far” are determined by a certain metric
or similarity measure [48, 56, 2]. The specification of the metric can alter the effectiveness of such methods.
A good metric will be robust to noise and to irrelevant perturbations of the input data, so that only the
“meaningful” characteristics of each data vector inform the distance.

A popular class of metrics, typically used for comparing two probability measures, are called integral
probability metrics, also known as mazimum mean discrepancies [26, 14, 5, 41, 38, 3, 54]; if g and h are
defined on a measure space X, these distances are given by

dx(9,1) = sup /X F(2)(g(x) — h(z))dz. 1)

where F is a specified class of test functions. (Of course, this may also be well-defined if g and h are not
probability measures, which is the perspective we will take in this paper.)

One of the most widely-used examples of a metric of the form (1) is the Earth Mover’s Distance (EMD)
for comparing probability distributions g and h, applicable when X’ is a metric space. Informally, the EMD
between g and h is equal to the minimal cost of transforming ¢ into i by rearranging the mass, where the
cost is determined by the metric on X [57, 58]. EMD and other related distances, such as the p-Wasserstein
distance, are popular metrics in machine learning and statistical applications [44, 50, 13, 45, 49, 34, 10, 47,
40, 15, 39]. It is a consequence of the Kantorovich-Rubinstein Theorem [27, 18, 36, 37, 20] that the EMD
between g and h is equal to the distance (1) when F is the set of 1-Lipschitz functions.

Despite their applicability to a wide range of problems, many fundamental properties of these metrics
are not well understood. The present work is an attempt to further elucidate their properties. We are most
directly inspired by two results that are known to hold for Wasserstein distances. The first result, which is



proven in [33], states that if there is a smooth bijection ¢ : X — X and

dp
o) = b ()2 2, ®
(where %’(m) is the Radon-Nikodym derivative of ), then

Wl(gvh) < Slelg dX(x7<p(x))7 (3)

where W) denotes the EMD, or 1-Wasserstein distance. Informally, (3) tells us that the EMD is robust to
“small” perturbations of the data, where the “size” of a perturbation is the maximum distance that any
point in the domain may be moved.

A result in the recent paper [46] suggests that the p-Wasserstein distance W), is natural to use for
clustering tomographic projection images that arise from cryo-electron microscopy (cryo-EM), a technique
for molecular reconstruction that is increasingly used in structural biology [52, 7, 17]. Suppose g and h are
functions of two variables that are each projections of a common three-dimensional volume f; that is,

o) = [ I(Ry(e.v. ) @
R
where Ry is an orthogonal transformation; and similarly for h. Then [46] proves that

h <0
Rerglon@)W p(g,ho R) <O(Ry, Rp), (5)

where 0(R,, Rp) is the angle between the projection directions of Ry and Rj,.

These results raise two natural sets of questions, which motivate the content of this paper. First, are the
stability properties (3) and (5) unique to Wasserstein distances, or are there other families of metrics that
exhibit similar properties?

Second, are there additional stability properties that have not yet been identified? There are two partic-
ularly interesting questions that arise in the context of cryo-EM. The first of these is robustness to hetero-
geneity. Cryo-EM datasets may contain projection images from multiple 3D volumes, either from different
molecules or a single molecule in different conformations [60, 22, 35, 4, 31, 51, 55, 32]. When comparing
two such projection images, it would be desirable for the distance metric to be bounded by the size of the
distortion between the volumes.

Another potentially desirable property is robustness to additive noise. Again, this is of particular signifi-
cance in the tomographic applications described in [46], since images from cryo-EM are typically very noisy.
To even make sense of the question of noise, however, one must move away from comparing only probability
measures, and allow for signals with unequal mass and negative values.

In this paper, we provide precise answers to these questions, in the simple setting of functions of a single
variable. We study a certain family of metrics between single-variable functions on an interval. These metrics
are induced by norms, denoted by || f|v», which are the p-norms of the Volterra operator (i.e. the indefinite
integral operator) applied to f. As is known, these metrics may be written in the form (1) by taking F
to be the space of functions whose derivative is in LP/(P~1: see Proposition 3.1 below. We call the norm
| - [[v» the Volterra p-norm, and its induced metric the Volterra p-distance. The Volterra distances have
been used previously for comparing probability measures on the real line [41, 38]. We also consider a discrete
approximation [|/f[|,, for vectors f of samples of f on an equispaced grid.

We show that the Volterra p-distances exhibit robustness properties analogous to (3) and (5), while also
being robust to 2D perturbations and additive noise. We remark that, while our results on distances between
projections are applicable to 2D tomography, they may still give insights into 3D tomography, analogous to
those gleaned from the study of multi-reference alignment [9, 8, 6, 43, 1].

The main results of the paper are summarized as follows:

e Robustness to 1D perturbations. The Volterra distances are robust to integral-preserving changes
of variable. That is, the distance || f — f]|v» between a function f and a perturbation f of f is bounded
by a certain measure of the size of the perturbation.



e Robustness to changes in projection angle. The Volterra distance between two one-dimensional
projections of a two-dimensional function is bounded by the size of the difference in projection angles.

¢ Robustness to 2D perturbations. The Volterra distance between two one-dimensional projections
of a two-dimensional function and its perturbation is bounded by the size of the perturbation.

e Convergence of the discrete norm. For a broad class of functions f, the discrete norm |[|f||,, of a
vector f of samples of f taken on an equispaced grid converges to || f||ve.

¢ Robustness to noise. The discrete norm || Z||,, of a noise vector Z vanishes as n — oo, whereas the
discrete norm of a signal vector converges to the corresponding continuous norm. In particular, the
discrete norm of a noisy, sampled function converges to the norm of the noiseless function.

The remainder of the paper is structured as follows. In Section 2, we review basic terminology and
notation. In Section 3, we formally define the Volterra p-norms and prove a general stability result that
will be useful in the proofs of the main results. In Section 4, we study the robustness of the Volterra
norms. More specifically, in Section 4.1, we prove robustness to one variable perturbations; in Section 4.2 we
prove robustness to changes in tomographic projection direction; in Section 4.3, we prove robustness to two
variable perturbations; in Section 4.4, we analyze the approximation error of the approximate norms based
on function samples; in Section 4.5, we analyze the behavior of the discrete norm in the presence of additive
noise. In Section 5, we present the results of numerical experiments. Section 6 contains detailed proofs of
the main results. Section 7 provides a brief summary and conclusion.

2 Preliminaries
This section introduces the basic definitions and notation that will be used in the rest of the paper. Proofs

of most of the results stated here may be found in, for example, [21]. Familiarity with basic concepts of
measure and integration will be assumed. Throughout, a < b will denote arbitrary real numbers.

2.1 The Lebesgue p-norms

Let f : [a,b] — R be any measurable function. For any value p € [1,00), the p-norm is defined as follows:
b 1/p
Il e (o)) = (/ If(ac)pdx> ) (6)

[ £l 2o ([a,b1) = esssup|f()]. (7)
a<z<b

For p = oo, we define

When a and b are clear from the context, we will just write || f|| » for brevity. We denote by LP = L?([a, b]) the
set of all functions f on [a, b] with || f||£s((a,p)) < 00. As is well-known, || f| o (jap)) < [1f]l2a((ap)) (b—a)'/P~1/1
if p < ¢; in particular, L?([a,b]) C L%([a,b]) for p < gq.

We define the inner product between two real-valued functions on [a, b] as follows:

b
(f.9) = / f(@)g(x)d. (8)

We also define the p-norm [|x||¢, for vectors x in R™. When p < oo,

1/p

1 n
P D )
j=1

and when p = oo,

Il = max [zl (10)

Note the normalization by n when p < co. With this convention, ||x|,, < [/x|¢, whenever p <gq.



2.2 Absolute continuity

A function G on [a, b] is said to be absolutely continuous if it can be written as

Gz) = G(a) +/rg(t) dt (11)

for a function g in L!([a,b]). If G is absolutely continuous, then it is differentiable almost everywhere, and
G’ = g where the derivative exists. We denote by Ag the set of absolutely continuous functions G satisfying
G(b) = 0; these functions may be written as

b
Gz) = — / g(t) dt (12)

where g = G’ almost everywhere. For brevity, whenever G is in Ag, G’ will denote any function such that
G(z) = — [P C'(t) dt.
The following result is standard (e.g., see Section 3.5 of [21]):

Theorem 2.1 (Integration-by-parts). If F' and G are absolutely continuous functions on [a,b], then
b
/ (F'(2)G(z) + F(x)G'(z))dr = F(b)G(b) — F(a)G(a). (13)

2.3 The Volterra operator
The Volterra operator V is defined on L*([a, b]) by

vHe = [ " f(0). (14)

We note that this is only the simplest of a large family of operators that have been widely studied [25]. Note
that if f is in L([a,b]), Vf is in L>, with |Vf||z=~ < ||f]lz; furthermore, Vf is, by definition, absolutely
continuous when f is in L!([a, b]).

The adjoint transform V* is given by

b
VA = [ s (15)
This operator satisfies

Vf.g9) = (f,V"9) (16)

where f and g are two functions in L!([a, b]).

3 The Volterra p-norms

3.1 The continuous Volterra norm

Let f be in L'([a,b]). For any value p € [1,00], we define the following norm, which we will refer to as the
Volterra p-norm:

Ifllve = V£l (17)

I7llve = (/

Concretely, when p < oo,

» 1/p
dx) , (18)

/a " rtyat




and when p = oo,

[[fllve = esssup
a<z<b

T
/ f(t)dt’ . (19)
a
Note that, because Vf is in LP([a,b]), the Volterra p-norm of f is finite for any function f in L!([a,b]). If f
and g are two functions in L!([a, b]), we will refer to ||f — g|[v» as the Volterra p-distance between f and g.

Remark 1. When p = oo and f and g are two probability densities, the Volterra co-distance is known as
the Kolmogorov Metric between f and g [24]: KM(f,g) = ||f — g|]lve. The KM arises in the context of
goodness-of-fit testing in statistics [23].

Remark 2. When p =1 and f and g are two probability densities, the Volterra 1-distance is known as the
Earth Mover’s Distance between f and g [57, 58]: EMD(f,g) = ||f — gllv1- The metric EMD(f, g) may be
defined equivalently as the solution to a transportation problem:

b b
EMD(f,9) = min [ ["fo (e )dedy (20)

where M(f, g) denotes the space of all probability measures on [a,b] X [a,b] with marginals equal to f and
g, respectively. That is, II € M(f, g) if for all z,

b
/ (z,y)dy = f(z), (21)

and for all y,

b
/ H(z,y)dr = g(y). (22)

The p-Wasserstein distance W, (f, g) is defined as

b b /p
Wo(f,g) = min )</ / |xy|ﬂn<x,y>dwdy> | (23)

HeM(f.g
It is known [50] that W,(f, g) may be written as follows:

Wy(fo9) = VN = (Vo) ew (24)

where (Vf)~! and (Vg)~! denote the functional inverses of Vf and Vg, respectively. When p = 1, it is also
true that W1 (f,g) = ||Vf — Vgllzr = || f — gllv1; when p > 1, however, the p-Wasserstein distance W, (f, g)
is generally not equal to the Volterra p-distance |V f — Vg||v».

3.2 Variational formulation of || f]||y»

The following result is an alternate formulation of the Volterra norm that will be useful for analysis. It
essentially appears as Theorem 1 in [38]; we provide a self-contained proof for the reader’s convenience.

Proposition 3.1. Let p € [1,00] and let q be the conjugate exponent:

1 1
ptz=t )
Then for any function f in L([a,b]),
Iflve =  swp (5,6, (26)

GeAo:||G'||lLa<l



Proof of Proposition 8.1. By duality of LP and L%, we have:
b
[fllve =IVfllee = sup / V)(x)g(x)de = sup (Vf.g)= sup (f,V"g). (27)
g:llglla<lJa gillgllza< gillgllLa<i

Any function of the form V*g is contained in Ap, and any function G in Ay is of the form G = V*g where
g = G’ almost everywhere. Consequently:

[fllve = Vflle = sup  (f,V'g) = sup  (f,G), (28)

g:llgllza<1 GeAo:||G" || La<1
which completes the proof. O
As a corollary, we derive the following general stability result:

Corollary 3.2. Let p > 1. Let I C [a,b] be a subinterval, and suppose T : L*([a,b]) — L*([a,b]) is a
linear transformation that maps L*([a,b]) to L*([a,b]) and satisfies

(T*(G) = G)xrllpe < €l|G' s (29)
for all functions G in Ag. Then for all functions f in L?([a,b]) supported on I,

ITC) = fllve < el fllze- (30)
Proof. Since (T(f) — f,G) = (£, T*(G) = G) = (fx1,T*(G) = G) = (f,(T*(G) — G)x1), from Hélder’s

inequality we have:

IT(f) = fllve = sup  (T(f) = f,G)

GEAQ:“G’HLqSI

= sup  (f,(TH(G) = G)x1)
GE.A[)Z”G’HLqSl

< sup 11z [(T(G) = G)xulla
GeAo:||G"||La <1

< el fllze, (31)

completing the proof. O

3.3 Trapezoidal rule approximation to ||f|y»

Suppose f is a function on [a, b], and we are given samples of f on an equispaced grid of points in [a, b], from
which we wish to approximate || f||yv». That is, let ap < a1 < -+ < a,, be equispaced points in [a, b] defined
by

k
ar=a+—(b—a), 0<k<n. (32)
n

Note that agp = a and a, = b. We suppose we are given the values of f(a;), 0 < j < n, or possibly noisy
estimates of these, and wish to approximate || f||v».

To this end, we introduce some convenient notation. If v is a vector in R™*! and 1 < p < oo, we define
the norm

_ 1/p
b—a=! p b—a p b—a »
||v||7p—< S P+ 2 Vol + ST el ) (3)

n

When p = oo, we define

¥l = max vk (34)



If Fis a function on [a,b] and v is a vector with entries v[k] = F(ax), 0 < k < n, then |v|,, is the
trapezoidal rule approximation to || F||z» when 1 < p < oo, and ||v||-., is an approximation to ||F||pe.

It will be convenient to introduce the following notation for working with the trapezoidal rule. If v if a
vector in R?1, we define

trap n—1
S vk =S vk + %V[O] + %v[n]. (35)
0<k<n k=1

For instance, when 1 < p < 0o, we may write

1
trap /v

e = S (36)

0<k<n

Suppose n is a positive integer. We define the following discrete Volterra operator V : R**1 — R"*! on
a vector x by (Vx)[0] =0, and

k—1
b—a b—a b—a
Vx)[k] = j k], 1<k<n.
(VoI = =22 i)+ =il S, 1<k < (37)
We then define the discrete Volterra p-norm of x as
[, = Vx|l (38)

The interpretation of this quantity may be understood as follows. Suppose f is a function on [a,b], and
ap < a; < -+ < a, are equispaced points in [a,b], as in (32). Let f be the vector in R"*! with entries
f[k] = f(ax), for 0 < k < n. Then (Vf)[k] is the trapezoidal rule approximation to (Vf)(ax), and [/f]],,
approximates || f||v,. The approximation error will be described in Section 4.4.

4 Properties of the Volterra p-norms

4.1 One-dimensional perturbations

As a consequence of Corollary 3.2, we will show that if f and f are two functions on [a,b] related by a
perturbation, then their distance ||f — f||v» is bounded by the size of the perturbation. More precisely, we
have the following result:

Theorem 4.1. Suppose f € LP is supported on an interval I. Let o : J — I be continuously differentiable
and monotonically increasing, with I = ¢(J). Let f,(z) = f(p(x))¢'(z) on J, and 0 otherwise. Suppose
I'UJ C[a,b]. Then

1 = Fellve < min{e-C(f,p), /7 |1fl11n } (39)
where
e = max|z — p(z)], (40)
and
C(f,e,p) = min{|[fllzr, | follLr}- (41)

The proof of Theorem 4.1 is contained in Section 6.1.

Remark 3. The special case of Theorem 4.1 in which p = 1 follows from Proposition 14 in [33].



Remark 4. A special case of Theorem refthm:perturbation may be described as follows. Suppose f in
L?([a,b]) is supported on a subinterval I C [a,b]. Let e >0 and J ={z+e:2 € I} C [a,b], and let f. be
the shift of f by e; that is,

fe(x):{f(x—e), ifxeJ (42)

0, otherwise -

Then for aup € [1700]5 ”.f - fe”VP < min {6 : ||f||LP; el/p ' ||f||L1} .

Remark 5. Another special case of Theorem 4.1 is as follows. Suppose X is a bounded random variable
with density fx supported in I C [a,b], and let ¢ : J — I be a continuously differentiable, one-to-one
mapping. Let Y = ¢~ 1(X), with density fy (supported on .J). Then for all p € [1, o],

Ifx = frllvs < min{e, /7. C}, (43)

where C' = min{||fx||ze, || fy|lze}; in particular, EMD(fx, fy) < e. This follows from the fact that ¥ has
density fy (y) = fx (o(y))#'(y)-

4.2 Changes in projection angle

In this section we let F' : R?> — R denote a function of two variables supported on Dr C R2, the disc of
radius R and center (0,0). For a given angle 6, we define the projection of F' as follows:

Folz) = /R Flcos(0)x + sin(0)y, cos(8)y — sin(8)z)dy (44)

The function fy : [-R,R] — R is the tomographic projection of F' onto the line passing through (0,0),
making angle 6 with the z-axis. Such a transformation is known as the two-dimensional Radon transform
with parallel beam geometry [42], and is a standard transformation in scientific imaging [53, 16]. We claim
the following result:

Theorem 4.2. For all angles 0 and ¢ with |6 — | < 7 and all p € [1,00],
Ifo = follve < (2sin(10 — @] /2))/7 - 16 — "7 ||F|| o - R*~H/P
<0 — |- |F|- - R*7, (45)
where ||F||Lr denotes the p-norm of F over D.

If the problem is renormalized so that R = 1 and ||F||z» = 1, the bound may be stated more simply as
1fo = follve < (2sin(l6 — ¢/2))/7 10 — o' 77 < 16 — . (46)
The proof of Theorem 4.2 may be found in Section 6.2.

Remark 6. As described in the introduction, a result similar to Theorem 4.2 for p-Wasserstein distances
and the three-dimensional Radon transform was proven in the paper [46]. In that work, the fact that
the Wasserstein distance is insensitive to changes in projection angle allows for robust clustering of images
taken from different viewing directions which are not known a priori, as occurs in cryo-electron microscopy
[52, 7, 17].

4.3 Two-dimensional perturbations

In this section, we consider the distance between the tomographic projection of a function, and the tomo-
graphic projection of a perturbation of the same function. Unlike the setting of Section 4.2, both projections
are taken along the same direction; however, the function F' of two variables may change. Of course, when
the perturbation is a rotation, then one may view the setting of Section 4.2 as a special case of this more



general setting; however, the estimate from Theorem 4.2 is sharper than the more general bound that we
will prove here, in Theorem 4.3 below.

One of the motivations for this model is the problem of heterogeneity in cryo-electron microscopy. This
refers to the setting where the set of projection images come from a molecule in multiple conformations. It
is natural to model each conformation as an L'-preserving perturbation of the type considered here.

Theorem 4.3. Suppose F : R? — R is in LP, and is supported on a compact set A. Let ® : B — A
be a continuously differentiable, one-to-one mapping, and let Fg(z,y) = F(®(z,y))|Jo(x,y)| on B, and 0
elsewhere, where

3x<)01(xay) 6y@1(x7y)
Jo(z,y) = det 47
(I>(33 y) © am@?(xay) 5y<,02(x,y) ( )

is the Jacobian of ® = (¢1,p2) at (z,y). Suppose AU B C Dpg, the disc of radius R centered at (0,0). Let
f and fe denote the tomographic projections onto the x-axis of F' and Fg, respectively. Then

If = fallve < e- (AR)' M7 C(F, @,p), (48)
where
e= max |[[(z,y) — @(z,y)], (49)
(z,y)eB
and
C(F,®,p) = min{||F||r», | Fol s} (50)

The proof of Theorem 4.3 may be found in Section 6.3.

Remark 7. Let 0 € [0, 7], ¢ = cos(f) and s = sin(f), and ®(z,y) = (cx — sy, st + cy). Then Theorem 4.3
gives the same bound as Theorem 4.2 when p = 1, but a weaker bound otherwise. For example, when R =1,
p =00, and ||F| p=~ = 1, the bound of Theorem 4.2 is 6, whereas the bound from Theorem 4.3 is 8sin(/2).
However, Theorem 4.3 to a vastly larger set of functions ®.

4.4 Convergence of the discrete norms

In this section, we consider the behavior of the discrete Volterra norms, defined in Section 3.3, for vectors
consisting of samples of a function f on [a, b] from an equispaced grid. Let n be a positive integer, and define
ag < a; < --- < ap as in (32), namely

k
ar=a+—(b—a), 0<k<n. (51)
n

Note that ag = a and a,, = b. Let f be the vector in R"*! with entries f[k] = f(ay), for 0 < k < n.
Denote the mean of f on [a,b] by

1 b
W == | 1o (52)
and let feen(z) = f(x) — p(f).
If w is a vector in R**1, let
= AS k 1 0 1 _ ! $H k 53
) = Sl gl gl = 1w 53)

and let Wee, in R™M! have entries Ween[k] = wk] — u(w).



Theorem 4.4. Suppose a =cy < c¢1 < --- < ¢. =b, and suppose f is Lipschitz continuous on each interval
(¢j;¢j41), 0 < j <7 —1, and continuous from either the right or left at each c;, 0 < j < r. Then for all
1<p< o0, and

c

El, = Ifllve| < —, (54)
n

where C' > 0 does not depend on n or p. The same bound holds by replacing f with feen, and £ with feey.

The proof of Theorem 4.4 may be found in Section 6.4. If instead of being merely piecewise Lipschitz, the
function f is C? and not too oscillatory, then the discrete Volterra norms give a higher order approximation
to the Volterra norms of f:

Theorem 4.5. Suppose [ is a two times continuously differentiable function on [a,b], and has only finitely
many rToots. Then for all 1 < p < oo,

C
e, = 15| < 5, (55)
where C' > 0 does not depend on n or p. The same bound holds by replacing f with feen and £ with £, .

The proof of Theorem 4.5 may be found in Section 6.5.

4.5 (Gaussian noise

In this section, we show that the discrete Volterra metrics are robust to additive noise. More precisely, as
the number n of subintervals on which samples are taken grows, the effects of additive Gaussian noise with
finite energy vanish at a predictable rate.

Theorem 4.6. Let 0g,03,...,0,,... be a bounded sequence of positive numbers, and let Z = (Z[0], ..., Z[n])
where Z[0], Z[1],..., Z[n],... are independent with Z[j] ~ N(0,0%). Suppose too that o > 0 satisfies

Lett > 0. Then for all1 < p < oo,
P{|Z],, >t} < Ae= B/ (57)

where A > 0 and B > 0 are constants independent of t, n, or p;

Jim [ 7], =0 (58)
almost surely; and
E||Z|,, <C-Z (59)
Vp — \/ﬁ7

where C' > 0 is a constant independent of n and p. Furthermore, (57), (58) and (59) hold with Z replaced
by Zcen-

Corollary 4.7. Suppose f satisfies the conditions of Theorem 4.4, Z satisfies the conditions of Theorem
4.6, andY =f+ Z. Lett > 0. Then for all1 < p < o,

2 2
P{Y ], = I fllve] >t} < Ae~ PO/, (60)
where A > 0 and B > 0 are constants independent of t, n, or p;

T Y, = [|fllvs (61)

10
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Figure 1: The first panel shows a realization of the noisy draws when n = 512, with the noiseless curve
graphed in red. The second panel plots log,(err, ;) against logy(n), for p = 1,2, 00, where the number of
draws is 5000. The slope of each curve is approximately —1/2, consistent with the error rate predicted by
Corollary 4.7.

almost surely; and

(2
EY s, = [flve] < Cﬁ’ (62)

where C' is a constant independent of n and p. Furthermore, (60), (61) and (62) hold with f replaced by feen
and Y replaced by Yeen-

The proofs of Theorem 4.6 and Corollary 4.7 are provided in Section 6.6.

Remark 8. In the setting of Corollary 4.7, both the signal vector f and the noise vector Z have comparable
p-norms; consequently, ||Y||,, does not approach ||f|r» as n — oco. For example, if 0; = o for all j, then
almost surely

Lim (Y|, = [ f]72 +o°. )

By contrast, (61) states the effect of the additive noise term Z on the Volterra norm is negligible when n is
large.

5 Numerical results

5.1 Norm under noise

To demonstrate the robustness of the Volterra norms under noise described by Corollary 4.7, we run the
following experiment. For different values of n, we take a vector f of n 4+ 1 equispaced samples from the
function f on [—1,1] defined by

fz) = a:e_””2/4; (64)

A vector Z of iid Gaussian noise with variance .01 is then added to each sample; let Y = f + Z. A plot of a
realization of Y, when n = 512, is shown in the left panel of Figure 1.
For p = 1,2, 00, we evaluate the norms ||Y||,,. For each value of n, the experiment is repeated M = 5000

times. Denoting the M random signal-plus-noise vectors by Y1, ..., Yas, we record the average absolute error:
M
1 ¥l = 11 fllve ]
erry, = = , (65)
Tt VD D v
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Figure 2: Three translations of the bump function (66) used in the experiment from Section 5.2.

where || f||v» is computed using adaptive numerical integration. The right panel of Figure 1 plots log, (erry, ;)
as a function of logy(n). The average error decays like O(1/4/n) as n increases, consistent with Corollary
4.7.

5.2 Distance under translation

We illustrate Theorem 4.1 on the functions shown in Figure 2; these are translations of the function f on
[—1/2,1/2] defined by

F(x) = cos(5x/2)e 107", (66)

The top row of Figure 3 plots the estimated Volterra p-distances between the function and its translations as
a function of the translation size for p = 1,2, 0o, based on the trapezoidal rule approximation with n = 500
subintervals. The bottom row of Figure 3 plots the Lebesgue p-distances, p = 1,2, oo, between the function
and its translations as a function of the translation size, using the same samples.

The Volterra distances exhibit the behavior described by the bound in Theorem 4.1, namely, the distances
grow as concave functions of the translation size (the parameter €). When p = 1 and p = 2, the distances
continue to grow as € grows, whereas when p = oo the distances level off, consistent with the upper bound from
Theorem 4.1. By contrast, all of the Lebesgue distances quickly saturate to a constant value, independent
of €, as soon as the translation is big enough so that the numerical supports of the translated functions do
not overlap.

5.3 Distance under dilation
We illustrate Theorem 4.1 on the function f defined on [0, 2] by
flz)=z(2— x)e*m@*"’”)z. (67)

We consider the family of dilations of f parameterized by n > 1; these are the functions f, defined by
fo(z) = f(nz)n on [0,1/n], and f,(x) = 0 elsewhere. The size € of the dilation is

6:2(1_717). (68)

Figure 4 shows the function f and two of its dilates.
The top row of Figure 5 plots the estimated Volterra p-distances between f and its dilates as a function of
the dilation size for p = 1, 2, 0o, based on the trapezoidal rule approximation with n = 5000 subintervals. The

12
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imated Lebesgue distances between the function (66) and its translates. The values of p (from left to right)
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Figure 4: The function (67) is shown on the right, in black, and two of its dilates; these are used in the
experiment from Section 5.3.

bottom row of Figure 5 plots the Lebesgue p-distances, p = 1, 2, 0o, between the function and its translations
as a function of the translation size, using the same samples.

The Volterra distances exhibit the behavior described by the bound in Theorem 4.1: the distances grow
as concave functions of the dilation size. Because the transformation preserves the integral of f, the L'
distance levels off when the dilation size is big, since the supports of the function and its dilate are almost
disjoint. By contrast, the L? and L® distances grow rapidly for large dilation sizes (that is, they are convex
functions of the dilation size). This is because the L? and L° norms grow with the dilation size, and hence
these distances reflect the size of the individual functions and not the relationship between the functions.

5.4 Distance between rotated projections

We illustrate the behavior described by Theorem 4.2 on the function F' consisting of two Gaussian bumps
F(w) = exp{—|w — a|?/o} + exp{~|w — b|*/c}, (69)

where a = (0,2/5) and b = (0, —2/5), and ¢ = 1/2000. Numerically, this function is supported in the disc D
centered at (0,0) of radius 1/2. We denote by f the projection of F' onto the z-axis, and fy the projection
of F after rotation by 0 radians. Figure 6 shows a heatmap of F' on the square [-1/2,1/2] x [-1/2,1/2].

Figure 7 plots the estimated Volterra and Lebesgue distances between fy and f, for p = 1,2,00, as
functions of @ between 0 and 7/2, which covers the full range of distances due to F’s symmetry. The
distances are evaluated using n = 5000 subintervals. The Volterra 1 and 2 distances grow monotonically
with 6 throughout the entire range of values, where the Volterra oo distance and the Lebesgue distances
plateau when 6 is big enough so that the numerical supports of the projected bumps are disjoint.

5.5 Shrinking rings

The next experiment illustrates the behavior described by Theorem 4.3 on the function F' consisting of
Gaussian bumps

6
F(w) =) hiexp{—|w —ai|*/o}, (70)
k=0

where o = 1/4000, the centers aj, are equally spaced along a ring of radius 1/2 and make angle (2k/7 ++v/2 +
V3 + V/5)m with the z-axis, and hy = (k +4)/7. We plot the distance of F' to the “shrunken” function

6
Fy(w) =) hpexp{—|w — (1 - s)ag|*/o}, (71)

k=0

14



107! p=1 x107! p=2 <102 p=x
19 1.0
N
1.0 0.84
gos g 867
g £ 0.6 g
%0 2 3
~ 0.6 2
o ] o 17
8 3044 5
S04 S §
2
02 °
02
0.0 0.0+ 04
000 025 050 075 100 125 150 000 025 050 075 100 125 150 000 025 050 075 100 125 150
Dilation size Dilation size Dilation size
x10~! x10~!
L5 3.0 124
50
254 1.0
1.25 o
3 3 g
H £204 £ 084
Z 100 2 2
< 154 406
%075 @ E
2 2 g
g S 1.0 2 0.4
= 0.50 = =
025 0.5 02
0.00 0.0 0.0
000 025 050 075 100 125 150 000 025 050 075 100 125 150 000 025 050 075 100 125 150
Dilation size Dilation size Dilation size

Figure 5: The first row shows the approximated Volterra distances (based on n = 5000 subintervals) between
the function (66) and its dilates, as a function of the dilation size. The second row shows the approximated
Lebesgue distances between the function (66) and its dilates.

p=1,2 0.

00

00

00

02 04

00

02 04

00

00

0.0

007

0.06

0.05

0.0

0.03

002

001

0.00

00

005

0.03

002

0.00

00

The values of p (from left to right) are

Figure 6: The function F' (top left) and a rotation (bottom left), with their respective projections onto the
z-axis. These are used in the experiment from Section 5.4.



%107 p=1 %10~ p=2 x10-3 p=

=

io

1
>
Volterra 2-distance

000 025 050 075 100 125 130 000 025 050 075 100 125 150 000 025 050 075 100 125 150
Angle Angle Angle
x10~% X102 x10-%

Lebesgue oc-distance

- e ow e oo

Lebesgue 1-distance

0.00 0.25 0.50 0.75 100 1.25 1.50 0.00 0.25 0.50 0.75 100 125 1.50 0.00 0.25 0.50 0.75 100 1.25 150
Angle Angle Angle

Figure 7: The first row shows the approximated Volterra distances (based on n = 5000 subintervals) between
the projection of the two Gaussians at zero radians and at 6 radians, as a function of §. The second row
shows the approximated Lebesgue distances. The values of p (from left to right) are p = 1,2, co.

where s is a parameter between 0 and 1. Since the approximate support of F' is the union of seven disjoint
discs, the numerical support of Fj is related to that of F' by moving of each of these discs towards the origin.
Figure 8 shows I’ and an example of Fs, and their respective projections onto the z-axis.

Figure 9 plots the estimated Volterra and Lebesgue distances between F' and Fj, for p = 1,2, 00, as
functions of s. The distances are evaluated using n = 5000 subintervals. The Volterra 1 and 2 distances
grow monotonically with s; the Volterra oo distance exhibits more irregular, though still monotonic behavior;
and the Lebesgue distances are irregular and do not grow monotonically with the shrinkage parameter.

6 Proofs of the main results

6.1 Proof of Theorem 4.1
In this section, we will prove Theorem 4.1. We recall the statement of the theorem:

Theorem 6.1. Suppose f € LP is supported on an interval I. Let ¢ : J — I be continuously differentiable
and monotonically increasing, with I = ¢(J). Let f,(z) = f(p(x))¢'(z) on J, and O otherwise. Suppose
ITUJcCla,b]. Then

1 = Fellve < min{e- C(fp), /7 |1fl10n } (72)
where
e = max|z — p(z)], (73)
and
O, 0.p) = min{| fllzo. | foll o . (74)

We will use the following theorem, which is a special case of Theorem 6.18 in [21]:
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Theorem 6.2. Let K = K(x,t) be a non-negative, integrable function on I x [a,b], that satisfies
/ K(z,t)dz < C (75)
I
and
b
/ K(z,t)dt < C, (76)
a

where C > 0 is a constant. For a function g in L%([a,b]), let

b
(Tg)(x) = / K(x, t)g(t)dt. (77)

Then | Tgllzacry < C - gl Laa,p) -

Let I, be the interval [z, ¢(x)] if © < ¢(x), or [¢p(x),x] if ¥(z) < z. Let x(x,t) be 1 if and only if ¢t € I,
and 0 otherwise. We then have the following lemma:

Lemma 6.3. For allx € I,

b
/ x(x,t)dt <. (78)
a
For all t € [a,b],
/X(a:,t)dm <e. (79)
I
Proof. For the first inequality
b
/ X(m,t)dt:/ 1t = |I| = |z — b(2)| < e. (80)
a I,

For the second inequality, first suppose that there is some z < ¢t with ¢ € I,; note that for such z,
I, = [z,v¢(x)], and so z < ¢(x). Let * be the smallest such . Then z* <t < ¢(z*). We claim that for all
x>t t¢ I, Indeed, since ¢ is increasing and x > ¢t > x*, we have ¥(z) > ¢(x*) > t. Since both x > ¢t and
P(x) > t, t does not lie in I, as claimed.

Consequently, all  for which ¢ lies in I, are contained inside the interval [z*,¢]. Since a* <t < ¢(z*)
and |z* — ¢(a*)| < e, it follows that |t — 2*| < € too. Furthermore, if x > ¢, then x(z,t) = 0 since ¢ ¢ I,;
and since z* is the smallest  for which ¢ € I,, if x < z* then ¢ ¢ I, hence x(x,t) = 0. Therefore,

t
/x(m,t)dw < / lde =t —a*| <e. (81)

I T*
Analogous reasoning yields the same bound in the case that there exists x > ¢ with t € I,. O

Let ¢ : I — J be the inverse of ¢, 1) = ¢~'. We first remark that (f,)y = f, and so without loss of
generality we may assume that C(f,¢,p) = || f| r», since we can then switch the roles of f and f,.

Let x; and xj be the indicator functions of I and J, respectively. Take any function G in Ay, with
IGlle = 1; and let g = G’, so that

b
G(z) = —/ g(t)dt. (82)
Then from Proposition 3.1, it is enough to show that

(o = £, < min {e- [ Fllen, /- |l } (83)

18



To that end, by performing a change of variables we may write

b
I(fo = 1,G) = / (fle(@)¢'(z) = f(2))G(x) dz

b
=] [@)(G{(z)) - G(x))dx

a

= || 1@)(Gw() - Gla) dal. (84)
We will first prove
| 1@)(G @) - Gla)) de| < s - (85)
and then prove
| H@(C@@) = Gla)) da| < -7 (36)

6.1.1 Proof of (85)

Let g be the conjugate exponent of p, that is, 1/p + 1/¢ = 1. By Hoélder’s inequality, we may bound the
integral as follows:

S NAle (G o = G)xallra- (87)

/, F@) (G () — Gx)) da

We will show that

[(Goty—G)xillLe <e (88)

Recall that I, denotes the interval [z, (x)] if z < ¢(x), or [¢(z), 2] if Y(x) < z; and x(x,t) is 1 if and only

if t € I, and 0 otherwise. Then:
q 1/q q /4
/ g(t)dt da:) _ ( / da;) L (89)
I I

(f16wen- G<x>|qda:)1/q -([I[

We first assume p > 1, i.e. ¢ < co. From Lemma 6.3 and Theorem 6.2,

([16twe) - cw) e ( /

which completes the proof of (88) when p > 1. We now handle the case p = 1, showing that:

b
/ g(t)x(x, tydt

b q /a
/ g(t)x(a, t)dt dx) < ellgllze = e. (90)

(G ot — Gylle~ < e (91)

For all x € I we have, with the same definition of I, used previously,

G(¢(2)) = G(z)| =

/1 g(t)dt) SLlllgllee =z —y(x)] <e (92)

completing the proof of (88), and hence of (85), for all p € [1, x].
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6.1.2 Proof of (86)
We will now prove the bound (86), namely that for any G in Ay with ||G'||zx <1,

| 1@ ~ G@)dz < |f 1 -7, (93)
We have:
/If(w)(G(w(x)) — G(x))dx < |[fl (G ot — G)xrllLee, (94)
and so it is enough to show
(G o — G)xillpee < €77 (95)
As before, let I, be the interval [z, ()] if:z: < ¢( ), or [¢(z), z] if Y(z) < x, and let x(z,t) be 1 if and only
if t € I;, and 0 otherwise. Using that G(z) = — f g(t)dt, we may write

(G o G)xfum = max |G(4(x)) — G(w)|

= t)dt 96
max | [ ooy (96)
and for all z in I, Holder’s inequality yields
b
[ st = | [ atonta oy
I, a
b l/p
< Jgllze ( / x(x,wpdt)
b 1/?
= (/ X(x,t)dt)
< 61/137 (97)
where the last inequality follows from Lemma 6.3. This completes the proof.
6.2 Proof of Theorem 4.2
We recall the statement of Theorem 4.2:
Theorem 6.4. For all angles 6 and ¢ with |6 — ¢| < 7 and all p € [1, 0],
1fo = fellve < (2sin(|6 — @l /2)"/P -0 — @' TH/P - [|F|| o - RZ/P
<10 —¢|-[|F» - R*V/P, (98)

where || F||Le denotes the p-norm of F over D.

Without loss of generality, we assume that ¢ = 0, and that ¢ = cos(f) and s = sin(#) are both positive.
For brevity, let f = f, = fo.

6.2.1 Proof of Theorem 4.2 for general R from R =1

We will prove the result for any R > 0 assuming that it is true when R = 1. To see how the general result
follows from this case, given F : D — R define F : D; — R by F(z,y) = F(Rz, Ry), and fs : [-1,1] —» R
by

fg / F (cx + sy, cy — sx)dy, (99)
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and fz ]?0. Then the result for R = 1 states that

If = follve=1.1) < CopllFllLr ),

where Cy, = (2sin(6/2))1/P0'~1/P. Performing a change of variables u = Ry, we find

~ 1 ~
fo(z) = / F(cx + sy, cy — sx)dy

-1

R ~
= % /_RF(cgc + s(u/R),c(u/R) — sx)du
R ~
= % /_RF((cRx + su)/R, (cu — sRx)/R)du
= % /R F(Rx + su,cu — sRx)du
-R

1
= Ef o(Rx).
Consequently, by another change of variables u = Rt,

T . 1 Rz ~
[ (= Fatnae = [ (Fu/R) = Fotu/ )i

-1

Rx
= [ () = o).

—R

Therefore, for all 1 < p < oo, letting v = Rz,

||f - f0|‘€/p([_171]) :/

-1

:/_11

1 P

dx

/ ") — Fale))e

-1

p

Rx
7 ) = faw)du) s

—-R

R v p
-5/ | [ G- @
R v p
=gt || () = fow)au] do

1
= W”f - fOHi)/p([_R,R])a

and so
S 1
1F = Follveq-r0) = azazp Il = follve-r.m)-

On the other hand,
1P,y = | 1P o)y
1

= |F(Rx, Ry)|Pdxdy
Dy

1
= WAR |F(u,v)|Pdudv

1
= ﬁHFHip(DR)a
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and so
- 1
1El2r @) = 2575 1F llLr @n)- (109)

Combining (100), (104) and (109) gives

1 1
I = fellve-ror) < Coppar 1F e @n), (110)
or equivalently,
1f = follve—rmy < (25in(8/2)) /70" V2| F|| 1o oy RZV/P, (111)

as claimed. The proof for p = oo can be proved similarly, or by taking the limit as p — oo and using that
|- oo = Timp oo | - [| -
6.2.2 Proof of Theorem 4.2 when R =1

We start with two lemmas. Let I, , be the interval [z, cx + sy] when 2 < cx+ sy, and the interval [cz + sy, z]
when cz + sy < z; and let x(x,y,t) be 1 if t € I, and 0 otherwise. Let D = D;.

Lemma 6.5. For all (x,y) € D,

/1 x(x,y,t)dt < 2sin(6/2). (112)

-1

Proof. We apply the Cauchy-Schwarz inequality, the fact that /22 + y? < 1, and the identity ¢ = cos(f) =
cos?(6/2) — sin?(0/2), to get the following:

1
/ X(@,y,t)dt = |1 4|

= |z — cx — sy

=|(1 =)z — syl

<V —c)? 452

=V2V/1-¢

= ﬁ\/l — cos2(0/2) +sin?(6/2)

= V2¢/25sin?(0/2)

= 2sin(6/2), (113)
as claimed. O
Lemma 6.6. For allt € [-1,1],
/ x(z,y,t) dedy < 0. (114)
D

We defer the proof of Lemma 6.6 to Section 6.2.3. Assuming Lemma 6.6, let us see how to prove the
result. First, suppose p = 1. Take any absolutely continuous function G on [—1, 1] with |G|~ < 1. Then
we must bound the integral

| (4@ = @6 s (115)

-1
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We have
1 11
/ fo(x)G(z) dx = / / F(cx — sy, cy + sz)G(x) dx dy
—1 —1J-1
= / F(cx — sy, cy + sx)G(x) dx dy, (116)
D
since F' is supported on . Applying a change of variables gives:
1
/ fo(2)G(x) dx = / F(cx — sy, cy + sz)G(x) dx dy
—1 D
= / F(z,y)G(cx + sy) dx dy. (117)
D

Consequently,

/ (F(x) — folx))Glz) d = / F(2,4)(G(x) — G(ex + sy)) d dy

—1 D

<Pz sup |G@) - Glex + syl (118)
(z,y)€D

Let g = G'; then ||g||L~ < 1, and we have:

sup |G(z) — G(ex + sy)| = sup
(z,y)eD (z,y)eD

/1 s

/ " gbx(z.v.0) dt] .

—1
1
/ x(z,y,t) dt‘~

= sup
(z,y)€D

<llgllz sup

(z,y)eD [/ -1
< 2sin(0/2), (119)
where we have used Lemma 6.5. Consequently,
If = follv: < 2sin(0/2)[| F||+. (120)

Next, we prove the result when p = oo. Take any absolutely continuous function G on [—1,1] with
IG'l|zr < 1. Take g = G', so that ||g||» < 1. Then, just as before, we have

/_ (@) = fo()Gla) da = / F(z,9)(G(z) — Glex + sy)) du dy

< Pl / IG(z) — Glex + sy)| de dy
D

:/D /I” g(t)dt
-,

1
< [ 1o [ xtep) vdyar
-1

dx dy

1
/ g(t)x(z,y, t)dt‘ dx dy

—1

< llgllz: sup / (@, g, 1) d dy
t|<1/D

<4, (121)
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where we have used Lemma 6.6. Consequently,

If = follvee <OIF| L~ (122)
Since the mapping from F to [ fl (f—fo) is linear, the Riesz-Thorin Interpolation Theorem (see, e.g. Theorem
6.27 in [21]) then implies that if F' is in LP(D),
1f = follve < (25in(6/2))"/6' V7 || F|| v, (123)
as claimed.
We now turn to the proof of Lemma 6.6.

6.2.3 Proof of Lemma 6.6
First, observe that

/Dx(w,y,t)dxdy = 2[S¢,(1,0), () Y St,(2,9),(1,0) | (124)

where, for unit vectors v and w, S; y v is the region defined by
Sivw={ueb: (uv)<t<(uw} (125)
By rotational symmetry, the following lemma is immediate:

Lemma 6.7. If a and b are any unit vectors with angle 0, then |S; (1,0),(z,y)| = |St,apl. Furthermore,
[St.apl =[S—tabl, and [Stap NS_tab| =0.

By this lemma, it follows that
/ X(z,y,t)dedy =2|S;vw| =2{ueD: (u,v) <t <(u,w)}, (126)
D

where w = (cos(0/2),sin(6/2)) and v = (cos(0/2), —sin(¢/2)). It will be convenient to refer to Figure 10,
where w corresponds to the point labeled B, and v corresponds to the point labeled E. In the figure, the
line AD is perpendicular to OB, and intersects OB at distance ¢ from the origin; consequently, the set of
all vectors u in D with (u,w) > t is the circular segment through the points A, B and D. Similarly; the
line C'F is perpendicular to OF, and intersects OF at distance t from the origin; consequently, the set of all
vectors u in D with (u,v) < ¢ is the circular segment through the points C, A and F. The intersection of
these two circular segments is the region bounded by A, C and G.

To evaluate the area of this region, we will first find the area of the full circular segment through A, B
and D, and then subtract off the area of the region bounded by C, G and D.

Lemma 6.8. The area of the circular segment through A, B and D is
arccos(t) — ty/'1 — 2, (127)
where arccos takes values in [0, .

Proof. This is immediate from the well-known formula for the area of a circular segment, and the fact that
the line segment from O to H has length ¢. O

The next lemma is also elementary, and likely known already; however, since we could not find the exact
identity in the literature, we provide a self-contained proof.

Lemma 6.9. When t < cos(0/2), the intersection between the circular segment bounded by A, B and D and
the circular segment bounded by C, E and F has area

arcsin (\/ 1 —1t2cos(6/2) — tsin(9/2)) —t\V/1 -2+ t*tan(0/2), (128)

where arcsin takes values in [—mw/2,7/2]. When t > cos(0/2), the two circular segments are disjoint.
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Proof. We begin by showing the second part, namely that when ¢ > cos(6/2), the circular segments are
disjoint, or equivalently that the point G lies outside of the circle. Indeed, it is straightforward to show
that G is located at the point (¢/cos(6/2),0); hence, G is inside the circle so long as t/cos(6/2) < 1, or
equivalently, ¢t < cos(0/2), as desired.

Let us now suppose that ¢ < cos(6/2), and evaluate the area of the region bounded by C, G, and D. The
line segment from G to D has arc-length parameterization

a(s) = t(cos(0/2),sin(0/2)) + s(sin(8/2), — cos(8/2)), (129)
and the line segment from C to G has arc-length parameterization
B(s) = t(cos(0/2), —sinb/2) + (m+ t-tan(0/2) — s)(sin(6/2), cos(0)/2), (130)
where
t-tan(0/2) < s < /1 —12. (131)
The counterclockwise arc from D to C has arc-length parameterization
V() = (cos(p),sin(p)), (132)
where

— arcsin (\/ 1—1t%2cos(0/2) —t- sin(9/2)) < ¢ < arcsin (\/ 1—1t?cos(0/2) —t- sin(9/2)) . (133)

When ¢t < cos(0/2), we will evaluate the area using Green’s Theorem, by computing %ﬁ(xdy — ydx) over
each curve. For «, we have

ITE
%yﬁ zdy = % /t [(t- cos(8/2) + s - sin(60/2))(— cos(6/2))] ds

-tan(6/2)
= L O (1 vangoy2) - =)+ OB 2 o) 14 ), sy

and

V=P
%ﬁé ydz = % /t [(£-sin(60/2) — s - cos(0/2))(sin(0/2))] ds

-tan(6/2)
t-sin(0/2 in(6/2) cos(6/2
_ % (Vi—e—t tan(o/2)) + sin(6/ >4C°S( /22 tan?(0)2) — 1 +£2),  (135)
and hence
1
3 %(mdy —ydx) = % . (t ~tan(0/2) — /1 — t2) . (136)
Similarly,
1 t -
3 (xdy — ydx) = 3 (t-tan(@/?)—\/l—t ) (137)
B
Finally, it is straightforward to check that
% %(xdy — ydx) = arcsin (\/1 —t2cos(0/2) —t- sin(9/2)) . (138)
5

Adding all three integrals together, we find that the area of the region is
1
3 yg(xdy — ydz) = arcsin (\/ 1—1t%2cos(0/2) —t- sin(&/?)) —t\V/1— 12 4+ t*tan(0/2), (139)
5

as claimed. O
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F

Figure 10: Diagram for the proof of Lemma 6.6. The points labeled B and C are located at
(cos(0/2),sin(6/2)) and (cos(0/2), —sin(0/2)), respectively. The point labeled O is the origin, (0,0). The
line segment OB is orthogonal to the line AD, and the line segment OF is orthogonal to the line F'C. The
line segments OH and OI each have length t.

From Lemmas 6.8 and 6.9, we find

1
! / @,y t)dady
2/,

_ Jarccos(t) —tv1 —t2 if ¢t > cos(0/2);

B {arccos(t) — arcsin (V1 —t2cos(0/2) —t -sin(0/2)) — t* tan(6/2), if t < cos(6/2). (140)

To conclude the proof, we must show that this expression is bounded above by 6/2 for all values of ¢
between 0 and 1. In fact, we will show that (140) is a decreasing function of ¢, and hence is maximized at
t = 0. It is immediately apparent that the expression is decreasing in ¢ when ¢t > cos(6/2), since this is the
area of the circular segment with chord at distance ¢ from the origin. When ¢ < cos(6), we first observe that

% arcsin (m cos(8/2) — t - sin(9/2))

4T —#2cos(0/2) — t - sin(6/2)]

- V1 (VI 2cos(8/2) — t-sin(6/2))?

_ ot - t2)=1/2 cos(6/2) — sin(0/2)
V1= (VI=Peos(0/2) - t-sin(60/2))°

and the square of the denominator may be written more simply as

1— (/1 —t2cos(0/2) —t - sin(6/2))?
=1—(1—1%)cos?(0/2) — t2sin?(0/2) + 2t\/1 — 2 cos(0/2) sin(6/2)
=1 —cos?(0/2) + t* cos*(0/2) — t*sin?(0/2) + 2&/@005(9/2) sin(6/2)
= sin%(0/2) + 2 cos?(0/2) — t2sin?(0/2) + 2t/1 — 2 cos(6/2) sin(6/2)
=12 cos?(6/2) + (1 — t2) sin?(0/2) + 2tv/1 — 2 cos(0/2) sin(6/2)
- (t -cos(0/2) + V1 — 2 sin(9/2)>2 : (142)

, (141)
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consequently, because ¢ - cos(0/2) + V1 — ¢?sin(6/2) > 0,

—t(1 —t?)"1/2 cos(0/2) — sin(0/2)
t-cos(0/2) + V1 —t2sin(0/2)
—t(1 — t?)"1/2 cos(6/2) — sin(0/2)

t-cos(0/2) + V1 —t2sin(6/2)

t

% arcsin (\/ 1—t2cos(0/2) —t- sin(9/2)) =

= (143)
Therefore,
4 arccos(t) — arcsin (\/ 1—t2cos(0/2) —t- Sin(9/2)) —t? tan(9/2)}
dt
-1 1
= N + V-l 2t tan(6/2)
= — 2ttan(6/2), (144)

which is negative. Therefore, the maximum value of fD x(z,y, t)dzdy occurs when t = 0, where the value is

2 arccos(0) — 2 arcsin (cos(6/2)) = m — 2 arcsin (sin(7/2 + 6/2))
= 7 — 2arcsin (sin(7/2 — 0/2))

T 0
= — 2 — — =
w2(5-3)

- (145)
note that arcsin takes values in [—7/2,7/2], and 7/2 — 0/2 lies between 0 and 7/2 since 6 is between 0 and
7. This completes the proof.

6.3 Proof of Theorem 4.3

We recall the statement of the theorem:

Theorem 6.10. Suppose F' : R? — R is in LP, and is supported on a compact set A. Let ® : B — A
be a continuously differentiable, one-to-one mapping, and let Fo(x,y) = F(®(z,y))|Jo(z,y)| on B, and 0
elsewhere, where

Oro1(x,y)  Oypr(z,y)
Jo(z,y) = det g 146
@(2,y) = de Ozp2(z,y)  Oyp2(z,y) (146)

is the Jacobian of ® = (v1,¢2) at (z,y). Suppose AU B C Dg, the disc of radius R centered at (0,0). Let
f and fe denote the tomographic projections onto the x-axis of F' and Fg, respectively. Then

If = Fallve < - (4R)'TVP - C(F, @, p), (147)
where
e= max |(x,y)— ®(z,9)|, (148)
(z,y)€B
and
C(F, ®,p) = min{|[F|| s, [ Fo| L} (149)
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6.3.1 Proof of Theorem 4.3 for general R from R =1

We will first prove the result for any R > 0, assuming that it is true when R = 1. Given F' : Dg — R, define
F:D; - Rby F(z,y) = F(Rz,Ry), and f:[-1,1] = R by

1

Fla) = / Flay) dy, (150)

-1

and similarly define ﬁp by
~ 1 ~
fo(z) = / Fo(x,y)dy. (151)
-1

_ Let A = {(z/R,y/R) : (z,y) € A}, B = {(z/R,y/R) : (x,y) € B}, and define & : B — A by
®(z,y) = ®(Rz,Ry)/Rand ¥: A — Bby U =1,
Note that, if ® = (@1, @2), so that @;(z,y) = ¢;(Rz, Ry)/R, j = 1,2, then

Jz(z,y) = 0.01(2,y)0yP2(x,y) — Oyp1(z,y)0xPa(, y)

1
=T [0z¢1(Rx, Ry)0yp2(Rr, Ry) — 0yp1 (R, Ry)0yp2( Rz, Ry)]

= % [R(0sp1)(Rz, Ry) - R(Oyp2)(Rx, Ry) — R(9yp1)(Rx, Ry) - R(Dx02)(Rx, Ry)]
= [(0zp1)(Rz, Ry) - (9yp2) (R, Ry) — (9y¢p1) (R, Ry) - (Oxp2)(Rz, Ry)]
= Jo(Rz, Ry). (152)

Consequently,

F<I>(x’y) = F@(Rl‘, Ry)
®(Rz, Ry))|Jo(Rz, Ry)|
R®(Rz, Ry)/R)|J5(z, )|

(
(
(RO (z, y))| 5 (, y)|
(

®(z, )5z, y)|- (153)

Also, let

¢= max_||(z,y) — ®(z,9)|
(z,y)€B
= max_||(Rz, Ry)/R — ®(Rz, Ry)/R||
(z,y)€B

1
- — )
R (nax, [(z,y)/R — ®(z,y)|

-
=5
Then the result for R = 1 states that

(154)

= f<1>||Vp([—1,1]) <E-47VPLO(F, B, p), (155)
where

C(F,®,p) = min{||F| s, | Falzr }. (156)
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Performing a change of variables u = Ry, we find

and similarly, f(z) = f(Rz)/R. Consequently, by another change of variables u = R,

T Rz~
[ G =Fawnde=g [ (F/R) = Folu/R)du

-1

Rx
- Ri () = fufu)) du

Therefore, for all 1 < p < oo, letting v = Rz,
o 1
1F = Fallononny = |
1 1 Rz
[ i [ U@ - )
-1 -R
1 R
i/
1 R
= ‘R2p+1 /—R

= W”JC - ffbHI\)/p([_R,R])a

p
dx

/ ) - Tt dt

-1

p

and so

S 1
1f = fallveq-11) = oz IS = Jellve(-r.ry-

On the other hand,

VFIL, ., = / \F(e, y)|P do dy
1

|F(Rx, Ry)|P dz dy

D1
1

= ﬁ \F(u,v)\pdudv
= IF .

and so

I F |l e,y = RQ/p I1F]| e ()

29

1 v
7 [ (0= fo(w)du
(f(w) ~ Fa) d

(157)

(158)

(159)

(160)

(161)

(162)



Similarly,

~ 1
1 FollLr@,) = mHEbHLP(DR)-

From (162) and (163), we see that
1

C(F,®.p) = 27, O(F, @.p).
Combining (154), (155), (160), and (164) gives
! <TaVr L o(F e, = L U (R0
an—f@HW([—R,R]) € "R (F,®,p)=¢- R+ -C(F, 2, p),

or equivalently,

If = fallve(—r.m) <€ (AR)'™YP . C(F,®,p),

(163)

(164)

(165)

(166)

as claimed. The proof for p = oo can be proved similarly, or by taking the limit as p — oo and using that

I llze = limy, 00 - 1lze-

6.3.2 Proof of Theorem 4.3 for R =1

First, suppose p = 1. Let D =Dy. Let ¥ = &~ with ¥(u,v) = (¢1(u,v),2(u,v)). By definition,

f(z) = / F(z,y) dy,

and

Let G on [—1,1] be absolutely continuous, whose derivative g = G’ has ||g||p~ < 1.
Performing a change of variables gives

[ c@p@a= [ c@ [ F@Eyse) e
- | 6@F@@ )t pldyds
:/ G(¥(u,v))F(u,v)dudo,
A

where we have let 1 = ¢;. Similarly,

1
/ G(x)f( dx—/G (z,y) dx dy.
—1

/ G(x — fo(x dx—/G (z,y)dxdy — /G (z,y))F(z,y) dx dy

We then have

- /A (G(x) — Gl 9)) Fz,y) da dy
< [Pl max [6(2) ~ Gu(w.0)|

Y
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(169)

(170)
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Now, because g = G’ satisfies ||g||L~ < 1, we have

P(z,y)
/ o(t) dt

< lgllzoelz = ¥z, y)l
< H(l',y) - (7/)1(%31),1/12(%#))”
<, (172)

|G (2) = G(¥(2,y))| =

and therefore, taking the supremum over all such G and using Proposition 3.1 shows that

If = faellvr < e [[F]Lr. (173)

We now prove the result for p = oo, again assuming that R = 1. Let I, be the interval [z, ¢ (z,y)] when
z < Y(z,y), and [Y(z,y),x] when x > (x,y); and let x(z,y,t) be 1 if t € I, ,, and 0 otherwise. We begin
with the following lemma;:

Lemma 6.11. For all |t| <1,

/ x(x,y,t) dx dy < 4e. (174)
A

Proof. Let S1 = {(z,y) € A : z <t <(z,y)}, and let Sy = {(z,y) € A : Y(x,y) <t <z}. Then

/ x(@,y,t) dzdy = Sy US,]. (175)
A

To bound the area of Sy, observe first that any (x,y) contained in S; must satisfy t — e < x < ¢. Indeed,
since, by assumption, ¥ (z,y) — z < €, we have

zzP(ry)—ext—e¢ (176)

as claimed. Consequently, since A C D and the radius of D is 1,

Si] <{(z,y) €D :t—e<z <t} <2 (177)

Similarly, |S2| < 2¢, and hence
/Ax(x,y,t) dxdy = |S1 U Sa| < 4e, (178)
as claimed. O

Now, take an absolutely continuous G on [—1, 1] whose derivative g = G’ satisfies ||g||» = 1. Using (169)
and (170) as before, we have

1 1 1
[ (@) (@) ~ fola) da = / Gla) / F(z,y) dyde — / G(a)falo) do

- [ (G@) = Gwle. )Pl drdy

<Pl /A G (x) — G (z,y))| du dy. (179)
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Then, using g = G’, we have

/ G(z) — G((e, )| dzdy = / e dy
A A

-,

1

1
S/A/ lg(t)|x (2, y, t) dt da dy

—1

/I g(t)dt

z,y

-1
/ g(t)x(z,y,1) dt’ dx dy

1
= [ 1601 [ Xty dzdys
1 A
< llgllz+ sup / x(x,y,t) dx dy.
[t|I<1JA

= sup/x(m,y,t) dx dy. (180)
lt<1Ja

Invoking Lemma 6.11 and Proposition 3.1 then shows
1 = fallv= <4-e- | Fll~. (181)
Since the mapping F' — [* (f — fo) is linear, we may now combine the bounds (173) and (181) using
the Riesz-Thorin Interpolation Theorem (see, e.g. Theorem 6.27 in [21]) to complete the proof.
6.4 Proof of Theorem 4.4

We recall the statement of the theorem:

Theorem 6.12. Suppose a =cy < ¢1 < --- < ¢ = b, and suppose f is Lipschitz continuous on each interval
(¢j;¢j41), 0 < j < r—1, and continuous from either the right or left at each c;, 0 < j < r. Then for all
1<p<oo, and

=1Q

€l = I fllve| < =, (182)

where C' > 0 does not depend on n or p. The same bound holds by replacing f with feen and £ with feey.

For simplicity, we will suppose that f is continuous from the left. Take a constant L so that f has
Lipschitz constant not exceeding L on each interval (ck,cx+1], 0 < k < r — 1, such that |f(¢)] < L for all
t € [a,b]. To begin, suppose 1 < p < cc.

The following lemmas are standard bounds on the error of the trapezoidal approximation to an integral;
their proofs are included for completeness.

Lemma 6.13. Fiz an integer m, 1 < m <n, and suppose that cx,,—1 < am < ¢k, . Then

b—a <X am mL(b—a)? 2k —a
PN - [ s < MO0 20 a) (183)
0<j<m a

Proof. Fix 0 < j < m. Because f is bounded by L,

b—a

2L(b—a)
2n ’

n

<

(f(ay)+ flasa)) — [ U oy

J

(184)
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On the other hand, if there are no ¢, between a; and a;1, then f is L-Lipschitz on (a;,a;j41], and so

b—a Qjt1 1 aji1
S e+ S = [ sl = 3| [ (Gl - F0) + () - S0y
a;j a;j
ajt+1 _
< / L —a)
a; 2n
L(b—a)?
::“EZ;?‘*. (185)
Since there are at most k,, intervals (a;, a;+1] containing a value from among co, ..., ¢k, —1, and at most
m subintervals not containing any such value, we have
b —a trap am b _a m—1 Am
2 )= [ fmd =5 = () + flag)) - [ f(at
0<j<m Jj=0
m—1 .
b—a @it
<3 [Pt )+ S - [ e
=0 e
mL(b—a)?  2kn(b—a)
1
2n? n ’ (186)
as claimed. O

Lemma 6.14. Suppose G is a function on [a,b] that is Lipschitz continuous, with Lipschitz constant bounded
above by A. Then

trap

b—a m mA(b — a)?
0<j<m
Proof. Apply (185) to G, and conclude as in (186). O

The next lemma bounds the Lipschitz norm of |V f(z)P:

Lemma 6.15. The function |Vf(z)|P is continuous on [a,b], with Lipschitz constant bounded above by
pLP(b— a)P~ 1.

Proof. Let G(z) = [Vf(z)|. Since ||f||cc < L, G is Lipschitz continuous with Lipschitz constant L:

/j f(t)dt’ - /y f(t)dt‘ <

G(z) = Gly) =

/ f(t)dt‘ < Lz —y. (189)

Furthermore, G is bounded above:

b
G < [ 110l < L - a) (189)
Since the derivative of y — y? is py?~!, which is bounded above by pLP~1(b—a)P~1 on [0, L(b— a)], we have

VWP = V@) =Gy)? —G(z)?
<pLP7Hb—a)P N G(y) - G())|
<pLP7Hb—a)P " Ljz — g
=pLP(b—a)’ |z —yl, (190)

as claimed. O
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Now, for 0 < m < n, define E(m,n) by

trap

b—a am
Blmn) =" Y fla) = [ @t = (VOm] - () (an). (191)
0<j<m a
Applying Lemma 6.13, since k,,, < r and m < n, we have
mL(b—a)®> 2kn(b—a) C
E < < = 192
Bm,n)| < T ZmE ) 2 (192)
where C' is independent of n. Consequently,
. 1/p 1/p 1/p
rap trap trap
b—a » b—a » b—a »
I, — (=2 S vN@r | =] Vol | =0 Y 1))
0<m<n 0<m<n 0<m<n
trap 1/p
—a
< |E(m, )P
n
0<m<n
C
< = 193
= (193)

where C' may have changed, but is still independent of n and p.
By Lemma 6.15, the Lipschitz constant of |V f(z)|P is pLP(b — a)P~!. Applying Lemma 6.13 then yields

trap b 1 2 +1
b—a » » n(pLP(b—a)?~1)(b—a) pLP(b— a)P
_ < = .
2L e = [0 < 2l — (194)
Since | f(t)| < L for all ¢ in [a, b], it follows that [(Vf)(z)| < L(b — a) too, and consequently:
b _a trap
— > 1WAl < LP(b -t (195)
" 0<m<n
and
b
[10n@r s < oot (196)
The function y ~— y'/? has derivative y'/P~! /p, which on [0, L? (b — a)?*'] has maximum value
LP(b— )Pt 1/p—1  [1-p(p — g\l/P—P
and consequently
¢ 1/p 1/p
b—a trap » b » Ll—p(b _ a)l/p—p pr(b _ a)p+1
_ < .
> 1) am) [ ion@ra) | <= .
0<m<n
_ L(b—a)t/rt!
N 2n
< % (198)

Combining (193) and (198) completes the proof of (182) for p < oo. The corresponding result for p = oo
follows by taking the limit p — oo and using the convergence of the p-norm to the co-norm.
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To prove the result for feen and fee,, suppose first that p < co. From Lemma 6.13, we have

trap

> s < S, (199)

0<j<n

R e O

where C > 0 is a constant independent of n. Letting f be the vector in R*! with entries ?[k:] = feen(ar) =
flar) — p(f), 0 <k <n, applying (182) to feen gives

~ C
1€l =l feenllvr| < (200)
Furthermore, for all 0 < k <n,
feon[k] — £[k] = p(f) — p(F), (201)
and so
”}T”Vp - chenllt/p < H?_ fcen”l/p
= [[(u(f) — u(£)1s,
p\ 1/p
b—a=|b—a <
= ( =D 2 lf) = ()
k=0 7=0
C
< =, 202
= (202)

The result now follows by combining (200) and (202). As before, the result for p = oo follows by taking the
limit p — oo and using the convergence of the p-norm to the co-norm.

6.5 Proof of Theorem 4.5

We recall the statement of the theorem:

Theorem 6.16. Suppose f is a two times continuously differentiable function on [a,b], and has only finitely
many roots. The for all 1 < p < o0,

C
£l = 1 llve] < . (203)
where C' > 0 does not depend on n or p. The same bound holds by replacing f with feen, and £ with feey.

The proof makes use of the following version of the Euler-Maclaurin formula, which is Theorem 3 in [11]
(see also Theorem 2 in [12], which appears to correct an error in the definition of the parameters ¢; appearing
in the statement below):

Theorem 6.17 (Euler-Maclaurin formula with jumps). Let a = ¢y < ¢; < -+ < ¢r—1 < ¢ = b, and let
q > 2 be an integer. Suppose that, for every 0 < j < r, H is in C17([¢j,cj41]) and H s absolutely
integrable on (cj,cjy1). Suppose too that H(c;) = (H(c;j+) + H(c;—))/2 for all1 < j < r —1, and
H(co) = (H(co+) + H(cr—))/2. Let n be a positive integer, and § = (b—a)/n. For 0 <t <1, define

I
-

T s H (a+ (k+1)0) (204)
0

S
I

For integer £ > 1, let Py denote the £-th Bernoulli polynomial on [0,1), extended 1-periodically to the whole
real line (so that Py(x + k) = Py(x) for all integers k). Let t; = (a/d +t—c;/0)modl, 0 <j <r—1.
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Furthermore, for 0 < j <r —1, let

0, ift; =0,
v = f J (205)
1, ’Lf t]‘ 7£ 0,
let
r—1
a1 =Y Pty — a)(H(c;—) — H(c;+)); (206)
§=0
and, for 2 < ¢ <gq, let
= Pg(t' — a)
ap =~ (H" D (e;=) = H"D(ej4). (207)
= !
Then
b q 54 b r—1
— / H(z)dr = 10 + Zagde - ?/ H9D (z) ZPq(tj —z/§ —a)dz. (208)
a =2 TJa j=0

The next lemma is standard:

Lemma 6.18. Suppose f is a C? function on [a,b]. Then

b—a b
5 (fla) + f(b)) —/ f@)dt| < Cllf" = (b—a)?, (209)
where C' > 0 is a universal constant.
Corollary 6.19. Let 0 <m <n. Then
m
(V) (am) = (VE)[m]| < C 3, (210)

where the constant C' > 0 does not depend on m or n.

Proof. When m = 0, the left side is 0. When m > 1,

V) am) ~ VDIl = | [ syt (Vf)[m1]

m—

1 aJ+1 b am
= Z/ o flaj) + f(aj+1))

Jj=0 JZO

( [ roa= ot e f(aj+1))> |

: (211)

3

[
(]

ER

IN
Q

3
w

as claimed. O]
Now, for 0 < m < n, define E(m,n) by
E(m,n) = (Vf)(am) — (VE)[m]. (212)

Applying Lemma 6.19, we have

|[E(m,n)| < C

<C
<3

; (213)
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where C' is independent of n. Consequently,

. 1/p ¢ 1/p ¢ 1/p
b— rap ) b— rap ) b—a rap )
€1, — > 1V (am)] = - > (V) [m]] o > vH(am)]
0<m<n 0<m<n 0<m<n
1/p

IA
S
|
Q
M
S

C
< el (214)
We will show that there are constants A and B, not depending on n or p, such that
trap
b— Bp
-—a > 1V (am)| / (V) (z)|Pdz| < A-p- = (215)
n 0<m<n

Let G(z) = (Vf)(x), and H(z) = |G(x)|P = |(Vf)(x)|P. Since f(ff =0, G(a) = G(b) = 0. Furthermore,
because f is C?, G is C3. Let a=cy < c; < -+ < ¢—1 < ¢, = b be points such that sign(G(z)) is constant
on each subinterval (¢j, ¢j4+1); note that G(¢;) =0 forall 0 <j <r.

Lemma 6.20. There are constants A and B, depending on f but not on n or p, such that, in the notation
of Theorem 6.17,

r—1

/b H"(z) > Py(t; — /6 —a)dx| < A-p- BP. (216)

Jj=0

Proof. Let us first suppose that p > 1. Fix a value ¢ such that G(z) > 0 on (¢, ce1); then H(z) = G(x)?
n (e, cet1),

H'(z) = pG(2)P~'G'(x) = pG(x)'~" f(2), (217)

and

H"(z) = p(p = DG()' 7 f(2)? + pG(2)" ™" f'(2). (218)

Take points ¢ = by < by < +-+ < bs = ¢p41 such that the sign of f is constant on each subinterval (b;, b;11).
Then using the notation of Theorem 6.17,

3 / T PG @) (@) Pty — 2/ — a)dr < pl|GIT= HfHLocZ / Aty — /5 — a)de

j=1"ee
< pC,C%E, (219)
where C7 and Cy do not depend on n or p. An identical argument works if G(z) < 0 on (¢, cey1), and the

estimate is trivial if G(z) = 0 on (cg, coy1).
Next, every 1 < m < s, since f = G’ has constant sign in (b, by11), we can perform the change of
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variables u = G(x) and get

bm+1 bm+1
/ HY (2)P,(t; — 25 — a)da = p(p— 1) / G@)P2f(2)2 oty — 25 — a)da
b b

m m

b1
< p(p— 1)|| Po]| 1~ / G(z)P~2  (x)2dx

m

b771+1
< p(p — V|| o]l / P2 (G () du

m

G(berl) 9
< p(p — 1Pl || ] 1~ / W ~2du

m

= p||Pell I flloe (G(brmg1)?™" = G(bm)P ")
< pC5C?, (220)

where C3 and Cy do not depend on n or p. An identical argument works if G(z) < 0 on (c¢g,ce41), and
the estimate is trivial if G(x) = 0 on (¢4, ¢g+1). Combining the bounds (219) and (220) completes the proof
when p > 1.

If p =1, suppose G(z) > 0 on (cg, ce+1); then H(x) = G(x) on (g, cet1), and consequently H' = G’ and
H" = G" = f'. Therefore,

b r—1 b r—1
/ H"(z) Y Pty — x/6 — a)da| = / F(@)> Pty — /6 — a)da
a =0 a j=0

pr—1

flle | [ Y- Palty — /6 — a)da]|, (221)

a =0

IA

which is a constant that does not depend on n. The same argument applies if G(z) < 0 on (¢, ¢g+1), and
the estimate is trivial if G(z) = 0 on (cg, co41)- O

Lemma 6.21. In the notation of Theorem 6.17, oy =0 and |ag| < A-p- BP for all p > 1, where A and B
are constants not depending on n or p.

Proof. since H is continuous in the interior of [a,b], H(c;—) = H(c;+) when 1 < j < r — 1. Furthermore,
when j =0, to = 0, and hence vy = 0; consequently, all terms in the sum (206) are 0, hence oy = 0.
If p > 1, the parameter ay defined in (207) may be bounded by

r—1

<pY_ Pty — )| GIT< | flle

=0
< Ap[l £}~
= ApBP®, (222)

where A and B are independent of n or p, and where we have used the bound ||G||pee < L-||f|lze. If p =1,
then H' = & f, and so

0a] = | L S0 Polty — a) (') — ()| < 3 Patt — ) f (223)
j=0 j=0

which is bounded independently of n. So the bound |as| < ApBP is valid for all p > 1, for A and B
independent of n or p. O
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Combining Lemma 6.20 and Lemma 6.21, we can apply Theorem 6.17 with ¢ = 0:

b—a trap n—1
b )|Pdz| =
S vn @)l /\Vf VP = |55 H((k+1/2)9) /H
0<k<n k=0
2 r—1
:a252——2/ H"(z)P(t; — x/6 — a)dx
BP
<ap 2 (224)
where A and B are independent of n or p.
Since [(Vf)(z)] < (b —a) - [ fllze~,
b—a trap
— D 1VH @)l < (b= a)P | Il (225)
0<m<n
and
/ V@I do < (b= ap | f s (226)

consequently, by making A and B larger if necessary, we can assume that both £ 3" . |(Vf)(a:n)|” and
f |(Vf)(x)|" dz lie in the interval [0, A - BP], where A and B are from (224).
The function y — y'/? has derivative y'/?~! /p, which on [0, A - BP] has maximum value

(A.Bp)l/p—l Al/p—1pBl-p

- ’ 227
and consequently
1/p 1/
trap b P 1/p—1pl-
b—a Al/p—1pgl-p BP
- > 1 am) (/ |(Vf)(:c)|pdx> <E———Ap
0<m<n a p
Al/PB
T2
C

where C' > 0 does not depend on n or p. Combining (193) and (198) completes the proof for p < co. The
corresponding result for p = oo follows by taking the limit p — oo and using the convergence of the p-norm
to the co-norm.

To prove the result for feen and feen, suppose first that p < oco. From Corollary 6.19 (applied when
m =n), we have

trap

/f dx—— > flay) gng (229)

O<]<n

lu(f) —

where C' > 0 is a constant independent of n. Letting f be the vector with entries f[k] = feen(ar) =
flar) — p(f), the first part of the theorem implies that

= c
Ell, =l feenllve| < - (230)
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Furthermore, for all 0 < k <n,

foen k] — £[K] = p(f) — p(f), (231)
and so
S ||’f\:_ fcen”yp
= [ (u(f) = ()1,
b—a~=~|b—a
SIS ) — wie)

k=0 §=0

”fHVp - chen”up

C

< —.
_n2

(232)

The result now follows by combining (230) and (232). As before, the result for p = oo follows by taking the
limit p — oo and using the convergence of the p-norm to the co-norm.

6.6 Proof of Theorem 4.6 and Corollary 4.7

We recall the statement of the theorem and its corollary:

Theorem 6.22. Let 0g,09,...,0,,... be a bounded sequence of positive numbers, and let Z = (Z[0], ..., Z[n])
where Z[0], Z[1],..., Z[n], ... are independent with Z[j] ~ N(0,0%). Suppose too that o > 0 satisfies

1 n
- Y of <o (233)
j=1
Lett > 0. Then for all1 < p < oo,
B{]|Z],, >t} < Ae7P 7, (234)

where A > 0 and B > 0 are constants independent of t, n, or p;

Jim [ 7], =0 (235)
almost surely; and
E[|Z,, < C-= (236)

NG

where C' > 0 is a constant independent of n and p. Furthermore, (234), (235) and (236) hold with Z replaced
by ZCCn‘

Corollary 6.23. Suppose f satisfies the conditions of Theorem 4.4, Z satisfies the conditions of Theorem
4.6, andY =f+ Z. Lett > 0. Then for all 1 < p < o,

P{Y ], = [ fllve] >t} < Ae= PO/ (237)
where A > 0 and B > 0 are constants independent of t, n, or p;
Jim [[Y]],, = [|f]lv> (238)
almost surely; and

g
]E ’”Y“Vp - ||f||VP| g Cﬁv (239)

where C is a constant independent of n and p. Furthermore, (237), (238) and (239) hold with f replaced by
feen and Y replaced by Yeen-
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First, define Sy[0] = S1[0] =0, and for k =1,...,n, let

k—1
b—a .
Solk] = == 2l (240)
7=0
and
b—a .
Si[k) = — ; Z[3). (241)
For 0 <k <mn, let
1
Tk = 5 (SolK] + S1[K). (242)
Note that when k > 1,
b _a trap
i =0 Y 7). (243)
0<5<k

Note too that Sy and S are martingales; that is, E[S,[k]| Z[0], ..., Z[k — 1]] = S¢[k — 1], for £ =0, 1.
Lemma 6.24. For anyt > 0,

>4\ < 42792
P (1r<nka§n |Selk]| > t) < 2exp(—nt/20%), (244)

for £=0,1.
Proof. Let S = Sy. Let A > 0, and define
X[k] = exp(AS[k]), 0<k<n. (245)

Then X is a submartingale, i.e. E[X[k]|Z[0],...,Z[k — 1]] > X[k — 1]. Observe that S[n] is normally
distributed with mean zero and with variance

o2, (246)

Consequently, using the standard formula for the Gaussian moment generating function,
]E[X[n]] _ 6)‘252/2 < ez\z(b—a)202/2n. (247)

By Doob’s Inequality (e.g. see Theorem 5.4.2 in [19]), for any real number ¢,

P <Or<nkaé(n Slk] > t) =P (Orgl]?é(nX[k] > exp(/\t))

< E[X[n]] exp(~At)

< e)\Z(b—a)202/2n—>\t. (248)
Taking A\ = tn/o?(b — a)? yields the bound
P ( max S[k] > t) < exp(—nt?/2(b — a)?c?). (249)
0<k<n

By symmetry and the union bound, and the fact that S = Sy, this immediately gives the bound

P ( max |So[k]| > t) < 2exp(—nt?/2(b — a)?c?). (250)
0<k<n

An identical argument holds for Sy, completing the proof. O
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Since T[k] = (Sp[k] + S1[k])/2, and since

12l = gmas 714 (251)
the union bound shows
szumzw—P(ggﬂmuw)g4mm—mwmh—@%%. (252)

This establishes (234) for p = oo; the result then follows for all p > 1 since || Z]],, < || Z][,..-

To see that the rest of the theorem follows from (234), observe that since the right side of (234) is
summable over n, it follows from the Borel-Cantelli Lemma that lim,, . [|Z],, = 0 almost surely, estab-
lishing (235). Furthermore,

IWMMA:Aummmzwdt

< 2/ exp(—nt?/2(b — a)20%)dt
0

= 2—\/% ; exp(—u?/2(b — a)?)du, (253)

which establishes (236) and completes the proof of the theorem for Z. The corresponding results for Zee,
may be deduced from those of Z and the standard concentration bound

P{|u(Z)| > t} < Ce~PFn/o" (254)

where C' and D are constants independent of n or ¢; this follows from the fact that p(Z) ~ N(0,0%/n). This
completes the proof of Theorem 4.6.
To prove (237), recall that Theorem 4.4 gives the bound

C
£ 1ve = I, | < — (255)
where C' is a constant not depending on p, ¢t or n. From the triangle inequality we have
1Y |, = [Ifllve = [If + Zl, = [Ifllve
<l + 121, = [ fllv>
C
<< 1112l (256)
n
and similarly, since ||f||,, — [|Z]., < Y.,
Ifllve =Y [loe < N fllve = lIElloe + 11212,
C
<=+ 12|, (257)
n
Combining (256) and (257) shows
C
¥y = £ llve] < — 4112110, (258)
Ift — C/n > t/2, then from Theorem 4.6,
P{Iflve =¥l | >t} <P{l|Z]ls, = t = C/n}
<P{|Z|., = t/2}
S14ean(t/2)2/0'27 (259)
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which is a bound of the desired form. On the other hand, if t — C/n < t/2, then t < 2C/n, and so

P{Iflve =Y 1, | >t} <P{IZ]l,, >t - C/n}
<Ae—Bn(t—C/n)2/02
:Aean(t272Ct/n+C2/n2)/02

— Ae—Bnt2/0'2 eQBCt/UZe—BCz/na2

< Ae—Bm&2/02€3BC2/na‘27 (260)

which is bounded above by an expression of the desired form as well, since 3BC?/no” is bounded. This
completes the proof of (237).

The limit (238) follows immediately from (258) and the fact that ||Z||,, — 0 almost surely. To prove
(239), take expectations of each side of (258) and apply (236).

7 Conclusion

This paper has proven a number of robustness properties of the Volterra p-distances for functions of a single
variable. These results extend previous results on Earth Mover’s Distance, an increasingly popular metric in
machine learning and statistical applications. Our results indicate that many of the favorable properties of
EMD are shared by a wider class of metrics, which may be better suited for certain applications; for instance,
it might be preferable in certain contexts to use a metric that is embeddable into ¢5. Of course, the current
results are limited to functions of one variable and tomographic projections of functions of two variables. It is
natural to consider whether the present results may be used to compare higher dimensional functions by, for
instance, looking at multiple one-dimensional projections; this idea has been used previously in the context
of approximating Wasserstein distances, under the name of “sliced” Wasserstein distances [13, 29, 30]. In
forthcoming work, we consider a class of rapidly computable metrics between functions of two variables that
exhibit a set of properties analogous to those of the Volterra distances reported here.
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