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Abstract: Given two probability measures, P and QQ defined on a measur-
able space, S, the integral probability metric (IPM) is defined as

'Ycr(lP,Q):sup{/sfdP—/sfdQ :fe?},

where J is a class of real-valued bounded measurable functions on S. By
appropriately choosing J, various popular distances between P and Q, in-
cluding the Kantorovich metric, Fortet-Mourier metric, dual-bounded Lips-
chitz distance (also called the Dudley metric), total variation distance, and
kernel distance, can be obtained.

In this paper, we consider the problem of estimating v4 from finite ran-
dom samples drawn i.i.d. from P and Q. Although the above mentioned
distances cannot be computed in closed form for every P and Q, we show
their empirical estimators to be easily computable, and strongly consistent
(except for the total-variation distance). We further analyze their rates of
convergence. Based on these results, we discuss the advantages of certain
choices of F (and therefore the corresponding IPMs) over others—in partic-
ular, the kernel distance is shown to have three favorable properties com-
pared with the other mentioned distances: it is computationally cheaper,
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the empirical estimate converges at a faster rate to the population value,
and the rate of convergence is independent of the dimension d of the space
(for S = R?%). We also provide a novel interpretation of TPMs and their
empirical estimators by relating them to the problem of binary classifica-
tion: while the IPM between class-conditional distributions is the negative
of the optimal risk associated with a binary classifier, the smoothness of an
appropriate binary classifier (e.g., support vector machine, Lipschitz classi-
fier, etc.) is inversely related to the empirical estimator of the IPM between
these class-conditional distributions.

AMS 2000 subject classifications: Primary 62G05.

Keywords and phrases: Integral probability metrics, empirical estima-
tion, Kantorovich metric, dual-bounded Lipschitz distance (Dudley metric),
kernel distance, reproducing kernel Hilbert space, Rademacher average, Lip-
schitz classifier, support vector machine.
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1. Introduction

Given samples from two unknown probability measures, P and Q, it is often
of interest (in applications such as two-sample and independence testing) to
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estimate the distance (or divergence) between them. The goal of this paper is
to study the empirical estimation of a popular family of distance measures on
probabilities, the integral probability metrics (IPM) [29]—also called probability
metrics with a (-structure [55]—defined as

/SfdP—/sfdQ

where F in (1.1) is a class of real-valued bounded measurable functions on S (the
choice of functions being the crucial distinction between different IPMs). IPMs
have been employed as tools of theoretical interest in probability theory [15,
Chapter 11], with applications including mass transportation problems [34] and
empirical process theory [50]. In statistics, IPMs have been used in nonparamet-
ric two-sample testing, including the Kolmogorov-Smirnov test [7, 39, 40] and
the kernel test [20, 21]; as well as in independence testing [20, Section 7.4], [22].
By appropriately choosing & in (1.1), various popular distance measures can be
obtained:

v5(P, Q) := sup
feF

, (1.1)

(a) Kantorovich metric, Wasserstein distance and Fortet-Mourier metric: Set-
ting F = {f : ||fllz <1} in (1.1) yields the Kantorovich metric, where | f|| is
the Lipschitz semi-norm of a bounded continuous real-valued function f on a
metric space, (S, p),

[f(z) = Fy)]

1l := sup { p(x,y)

cx#Fyin S } .

The famous Kantorovich-Rubinstein theorem [15, Theorem 11.8.2] shows that
when S is separable, the Kantorovich metric is the dual representation of the
Wasserstein distance [15, p. 420]—more specifically, the Li- Wasserstein dis-
tance—defined as

WiP.Q)i= nf [ rla.)dutew). (1.2)

where P,Q € {P : [p(z,y)dP(z) < oo, Vy € S} and L(P,Q) is the set of all
measures on S x S with marginals P and Q. The L;-Wasserstein distance (and
therefore the Kantorovich metric) has found applications in information theory
[19], mathematical statistics [33, 55] and mass transportation problems [34].

The Fortet-Mourier metric [35, p. 17] is a generalization of the Kantorovich
metric, with F := {||f]|. < 1}, where

[f(x) = f(y)l

11 = sup { L0 =

::C;éyinS},

and c(z,y) = p(z,y) max(1, p(z,a)P~1, p(y,a)?~ 1), p > 1 for some a € S. Note
that when p = 1, the Fortet-Mourier metric is the same as the Kantorovich
metric.
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(b) Dudley metric: Choosing F = {f : || fllzr < 1} in (1.1) yields the dual-

bounded Lipschitz distance—also called the Dudley metric—where

IfllBL == I fllee + Iz

with ||fllec := sup{|f(z)| : x € S}. The Dudley metric is used in proving
the convergence of probability measures with respect to the weak topology [15,
Chapter 11].

(¢) Total variation metric and Kolmogorov distance: g is the total variation
metric when F = {f : ||fllco < 1} while it is the Kolmogorov distance when
F={T(cooy : tE R?}. The Kolmogorov distance is used in proving the clas-
sical central limit theorem in R?, and also appears as the Kolmogorov-Smirnov
statistic in hypothesis testing [39].

(d) Kernel distance: vy is called the kernel distance or mazimum mean discrep-
ancy [6, 20, 21, 46] when F = {f : || f|l3c < 1}, where H represents a reproducing
kernel Hilbert space (RKHS) [2] with %k as its reproducing kernel (r.k.) — we
write the space (3, k).> The kernel distance is used in statistical applications
including homogeneity testing [20, 21], independence testing [22], testing for
conditional independence [17] and mixture density estimation [42].

As described above, an important application of distance estimates between
P and Q (based on random i.i.d. samples drawn from them) is in homogeneity
testing and independence testing, where the estimate of the distance can be used
as a test statistic (additional applications include classification of probability
measures using empirically computed distances). While the kernel distance and
the total variation distance have been successfully applied in testing, most other
IPMs have not, due to the absence of good estimates for continuous random
variables, especially in the multivariate case. Indeed, for testing, it is crucial that
the statistic have a consistent estimator exhibiting fast convergence behavior and
low computational complexity (i.e., the estimator must be easy to compute). In
Section 2.1, we provide empirical estimates of the above mentioned ITPMs, in
particular the Kantorovich metric (and therefore the L;-Wasserstein distance),
Dudley metric, and kernel distance, based on finite samples drawn i.i.d. from
P and Q. The empirical estimators of the Kantorovich distance and Dudley
metric are obtained by solving linear programs, while that of the kernel distance
is computed in closed form, thereby demonstrating that the kernel distance is
simpler to compute than the remaining IPMs.

We show in Section 2.2 that the empirical estimators derived in Section 2.1
exhibit a nice connection to the problem of binary classification. In Section 2.2,
we first show that (P, Q) (resp. its empirical estimator) is the negative of
the optimal risk associated with a binary classifier that separates the class con-
ditional distributions, P and Q (resp. P,, and Q,—see the last paragraph of

LA function k : SxS — R, (x,y) — k(z,y) is a reproducing kernel of the Hilbert space I if
and only if the following hold: () Vy € S, k(-,y) € Hand (i5)Vy € S,V f € H, (f,k(,y))s =
f(y). When a reproducing kernel exist, H is called a reproducing kernel Hilbert space, and is
defined as the completion of the span of k, 3 = span{k(-,y)|y € S}. It can be shown that a
real-valued k is a reproducing kernel if and only if it is symmetric and positive definite [6].
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this section for the notation), where the classification rule is restricted to F.
In other words, the Kantorovich metric, Dudley metric and the kernel distance
(and their empirical estimators) can be understood as the negative of the opti-
mal risk associated with a classifier for which the classification rule is restricted
to {f:1flle <1} S fller <1} and {f : ||f|lsc < 1}, respectively. We then
show that the empirical estimators of the Kantorovich metric, Dudley metric and
kernel distance are related to the margins of the Lipschitz classifier [51], bounded
Lipschitz classifier, and support vector machine, respectively. The significance
of this result is that the smoothness of the classifier is inversely related to the
empirical estimator of the IPM between class conditionals P and Q. Although
this is intuitively clear, our result provides a theoretical justification. Finally, we
also establish the relation between the kernel distance and the Parzen window
classifier [37, 38] (see kernel classification rule [14, Chapter 10]).

Next, in Section 3, we show that the empirical estimators derived in Sec-
tion 2.1 are strongly consistent, and provide their rates of convergence using
standard techniques from empirical process theory. Based on these results, it
will be clear that the empirical estimator of the kernel distance exhibits a fast
rate of convergence compared with that of other IPMs, and its rate of con-
vergence is independent of the dimension d (for S = R%), unlike with other
IPMs. Our experimental results in Section 4 confirm the convergence theory
discussed in Section 3 and therefore demonstrate the practical viability of these
estimators. Based on these convergence results, in Section 3, we also show how
a homogeneity test can be constructed using the empirical estimator of IPM as
a test statistic (see Remark 3.6(v)).

Since the total variation distance is also an IPM, we discuss its empirical
estimator in Section 5, and show that it is not strongly consistent. Because
of this, we provide new lower bounds for the total variation distance in terms
of the Kantorovich metric, Dudley metric and the kernel distance, which can
be consistently estimated. These bounds also translate as lower bounds on the
Kullback-Leibler divergence through Pinsker’s inequality [16].

We note that there exist other distance/divergence measures between prob-
abilities besides those of the IPM family. One popular family of divergence
measures are the Ali-Silvey distances [1], also called the Csiszar’s ¢-divergences
[11], defined as

dp )
Dy(P,Q) := / o) (—) dQ if P« Q,
s \dQ
where S is a measurable space and ¢ : [0,00) — (—00,00] is a convex func-
tion. P < Q denotes that P is absolutely continuous w.r.t. Q. Well-known dis-
tance/divergence measures obtained by appropriately choosing ¢ include the
Kullback-Leibler (KL) divergence (¢(t) = tlogt), Hellinger distance (¢(t) =
(Vt —1)?), x2-divergence (¢(t) = (t — 1)?) and total variation distance (¢(t) =
|t —1]). The empirical estimation of ¢-divergences, especially the KL-divergence,
has recently been studied in depth [30, 32, 52]. We emphasize that ¢-divergences
and IPMs are fundamentally different, and intersect only at the total variation
distance (our proof of this result is in Appendix A).
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TABLE 1
Function space, ¥ Unit ball IPM, ~v4
Lip(S.p) = (/S = E[[flL <00} | Fw= UM<} | Wi—amy
BL(S,p) :=={f : S = R[[|fllBL < o0} Fg=A{f:Iflls <1} B = vr,
Bounded measurable functions Frv :={f: |fllec <1} TV =Yg,y
(It k) I =4 I fllsc < 1} Vi = Yo

Before proceeding with our main presentation, we introduce the notation we
will use throughout the paper. For a measurable function f and a probability
measure P, Pf := [ f dP denotes the expectation of f(X) where X is distributed
as P. Given an i.i.d. sample X1, ..., X,, drawn from P, P,, := % Z?:l dx, repre-
sents the empirical distribution, where §, represents the Dirac measure at . We
use P, f to represent the empirical expectation 2 3" | f(X;). Table 1 defines
the function spaces, unit balls in these function spaces, and the associated IPMs

that we use throughout the paper.

2. Empirical estimators of integral probability metrics

Given {X, x{V .. xPyand {xP X . X}, which arei.i.d. samples
drawn randomly from P and Q, respectively, the empirical estimator of v4(P, Q)
is given by

, (2.1)

N ~
ZYif(Xi)

V?(Pma Qn) = Sug

where P,,, := L 3" Sy and Q, := Iy d () represent the empirical dis-
tributions of P and Q, respectively, N = m + n, }71 = % when X; = Xi(l) for
i=1,...,m and f’m_ﬂ» = —% when X,,,4; = Xl-(z) fori=1,...,n. The compu-
tation of v (P, Q) in (2.1) is not straightforward for arbitrary F. To obtain
meaningful results, in Section 2.1, we restrict ourselves to Fy, Fg and Fj, and
compute (2.1). We show that the Kantorovich (and therefore L;-Wasserstein)
and Dudley metrics can be estimated by solving linear programs (see Theorems
2.1 and 2.3). By contrast, the empirical estimator for the kernel distance can be
obtained in closed form (Theorem 2.4; proved in [20, 21]).

In Section 2.2, we present a novel interpretation of IPMs and their empiri-
cal estimators (especially of the Kantorovich metric, Dudley metric and kernel
distance) by relating them to binary classification.

2.1. Empirical estimators of the Kantorovich metric (W), Dudley
metric (3) and kernel distance (yi)

The following results present the empirical estimators of the Kantorovich metric
W, Dudley metric 3, and kernel distance .
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Theorem 2.1 (Empirical estimator of the Kantorovich metric). For all a €
[0,1], the following function solves (2.1) for F = Fy:

fale) i=a min (a} +ple, X)) + (1) max (o] - p(e, X)), (22)

.....

where
N

W (B, Qn) = > Yiaf, (2.3)
i=1

and {af}¥., solve the following linear program,

a1,..,AN

N
max {Z SN/iai : —p(Xi,Xj) S a; — Ay S p(Xi,Xj),Vi,j} . (24)
i=1

Proof. Consider W(P,,,Q,,) = SUP{Z?; Yif(X:) : ||fll < 1}. Note that

@) = 1@ ) = FO)

1> = su ’
> fllz e pmal) T XN, p(Xp X))

and hence

WP, Q) < sup{

= sup{
= sup{
i

where we have set a; := f(X;). Therefore, we have W(P,,,Q,,) < Efvzl fﬁ-af,
where {a*} , solve the linear program in (2.4). Note that the objective in (2.4)
is linear in {a;}¥; with linear inequality constraints, and therefore by Theorem
32.1 in [36], the optimum lies on the boundary of the constraint set, which means

la; —ajl

MAXN,£X; X)) = 1. Therefore, by the Lipschitz extension theorem due to
McShane and Whitney [27, 54], any g on {X3,..., Xy} with ¢(X;) = a} and
llgll = 1 can be extended to a function f, (on S) as defined in (2.2), where
Jfa(Xi) = g(X;), Vi and || follL = |lg]|z, which means f, is a maximizer of (2.1)
and W(P,,,Q,) = YN, Yiar. O

Remark 2.2. (a) The main result that is invoked in the proof of Theorem 2.1
is the extension of Lipschitz functions (defined on a subset of S) to S. Since
such an extension is also possible for uniformly Holder continuous functions, we
obtain an empirical estimator of 5 similar to (2.3) and (2.4)—with p in (2.4)
replaced by p’—where F = {||f|l¢ < 1} and

|f(x) = f(y)l
P (z,y)

N | |F(X3) — F(X;)]
VIG) s max Xy S 1}

f(X) 2 [f(XG) = F(X5)] Sp(Xian%W,j}

M= i0= 1M+
=<

}A}i&i : |ai _aj| < p(XzaXJ)vv’Lv]}v
1

|ﬂe>$m{ :x¢ymS}O<9§L
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(b) Applying a similar idea as in the proof of Theorem 2.1 to the empirical
estimation of the Fortet Mourier metric, it can be shown that vy (P,,, Q) <
EZ 1 Yaz, where {af}¥ | solve the linear program in (2.4) with p(X;, X;) re-
placed by ¢(X;, X;). Slnce it is not clear whether an extension theorem similar
to the one invoked in Theorem 2.1 (for Lipschitz functions) holds for f € {g :
llglle < oo}, it is not clear whether v (P, Q) = Zfil Y;a! holds for any
{XihL,

Theorem 2.3 (Empirical estimator of the Dudley metric). For all « € [0,1],
the following function solves (2.1) for F = Fga:

Jo(x) := max ( max |at], min <h (x), _r{laxN|a;‘|)) , (2.5)

where

ho(z):=a min (af + L*p(z, X;)) + (1 —«a) max (af — L*p(z, X;)), (2.6)

i=1,..., i=1,...,
a7 — aj]
L* = —
Xﬁéxj p(XZ,X )’
B(P, Q) = Zy%, (2.7)
and {a;}¥.| solve the following linear program,
N ~
ma. Y;a;
a1, ~701::7(;b70 ;
s.t. —bp(Xl,Xj) S Q; — Ay S bp(XZ,XJ), V’L,]
—c<a;<c, Vi, b+c<1. (2.8)

Proof. The proof is similar to that of Theorem 2.1. Note that

12 s = [l + e = s 'f("’;)(;g)( ) +sup (o)
F(X) — F(X))]

+max | f(X5)],

which means

Yif(Xa) : I fllsr < 1}

Mz

B(Pr, Qn) = SUP{

Ssup{
3

1

.
Il

M=

PR s X0 + g Ml < 1} |

1
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Let a; := f(X;). Therefore, S(Pp,, Q) < Zf\il Yia}, where {a*}Y | solve

|a; — aj|
Ya; : _ <15, 2.9
ot {Z YR (X, X)) o max o] < (29)
Introducing variables b and ¢ such that maxx,»x, p‘(“ e ;g I) < band max; |a;| < ¢

reduces the program in (2.9) to (2.8). In addition, it is easy to see that the
i p‘(a)l( §|) +
max; |a;| = 1. Hence, by Proposition 11.2.3 of [15], g, in (2.5) extends any g
defined on {X7,..., Xn} (with ¢(X;) = a} and |||/ = 1) to S, i.e., go(X;) =
9(X;), Viand ||gallBr = ||g||BL- Note that h, in (2.6) is the Lipschitz extension
of f to S (by McShane-Whitney Lipschitz extension theorem). Therefore, g, is
a solution to (2.1) and (2.7) holds. O

Theorem 2.4 (Empirical estimator of the kernel distance [20, 21]). Let k be
a strictly positive definite kernel, i.e., for all n € N, {a;}1, C R\{0} and all
mutually distinct {0;}7_, C S, Em:1 aiak(6;,05) > 0. Then for F =Ty, the
following function is the unique solution to (21)

optimum occurs at the boundary of the constraint set, i.e., maxx,«x.

f= ZYk (2.10)

[ 1Yk Xi)llac =
and
N
(P, Q) = ZYk = | D YViVik(X;, X;). (2.11)
I 1,j=1

Proof. Consider v (P, Qy) := SUP{Z?; Yif(X:) : |If]lsc < 1}, which can be

written as
<Pm,@n—sup{< DTk x > :|f|ﬂg1},
H

where we have used the reproducing property of H, i.e.,V f € H, Vx € S, f(z) =
(f,k(-,2))3c. The result in (2.11) follows from the Cauchy-Schwartz inequality.
Since k is strictly positive definite, v (P, Q,) = 0 if and only if P,, = Q,,
which therefore ensures that (2.10) is well-defined. O

It is clear from Theorems 2.1, 2.3 and 2.4 that the empirical estimator of the
kernel distance is easy to implement (as it is available in closed form) compared
with the empirical estimators of the Kantorovich and Dudley metrics, which
involve solving linear programs. One important observation to be made about
all these estimators is that they depend on {X;}X; through p or k, which means
that, once {p(X;, X;)} Vo1 or {k(X;, X Iy 'j—1 are known, the complexity of the
corresponding estimators is independent of the dimension d when S = R?. Also
note that while the maximizer of the kernel distance (see (2.10)) is unique, «
in (2.2) and (2.5) signifies that the maximizers of the Kantorovich and Dudley
metrics are not unique.
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2.2. Interpretability of IPMs and their empirical estimators:
Relation to binary classification

In this section, we provide a novel interpretation of IPMs and their empirical
estimators by relating them to the problem of binary classification. We show in
Proposition 2.5 that W, 8 and ~; are related to the optimal risks associated
with an appropriate binary classification problem, while in Proposition 2.6 we
show their empirical estimators to be related to the margins (see footnote 2)
of the Lipschitz classifier [51], bounded Lipschitz classifier, and support vector
machine, respectively. The significance of the latter result is that the smooth-
ness of these classifiers is inversely related to the distance between the empirical
estimates of the class-conditional distributions, computed using W, § and y, re-
spectively. In addition, we also establish the relation between the kernel distance
and the Parzen window classifier [37, 38] (also called the kernel classification
rule [14, Chapter 10]).

Let us consider the binary classification problem with X being an S-valued
random variable, Y being a {—1,1}-valued random variable and the product
space, Sx{—1, 1}, being endowed with a Borel probability measure u. A discrim-
inant function f is a real valued measurable function on S, whose sign is used to
make a classification decision. Given a loss function, L : {—1,1} x R — R, the
goal is to choose an f € F that minimizes the risk associated with L, defined as,

RL:inf/ L(y, f(x))du(z,y
Fegu [ H@ )y

— inf {E/SL(Lf(x))dP(a:)+(1—5)/

feg s

L(—Lf(x))d@(ac)}, (2.12)

with the optimal L-risk being Ré , where &, is the set of all measurable func-

tions on S, P(X) := u(X|Y = +1), Q(X) 1= u(X|Y = —1), e 1= u(S,Y = +1).
Here, P and Q represent the class-conditional distributions and ¢ is the prior dis-
tribution of class +1. We now present the result that relates IPMs (between the
class-conditional distributions) and the optimal L-risk of a binary classification
problem.

Proposition 2.5 (v5 and optimal L-risk). For a € R and y € {—1,1}, define

L(y,a) = ol 2ua (2.13)

1—27) -1

where 0 < 7 < 1. Suppose F C Fy is such that f € F= —f € F. If e =71, then
’Y?F(]P)v Q) = _RCE"
Proof. Note that L(1,a) = —a/7 and L(—1,a) = a/(1 — 7), which imply

E/SL(I,f)d]P—l—(1—5)/SL(—1,f)dQ:/Sfd(@—/sfd]P’:(@f—]P’f.
Therefore,

RL = inf (Qf — Pf) = —sup(Bf — Qf) Y — sup |Pf — Qf| = —5(P,Q),
feg fer feF
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where (a) follows from the fact that JF is symmetric around zero, i.e., f € F =
—fed. O

Proposition 2.5 shows that v5(P,Q) (resp. v5 (P, Qy)) is the negative of
the optimal L-risk that is associated with a binary classifier that classifies the
class-conditional distributions P and Q (resp. Py, and Q,,) using the loss func-
tion L in (2.13), when the discriminant function is restricted to F. Therefore,
Proposition 2.5 provides a novel interpretation for the Kantorovich metric, Dud-
ley metric and kernel distance (resp. their empirical estimators), which can be
understood as the optimal L-risk associated with binary classifiers where the
discriminant function f is restricted to Fw, Fg and JFy, respectively. We refer
the reader to [31] for a similar result relating ¢-divergences to the problem of
binary classification.

While Proposition 2.5 is a general result relating any IPM to binary clas-
sification, the following result (in Proposition 2.6) relates specific IPMs such
as the Kantorovich metric (W), Dudley metric (8) and kernel distance (v;) to
certain well-known classification procedures such as the Lipschitz classifier (the
classification rule belongs to Lip(S, p)), bounded Lipschitz classifier (the classifi-
cation rule belongs to BL(S, p)), and support vector machine (the classification
rule belongs to (¥, k)), respectively. Before we present the result, we briefly
introduce these classifiers.

Suppose {(X;,Y:)}Y, (with X; € S, Y; € {—1,1}, V4) is a training sample
drawn i.i.d. from g and m := |[{i : ¥; = 1}|. The Lipschitz classifier is defined as
the solution, fii, to the following program:

inf {|fllr : f€Lip(S,p), Yif(Xi) > 1,i=1,...,N}, (2.14)

which is a large margin classifier with margin? m The program in (2.14)

computes a smooth function, f that classifies the training sample, {(X;, i)},
correctly (note that the constraints in (2.14) are such that sign(f(X;)) =Y;, i =
1,..., N, which means f classifies the training sample correctly, assuming it is
separable). The smoothness is controlled by || f||z (the smaller the value of || f||1,
the smoother f and vice-versa). See [51] for a detailed study on the Lipschitz
classifier. Replacing || f||z by || fllzr in (2.14) gives the bounded Lipschitz clas-
sifier, fpr, which is the solution to the following program:

lnf{”f”BL : f € BL(Svp)v Y;f(Xl) > 17 1= 17-' 7N}
Replacing || f|lz by || f]l# in (2.14), and taking the infimum over f € H, yields
the hard-margin support vector machine, fsm [10], i.e.,
fovm = arginf {|| flloc : f€H, Yif(X;)>1,i=1,...,N}.
Proposition 2.6 (Empirical estimators and binary classification). The follow-
ing hold:
1 1
(Cb) Thwls < §W(Pm7(@n)-

2The margin is a technical term used to indicate how well the training sample can be
separated. Large margin classifiers (i.e., smooth classifiers) are preferred as they generalize
well to unseen samples (i.e., test samples). See [9, 37] for details.
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1 1
(%) Treter < 38Fm: Qn).
(¢) Suppose a bounded and measurable kernel, k satisfies

//S k(z,y) du(x) du(y) > 0, (2.15)

for all non-zero finite signed Borel measures on a topological space, S.
Then,

; <l (P Q )

[fomllac = 27605

Before we prove Proposition 2.6, let us discuss its significance. Proposi-
tion 2.6(a) shows that | fipllz > m, which means the smoothness of
the classifier, fiip, computed as || fiip|| L, is lower bounded by the inverse of the
Kantorovich metric between P, and Q,,. So, if the distance between the class-
conditionals P and Q is “small” (in terms of W), then the resulting Lipschitz
classifier is less smooth, i.e., a “complex” classifier is required to separate the
distributions P and Q. A similar explanation holds for the bounded Lipschitz
classifier and the support vector machine. Although it is intuitively clear that
one would require a classifier that is “wiggly” (i.e., less smooth) to separate the
class-conditional distributions that are not “well separated”, the above result
establishes this formally by defining the wiggliness of the classifier through its
norm and the separation between class-conditionals through an IPM.

The condition on k in (2.15) is satisfied by a host of kernels that include the
Gaussian kernel, k(z,y) = exp(—o|lz — y||3), 2,y € R% o > 0, the Laplacian
kernel, k(x,y) = exp(—o||z—y|1), 7,y € R, o > 0, etc. More generally, a large
family of kernels that satisfy (2.15) can be obtained: if k is a bounded kernel
on R such that k(z,y) = (x — y), where 1) is a continuous positive definite
function, then (2.15) holds if and only if the support of the Fourier transform
of 1 is R [44, Theorem 9.

To prove Proposition 2.6, we need the following lemma.

Lemma 2.7. Let § : V. — R and ¢ : V — R be convex functions on a real
vector space V. Suppose

a = sup{f(z) : Y(x) < b}, (2.16)
where 0 is not constant on {x : Y(x) < b} and a < co. Then,
b =inf{Y(z) : O(x) > a}. (2.17)

Proof. Note that A := {x : ¢(x) < b} is a convex subset of V. Since 6 is not
constant on A, by Theorem 32.1 of [36], 6 attains its supremum on the boundary
of A. Therefore, any solution, x, to (2.16) satisfies 6(z.) = a and ¥ (x.) = b.
Let G := {x : 6(x) > a}. For any = € G, ¢(x) > b. If this were not the case,
then x. would not be a solution to (2.16). Let H := {z : 6(x) = a}. Clearly,
x, € H and so there exists an # € H for which ¢(z) = b. Suppose inf{¢(z) : x €
H} = ¢ < b, which means z* € A for some 2* € H. From (2.16), this implies 6
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attains its supremum relative to A at some point of the relative interior of A. By
[36, Theorem 32.1], this implies 6 is constant on A, leading to a contradiction.
Therefore, inf{¢)(z) : © € H} = b and the result in (2.17) follows. O

Proof of Proposition 2.6. Define Pf := [¢ fdP. Note that | f||z, |[fllzr and
Il f |ls¢ are convex functionals on the vector spaces Lip(S, p), BL(S, p) and U(S) :=
{f:S = R|||fllsc < oo}, respectively. Similarly, Pf —Qf is a convex functional
on Lip(S, p), BL(S, p) and U(S). Since P # Q, it is clear that Pf — Qf is not
constant on Fy and Fg. In fact this is also true for J, if & satisfies the condition
in (2.15). This is because if k satisfies (2.15), then 7; is a metric on the space
of probability measures [44, Theorem 7] and therefore for P # Q, Pf — Qf is
not constant on Fi. The results in (a)—(c) are then obtained by appropriately
choosing 1, 6, V and b in Lemma 2.7. Here, we only prove (a) as the proofs of
(b) and (¢) are similar to that of (a).

Since W (P, Qn) = sup{>1_, ¥;/(X;) : ||fll < 1}, by Lemma 2.7, we
have

N
L=inf ¢ [ fllo: Y Yif(X;) > W(Pm,Qu), f € Lip(S,p) ¢,
j=1

which can be written as

2

N
WP, Qn) inf < || fllz : Y Y;£(X;) > 2, f € Lip(S, p)

Jj=1

Note that {f € Lip(S. p) : Y; f(X;) > 1,¥j} C {f € Lip(S,p) : L0, V;f(X;) >

2}, and therefore
2 . ) .

m <inf{|[fllr: Y;f(X;) = 1, V4, f € Lip(S,p)},

proving (a). A similar analysis for 8 and - yields (b) and (c). O
In the following, we present another interpretation for the kernel distance
by relating it to the Parzen window classifier [37, 38] (also called the kernel
classification rule [14]). Theorem 2.4 shows that f in (2.10) is the unique solution
to (2.1) when F = Fy, which by Proposition 2.5 means that it is also the unique

solution to R% with empirical distribution. This implies f in (2.10) is the Bayes
classifier with Bayes risk —yx (P, Q,,), with the associated decision rule,

L, % EYFl k(x, X;) > % Zn:—l k(z, X;)
_1’ %EYizl k(vaZ) < %ZYZ':—I k(iE,X,L) ,

which is exactly the Parzen window classifier?.

sign(f(z)) = { (2.18)

3The classification rule in (2.18) differs from the “classical” Parzen window classifier in
two respects. (i) Usually, the kernel (called the smoothing kernel) in the Parzen window rule
is translation invariant in R®. In our case, S need not be R% and k need not be translation
invariant. The rule in (2.18) can thus be seen as a generalization of the classical Parzen window
rule. (ii) The kernel in (2.18) is positive definite unlike in the classical Parzen window rule
where k need not be so.
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3. Consistency and rate of convergence

In Section 2.1, we presented the empirical estimators of W, 8 and ~;. For these
estimators to be reliable, we need them to converge to their population values
as m,n — oo. We would further like to have fast rates of convergence such that
in practice, fewer samples are sufficient to obtain reliable estimates. We address
these issues in this section. The strong consistency of W(P,,, Q,,) and (P, Q)
is shown in Proposition 3.2, while their rates of convergence are analyzed in
Corollary 3.5. Corollary 3.5 also proves the strong consistency of Vi (P, Qn)
and analyzes its rate of convergence. We show that (P, Q) enjoys a fast
rate of convergence compared to W(P,,,,Q,) and S(Py,, Q,).

Before we start presenting the results, we introduce some terminology and
notation from empirical process theory. For any > 1 and probability measure
Q, define the L" norm || f||q,» := (J |f|" dQ)*/" and let L"(Q) denote the metric
space induced by this norm. The covering number N'(e,F, L"(Q)) is the min-
imal number of L"(Q) balls of radius & needed to cover F. H(e,F, L"(Q)) :=
log N'(g,F, L"(Q)) is called the entropy of F using the L"(Q) metric. Define the
minimal envelope function: F'(x) := sup e | f()]-

We now present a general result on the strong consistency of v#(P,,, Q,),
which follows from [49, Theorem 3.7].

Lemma 3.1. Suppose the following conditions hold:
(i) [ FdP < .

(i) [5 FdQ < oo.

(iii) Ve >0, LH(e,F, L (Pn)) 250 as m > .

(iv) Ve >0, 1H(e, F, L1(Qn)) 2,0 as n — oo.
Then, [v5(Pm, Qn) — v5(P, Q)| L% 0 as m,n — .
Proof. Note that |yg (Prm, Qn) =75(P, Q)| < supjeg [Pmf—Pfl+supses |Qnf -
Qf|. Therefore, by Theorem 3.7 of [49], sup s g [P f —Bf| < 0, sup s |Qn f —
Qf| %% 0 and the result follows. O

The following corollary to Lemma 3.1 shows that W (P,,, Q,,) and (P, Q,)
are strongly consistent.

Proposition 3.2 (Consistency of W and ). Let (S, p) be a totally bounded
metric space. Then, as m,n — 0o,
(1) |W(Pm7(@n) - W(]P)v Q)| Q) 0.
Proof. For any [ € Fy,
f(@) < sup |f(2)] < sup|f(z) = fy)| < I flesup plz,y) < || fllzdiam($) < oo,
rE

z,Y x,Y

where diam(S) represents the diameter of S. Therefore, Vo € S, F(z) < diam(S)
< 00, which satisfies (i) and (ii) in Lemma 3.1. Kolmogorov and Tihomirov [24]
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have shown that
€ 2 diam(.S

Since H(e,Fw, L*(Py)) < H(e,Fw,| - |loo), the conditions (iii) and (iv) in
Lemma 3.1 are satisfied and therefore, |W (P,,, Q,) — W (P, Q)| £ 0 as m,n —
oo. Since F3 C Ty, the envelope function associated with J is upper bounded
by the envelope function associated with Fy and H(e, Fa, || [|oo) < H(e, Fw, ||-
lloo)- Therefore, the result for 3 follows. O

Similar to Proposition 3.2, a strong consistency result for v; can be provided
by estimating the entropy number of Fi. See Cucker and Zhou [12, Chapter 5]
for the estimates of entropy numbers for various H. However, in the following,
we adopt a different approach to prove the strong consistency of 7. To this
end, we first provide a general result (Theorem 3.3) on the rate of convergence
of v5 (P, Q) and then, as a special case, obtain the rates of convergence of
the empirical estimators of W, 8 and ;. Using this result, we then prove the
strong consistency of Vi (P, Qy).

S|=

no=4)

Theorem 3.3. Define N := m + n, (171, .. .,leN) = (% m, %, —
and

(X1seeos Xos Xogts oo X) o= (le,...,X,Sg),Xl(?),...,X,<3>) .

Let F be the space of measurable functions such that || f|lec < v, Varp(f) < of
and Varg(f) < ag for all f € F, where Varp(f) := Pf* — (Pf)*. Then, with
probability at least 1 — 2e™7 over the choice of {X;}N.; ~ P™ @ Q" and for all

a>0,0¢€(0,1), the following holds:

27(m + n) (o2 V o2
175 (Prn, Q) — 75 (P, Q)| < 2(1%—'—5&)}2,% (F{X ) + \/ i m)7(1 2
2rv(m+n) (2 1 1+«
T (§+a+5<1_5>)’ (3:2)
where
N ~
Ry (Fi{Xi}L,) =E l;gg ZUiYif(Xi) ’{Xi}ij\il‘| ; (3-3)
=1

{o:}, are independent Rademacher (symmetric +1-valued) random variables
and a V b := max(a,b).

Proof. We begin by noting that

175 (Prny Q) — 75 (P, Q)| < ?‘é? [P — Qn)f — (P = Q) f| =: g(X1,..., Xn).

The bound in (3.4) on g can be obtained from Proposition B.1 by using p; := P
fori=1,....mand pu; :== Q fori = m+1,...,N so that P := P"™ ® Q™,
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z = (wi,...,wy) = (X1,..., Xn), 0:(f,wi) = w for i = 1,...,m and
0i(f,wi) = —w fori =m+1,..., N. Note that fQi 0;(f,w) du;(w) = 0 for
alliand f € F. Also note that ||0;(f,)||c < Z£+2% forall f € F. In addition, for
i=1,...,m,wehave [, 07(f,w)du;(w) =m*P(f=Pf)* = m~*Varp(f) < 2—%
for all f € F. Similarly, for i = m+1..., N, we have [, 62(f,w) d;(w) < %

> 2

for all f € . By Proposition B.1, we then have that with probability at least
1 —e 7 and for all a > 0,

27(m +n)(op V 03)

mn

L 2rv(m 4 n) <l N 2) (3.4)

mn a 3

9(X1,...,Xn) < (1—|—04)Epg—|—\/

N

Y oVif(X)

i=1
2rv(m+n 1 2
+¥( +_)

mn

INs

2(1 + a)E sup
fex

N \/QT(m +n)(og V o3)

mn

a 3

=214+ )EpRyy (F: {X:}Y,) + \/2T(m + :@)7(;7% Vog)

| 2rv(m+n) (1 N 2) (3.5)

mn a 3

where (a) follows from bounding E g(Xy,...,Xx) by using the idea of sym-
metrization (see [50]; for completeness, we prove the bound in Appendix B.2).
By Proposition B.3, we have that with probability at least 1 — e~7 and for all
6 €(0,1),

R (F5{Xi}E,) | mv(m +n)

(3.6)

Combining (3.5) and (3.6), we have that with probability at least 1—2e~7, (3.2)
holds. O

Theorem 3.3 holds for any F for which v is finite (note that Varp(f) =
Pf? — (Pf)? < Pf? < v? =: ¢ and similarly Varg(f) < v?). However, in order
to comment about the consistency and rate of convergence of v (P, Q,), we
require an estimate of R,,, (5"; {Xi}fvzl). Note that if R, (5"; {Xi}f»v:l) sl )
as m,n — 0o, then

P,
75 (Pr, Qp) — v (P, Q)] 290 as m,n — 0o,

therefore proving the consistency of v (Py,, Q). In addition, if Ry, (.’f X} f;l) =
Op o(Tmn) where 7,y — 0 as m,n — oo, then from (3.2),
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[vF (P, Qn) — 75 (P, Q)| = Op o <rmn v/ + n) ,

mn

which provides a rate of convergence for v (P, Q,,).

In Corollary 3.5 (below) to Theorem 3.3, we estimate R,,, in (3.3) for
F=TFw, F =TFs and F = F;, to provide rates of convergence for W (P,,, Q,),
B(P,,,Q,) and vk (P, Q,,), respectively. Before we present and prove Corol-
lary 3.5, we need the result in Proposition 3.4 (which is a slight modification
of the Dudley entropy bound in [41, Lemma A.3], in turn based on the bound
n [28]; also see [51, Theorem 16]) that bounds R,,, in terms of the entropy
number of F, which is then used in Corollary 3.5 to obtain bounds on R,,,, for
FJ = JFw and F = Jz. While Proposition 3.4 could also be used to obtain a
bound on R,,, for ¥ = Fi, we instead use a direct and simple approach—a
slight modification from [21] and [20, Appendix A.2]—, which does not require
knowledge of the entropy number of JFy.

Proposition 3.4. Define Ty, := ZE2P,, + E2Q,, . Then, for any F contain-
ing real valued functions on S,

AF Toun b}
Ry (F5{X}L,) < ir;fo{éloH— 12/ (2,3, L2 (Tnn)) da}

m-+n
VMRAS Ty H F
m—4n .
< inf < 4o+ 12 M de
o = s o 1)

where Agr,,,, = supeq | fll2(T,.,.)- Suppose sup,cg F(x) < v < oo. Then,

. v H (5 I || i ||00)
. AN < o = . .
Ry (ff, {Xz}rl) ér;fo {4a + 12/{} r” de (3 7)

mn/(m+n)
Proof. See Appendix C. O
Corollary 3.5 (Rates of convergence for W,  and ~i). (i) Let S be a bounded
subset of (R, || - ||s) for some 1 < s < oo. Then there exist finite constants

{C;}i=1 (that depend only on d and S, and not on m and n) such that
Riin (T, {Xi}ijil) < Ron(Fw, {Xl}zjil)
Cry/ B2 4 Oy /2t Jog(m +n), d=1

< .
B Cyfmetn 4 ¢y bl d=2

For d > 2, there exist finite constants Cs, Cs and Ny (that depend only on d and
S, and not on m and n) such that for any m,n with (m An)¥+* > No(m Vv n)?,

(3.8)

+n (m 4 n)4/(d+1)
ANy < ANy < m .
Rmn(‘rfﬁa {Xz}zzl) = Rmn(ffw, {Xz}zzl) <Cs mn +Cs \/ﬁ

(3.9)
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Therefore, |W (Py,, Qp) — W(P, Q)| = Op.o(rmn) and |B(Pp, Q) — B(P,Q)| =
Op (Tmn) where

mAn Jog(m +n), d=1

ran = 4 Ve ey (3.10)
T >
In addition, if S is a bounded, conver subset of (R | - ||s) with non-empty

interior, then there exist finite constants {D; }?:1 (that depend only on d and S
and not on m) such that for (m An) > 9,

Rmn(StB, {Xz}iil) < Rmn(?W7 {Xl}iil)

W= i1
< Doy /R 4 Dy J 2R Jog(m + 1), d=2, (3.11)
Dy fmtn 4 plmtn O g

and therefore, |[W (P, Qn)—W (P, Q)| = Op o(rmn) and |B(Pm, Qn)—5(P, Q)| =
Op (Tmn) where

e
Tmn = /mm_-i;ln log(m+n), d=2- (3.12)
(mtn)@-1D/d
BV T d>2

(ii) Let S be a measurable space. Suppose k is measurable and sup,cg\/k(z,z) <
v < oo. Then,
m-+n

mn

and therefore,

mn

7% (Prn, Qn) — 1(P, Q)] = Opg ( m ") : (3.14)

In addition, |Yx(Pm, Q) — (P, Q)| X% 0 as m,n — oo, i.e., the empirical
estimator of the kernel distance is strongly consistent.

Proof. (i) Let § = Fyy. Since S is a bounded subset of R, it is totally bounded.
Define R := diam(S). As shown in Proposition 3.2, we have sup ¢, F'(7) < R.
Therefore, we obtain

e 1) < A (580 1) o (2| 22| 1)

e
<ne (4R +2), (3.15)
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where we have used the facts that [z] <z + 1, log(z) <z — 1 and there exists
n > 0 (which depends on d and S) such that N'(g, S, |- |ls) <ne™ 1 < s < o004
Using (3.15) in (3.7), we have

R V2R 4L

Ry (Fw; {X}Y) < inf {4a+ 12\/%/ RS

o0 s /mn/(m +n)
The bounds in (3.8) are simply obtained by bounding the right hand side of
(3.16), which when used in (3.2) yields the rates in (3.10). See Appendix E for
details.

Suppose S is convex. Then S is connected. It is easy to see that S is also
centered, i.e., for all subsets A C S with diam(A) < 2r there exists a point
x € S such that ||z —al|s < r for all a € A. Since S is connected and centered,
we have from [24] that

ds} . (3.16)

2R
Hie T |- o) N (55,01 1) Tog2 + log (2 [—w + 1>
2 3
<ne "log2+4Re™! +2. (3.17)
Using (3.17) in (3.7), we have

vnlog?2
_12v2 >a+12 "2 +%§d5

vVm+n avmn /mn/(m 4+ n)

+12vERy (3.18)
mn

The bound in (3.11) is obtained by bounding the right hand side of (3.18), which
when used in (3.2) yields the rates in (3.12). See Appendix F for details.

Since 3 C Fw, we have Ry (Fg; {Xi}Y 1) < Ronn(Fwr; {Xi}Y,) and there-
fore, the result for 5(P,,,Q,) follows. The rates in (3.12) can also be directly
obtained for 3 by using the entropy number of Fg, i.e., H(e, T3, |- ||) = O(e¢)
[50, Theorem 2.7.1] in (3.7).

(ii) The bounding technique on Ry, (Fx; {X;}Y ) is taken from [20], however
we provide the proof in Appendix D for ease of reference. Omitting for simplicity
the conditioning variables {X;}¥, in the definition of R, (.’fk; {Xi}fvzl), we
have

Rmn(gW§{Xi}i]il) < h;% <4_

N N
Ry (Fri {X})) =E sup |Y oiVif(X3)| =E (Y oViK( X;)|| (3.19)
Hf||;(§1 i=1 =1 H
N N N o
<D OYRR(X Xi) + (|ED 00 ViYR(X, X)),
i=1 i£j

Note that for any © € S C RY, [lzlles < -+ < Jlzlls < -+ < [lollz < [llly < Va|lzll2-
Therefore, Vs > 2, N(, 5, |- «) < (e, 5, || ]l2) and V1 < s < 2, N (&, S, |- [+) < N(e, S, V|-
l2) = N(e/Va, S, ]| - l2)- Use N(e, S,| - l2) < ve~ [49, Lemma 2.5].
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While the bound in (3.13) can be obtained from (3.19) by noting that 3 has
Rademacher type 2 (see [5, p. 303] for more details), the Appendix D reasoning
provides the constant explicitly. Substituting this bound in (3.2) yields (3.14).
By the Borel-Cantelli lemma, the strong consistency of v (P, Q) follows. O

Remark 3.6. (i) Note that the rates of convergence of W (P,,, Q) and (P, Q)
are dependent on the dimension, d (for S = R?%), which means that in large di-
mensions, more samples are needed to obtain useful estimates of W (PP, Q) and
B(P, Q). Also note that the rates are independent of the metric, ||-[|s, 1 < s < oo.

(ii) When S is a bounded, convex subset of (R%, || - || ), faster rates are obtained
than for the case where S is just a bounded (but not convex) subset of (R?, ||-||5).

(iii) In the case of kernel distance, we have not made any assumptions on S
except it being a measurable space. This means that for S = R?, the rate
is independent of d (if v in Corollary 3.5(ii) is independent of d), which is a
very useful property. The boundedness condition is satisfied by many commonly
used kernels, including the Gaussian kernel, k(z,y) = exp(—c|z — y||3), o > 0,
Laplacian kernel, k(z,y) = exp(—ollz — y|1), o > 0, inverse multiquadrics,
k(x,y) = (2 + ||z —yl|3)~% ¢ > 0,t > d/2, etc. on R% See Wendland [53]
for more examples. As mentioned before, the estimates for R, (F; {X;}Y )
can be directly obtained by using the entropy numbers of Fj. See Cucker and
Zhou [12, Chapter 5] and Steinwart [45, Chapter 7] for the estimates of entropy
numbers and Ry, (Fg; {X;}Y.,) for various H.

(iv) The rates obtained in (3.10) and (3.12) may not be optimal due to crude
upper bounding techniques used to simplify the analysis. However, the idea is
to demonstrate the dependence of these rates on d, in contrast to the case of
kernel distance where the rates in (3.14) are independent of d.

(v) Combining Theorem 3.3 and Corollary 3.5, it is possible to construct a 6-
level test for Hy : P = Q vs. Hy : P # Q as follows: For a fixed «, § and 6,
define

21+ a 2v2(m +n) log §
cp i %Rmn@ {(Xi}) + \/ "

+2u(m—|—n)log% (2 1 1+« )

3 E+5a—®

It is easy to see that under Hy, P™ ® Q" (v5 (P, Qn) > cp) < 0. Therefore, the
test involves accepting Hy when vy (P, Q) < ¢y and rejecting it if otherwise.

mn

To summarize, in this section, we have shown that the empirical estimators
of the Kantorovich metric, Dudley metric and kernel distance are strongly con-
sistent and the empirical estimator of the kernel distance exhibits a fast rate
of convergence compared with those of the Kantorovich and Dudley metrics.
Therefore, based on the results in this section and Section 2.1, it is clear that
the empirical estimator of the kernel distance has more favorable properties
compared with the other empirical estimators under consideration, and hence
is more suited for use in statistical inference applications.
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4. Simulation results

So far, in Sections 2 and 3, we have presented the empirical estimators of W,
B and ~; and their convergence analysis. In this section, we demonstrate the
performance of these estimators through simulations and, verify the dependence
of the rate of convergence of the empirical estimators of W and 8 on d (when
S = R?) as opposed to the dimension-independent rate of .

Given P and Q, it is usually difficult to compute W (P,Q), S(P,Q) and
Y, (P, Q) in closed form. However, in order to test the performance of their em-
pirical estimators, in the following, we consider some examples where W (P, Q),
B(P,Q) and (P, Q) can be computed exactly. Using these examples, we show
that the proposed estimators of above IPMs can be used as good surrogates
to their population versions, and therefore can be used in applications such as
homogeneity testing.

4.1. Estimator of W (P, Q)

For ease of computation, let us consider P and Q (defined on the Borel o-algebra
of R%) as product measures, P = ®‘ii:1]P’(i) and Q = ®fl:1(@(i), where P(®) and Q(
are defined on the Borel o-algebra of R. In this setting, when p(x,y) = ||z —y|/1,
it is easy to show that

d
W(E,Q) =Y weE®,Q), (4.1)
i=1
where
w(P®, QW) =/ | Feeo (2) = Fo ()| da, (4.2)
R

and Fpe (z) = PO ((—o0,z]) [48].° In the following, we consider two examples
where W in (4.2) can be computed in closed form. We need S to be a bounded
subset of R? such that the consistency of W (P,,,Q,) is guaranteed by Corol-
lary 3.5.

Example 1. Let S = x_,[a;, s;]. Suppose P = Ula;, b;] and QW) = Ulry, 5],
which are uniform distributions on [a;, b;] and [r;, s;], respectively, where —oco <
a; <1; <b; <s; <oo. Then, it is easy to verify that

W(Eo, Q) = 2FZ Gk

and W (P, Q) follows from (4.1).

5 The explicit form for the Li-Wasserstein distance in (1.2) is known for (S, p(z,y)) =
(R, |x — y|) [47, 48], and given as

ME= [ - Rl = [ 1R - Fo@) i
where Fp(z) = P((—o0,z]) and F]PTl(u) = inf{z € R|Fp(z) > u}, 0 < u < 1. However, the

exact computation (in closed form) of Wi (PP, Q) is not straightforward for all P and Q. Note that
since R? is separable, by the Kantorovich-Rubinstein theorem, W (P, Q) = W1 (P,Q), VP, Q.
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Fic 1. Empirical mean squared error of the Kantorovich metric (W) between P = U[—%, %}d
and Q = U[0,1]* with p(z,y) = ||z — y|l1 for increasing sample size N and various d. Here,

Ull1,12]? represents a uniform distribution on [l1,12]%. The empirical mean squared error is
computed by choosing T = 100. See Example 1 and footnote 6 for details.

Figure 1 shows the behavior of W (P,,, Q,,) in terms of empirical mean squared
error® for various d and various sample sizes, m = n = % Here, we chose a; =
—3.b;=12,m=0ands; =1foralli=1,...,dsuchthat W(P®, QW) =1 v

and W(P,Q) = 4.

Example 2. Let S = x?%_,[0,¢;]. Suppose P}, Q) have densities

T L L
Pl = e T —ene BT T Tl e

respectively, where A\; > 0, y; > 0. Note that P®) and Q® are exponential
distributions supported on [0, ¢;] with rate parameters \; and ;. Then, it can

6Suppose Y4 (Pm,Qr) is an estimator of v (P, Q). Then the mean squared error is given
by Elys(Pm, Qn) — 75 (P, Q)]2. Given T pairs of samples, {({X 77, {XP}7 )37, the
]2

empirical mean squared error is computed as % Zle[«/g(ﬂ%,(@%) — 75 (P, Q)]#, where P,

and QJ, represent the empirical measures based on ({XZ-(U}Z’LI, {XZ-(Q)};L:l)j.
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F1c 2. Empirical mean squared error of the Kantorovich metric (W) between P and Q, which
are truncated exponential distributions on R, with p(z,y) = ||z — y||1 for increasing sample
size N and various d. The empirical mean squared error is computed by choosing T = 100.
See Example 2 and footnote 6 for details.

be shown that
ci(e*Aici _ e*#ici)
(1 — e*Aici)(l — e*#ici)

_|L_X
Y i
and W (P, Q) follows from (4.1).

Figure 2 shows the behavior of W (P,,,, Q,,) in terms of empirical mean squared
where we chose \; = 3,

w(Ew, Q)

error for various d and various sample sizes, m = n = %,

w; =1 and ¢; =5 for all 4.

The empirical estimates in Figures 1 and 2 are obtained by drawing N
i.id. samples (with m = n = N/2) from P and Q and then solving the linear
program in (2.4). It is easy to see from these figures that W (P,,, Q) improves
with increasing sample size and that W (P,,, Q,,) estimates W (P, Q) correctly,
which therefore demonstrates the efficacy of the estimator. Note that instead of
plotting the error bars around the bias of W (PP,,, Q,,), we plotted the empirical
mean squared error so as not to crowd the plots. Figures 1 and 2 also show
the effect of the dimensionality, d of the data on W (P,,,Q,,), by showing that
the rate of convergence of the estimator gets slower with increasing d (see the
flattening of the curves at large d)—see Corollary 3.5.
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4.2. Estimator of vi(P,Q)

We now consider the performance of v (Py,, Qp). [21, 43] have shown that when
k is measurable and bounded,

Yk (Pa Q)

[ (.a) ap(a) - /( ? )|

// (z,y) dP(z) dP(y // (z,y) dQ(z) dQ(y)
~2 [ [ b o) o) (43)

where the second equality follows from the reproducing property of the kernel
(see footnote 1). Note that, although (P, Q) has a closed form in (4.3), exact
computation is not always possible for all choices of k, P and Q. In such cases,
one has to resort to numerical techniques to compute the integrals in (4.3). In the
following, we present four examples where we choose P and Q such that v (P, Q)
can be computed exactly. Also, note that for the consistency of v (P, Qy,), by
Corollary 3.5, we just need the kernel, k£ to be measurable and bounded, and no
assumptions on S are required.

Example 3. Let S =R4 P = ®;7l:1P(i) and Q = ®f:1@(i). Suppose P() =
N (pi,02) and Q) = N(\;,02), where N(u,0?) represents a Gaussian distribu-
tion with mean w and variance o2. Let k(x,y) = exp(—||z — y||3/27%). Clearly,
k is measurable and bounded. With this choice of k, P and Q, 7 in (4.3) can
be computed exactly as

(i =2q)?
T 2(02402+72)

d
i |y I Hm

as the integrals in (4.3) simply involve the convolution of Gaussian distributions.
Figure 3 shows the behavior of v (P,,, Q,) in terms of empirical mean squared
error for various d and sample sizes m =n = where we chose 7 =1, u; =0,

Xi=1, 0, =+v2and 6; = /2 for all i.

d

PE

Example 4. Let S = RY, P = @ ,P®) and Q = @ ,Q". Suppose P() =
Ezp(1/);) and Q) = Ezp(1/u;), which are exponential distributions on R with
rate parameters \; > 0 and p; > 0, respectively. Suppose k(x,y) = exp(—a|z —
y||1), @ > 0, which is a Laplacian kernel on R?. Then for \; # u; # o, Vi, it is
easy to verify that v, (P, Q) in (4.3) reduces to

d d d
i i )\iﬂi()\i + i + 2a)
P = | | -2 | | .
Q) b i +a * S Hita palen (i + @) (i + @) (N + )
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Fic 3. Empirical mean squared error of the kernel distance (i) between P = N(0,214) and
Q = N(1,213) with k(z,y) = oxp(—%Hx —y||2) for increasing sample size N and various d.

Here, N(u,0?I4) represents a normal distribution with mean vector (p1,.%., ug) and covari-
ance matriz 0214. Iy represents the d x d identity matriz. The empirical mean squared error
is computed by choosing T = 100. See Exzample 3 and footnote 6 for details.

Figure 4 shows the behavior of vy (P,,, Q,) in terms of empirical mean squared
error for various d and sample sizes m =n = %, where we chose a =1, \; = 3
and p; = 2 for all 4.

As in the case of W(P,,,Q,,), the performance of vx(P,,,Q,,) is verified by
drawing N i.i.d. samples (with m = n = N/2) from P and Q and computing
Vi(Prm, Qp) in (2.11). Tt is easy to see from Figures 3 and 4 that the qual-
ity of the estimate improves with increasing sample size and that v (P, Q)
estimates v, (P, Q) correctly. In addition, these figures also show that the di-
mensionality d does not greatly affect the rate of convergence of v¢ (P, Q,,), as
predicted by Corollary 3.5. In order to compare the performance of v (P, Q)
with W(P,,,Q,,) in terms of the dependence of the rate of convergence on d,
in the following, we consider the estimation of 74 (P, Q) for the distributions in
Examples 1 and 2.

Example 5. Let S = x_,[a;, s;]. Suppose P) = Ula;, b;] and QW) = Ulry, 5],
which are uniform distributions on [a;, b;] and [r;, s;], respectively, where —oo <
a; <r; <b; <s; <oo. Suppose k(z,y) = exp(—allz — yll1), @ > 0, which is a
Laplacian kernel on R?. Then, it is easy to verify that
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FiG 4. Empirical mean squared error of the kernel distance (v ) between P and Q, which are
exponential distributions on Ri with k(z,y) = exp(—||lz — y||1) for increasing sample size
N and various d. The empirical mean squared error is computed by choosing T = 100. See
Ezxzample 4 and footnote 6 for details.

f[2 — _1_*_6111 i)+ﬁ2(3i_7'i_1+€”—8i)
=t b @) i=1 (si —1i)?
2ﬁ 2(bz - Ti) + e®i—Si ebifsl' —e®iTTi eTi*bi
' (b — a)(si — i) '
=1

Figure 5 shows the behavior of v (P, Q) in terms of empirical mean squared
error for various d and various sample sizes, m =n = % As in Example 1, we
chosea =1, a;, = — 1 , b; _5,rl-:()andsizlforalli:l,...,d.
Example 6. Let S = x?_,[0,¢;]. Suppose P, Q) have densities
- dPO e M dQW)  pemHiT

de 1 —e e’ %(@) = dr 1 — e mei’

pil®

respectively, where \; > 0, y; > 0. Note that P(®) and Q) are exponential
distributions supported on [0, ¢;] with rate parameters \; and ;. Let k(x,y) =
exp(—allx — y|j1) for @ > 0. Then, it can be shown that for \; # o and p; # «
for all 7, we have

’Y;%(P,Q) = H )\ @ /\Z’)\“CZ H:uz /Lu,uz,Cz _2H i ,Uz )\i,,ui,cl-)

o (1 — _>\101 —e Hzcz 1 —e >\'LC'L)(1 — e_Hici)7
i=
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Fic 5. Empirical mean squared error of the kernel distance (v ) between P = U[—%7 %}d
Q = U[0,1]? with k(z,y) = exp(—||z —y||1) for increasing sample size N and various d. Here
Ull1,12]¢ represents a uniform distribution on [l1,12]%. The empirical mean squared error is

computed by choosing T = 100. See Example 5 and footnote 6 for details.

and

where

a—X\— (a+p)e=Otme (X 4 p)e(atme
(A + p) (e + p) (o= A)
o — = (a+ Nem e + (A + p)e (e
A+ p)(a+N)(a—p)

Figure 6 shows the behavior of vy (P,,, Q,) in terms of empirical mean squared
error for various d and various sample sizes, m = n = %, where we chose o = 2,
Ai =3, u; =1 and ¢; =5 for all 4.

O\ pyc) =

_|_

First note from Figures 5 and 6 that the quality of the estimate of v;(P, Q)
improves with increasing sample size and that v (P, Q,) estimates v (P, Q)
correctly. By comparing these figures with Figures 1 and 2, it can be seen that
the rate of convergence of v (P, Q,,) is less strongly affected than W (Py,, Q,,)
by the dimensionality of data, again following Corollary 3.5.

4.3. Estimator of B(P,Q)

In the case of W and ~j, we have closed form expressions to start with—see
(4.2) and (4.3)—which can be solved by numerical methods. The resulting val-
ues are then used as baselines to test the performance of the estimators of W
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Fic 6. Empirical mean squared error of the kernel distance (i) between P and Q, which
are truncated exponential distributions on R, with k(x,y) = exp(—||z — y|l1) for increasing
sample size N and various d. The empirical mean squared error is computed by choosing
T = 100. See Example 6 and footnote 6 for details.

and 7. On the other hand, in the case of 3, we are not aware of any such closed
form expression to compute the baseline. However, it is possible to compute
B(P,Q) when P and Q are discrete distributions on S, i.e., P = >\ \dx,,
Q=77 pibz,, where >0 Ni=1,37 1, =1, N >0,V4e, p; >0, Vi, and
X, Z; € S. This is because, for this choice of P and Q, we have

BB, Q) = supd SAFX) = S i (Z0) - I fllse <1
i=1 i=1
r+s
—=sup{ Y 0 f(Vi): [l <1¢, (4.4)
i=1
where 0 = (A1, ., Apy —pi1, .oy —ps), V= (X1,..., X0, Z1, ..., Zs) with 6; :=

(0); and V; := (V);. Now, (4.4) is of the form of (2.1) and so, by Theorem 2.3,
B(P,Q) = 32177 0;ar, where {a}} solve the following linear program,

r+s

max g 0;a;
—

QA1,...,0r4s,b,C
s.t. _bp(‘/ivvj) <ap — a; < bp(‘/ivvj)v V’L,]
—c<a; <c Vi
b+c<1. (4.5)
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Fic 7. Empirical mean squared error of the Dudley metric () between discrete distributions
P and Q on R for increasing sample size N. The empirical mean squared error is computed
by choosing T' = 100. See Example 7 and footnote 6 for details.

Therefore, for these distributions, one can compute the baseline which can then
be used to verify the performance of S(P,,, Q). In the following, we consider a
simple example to demonstrate the performance of 5(P,,, Q).

Example 7. Let S ={0,1,2,3,4,5} CR, A = (%, %, %, i, %), = (%, %, %, %),
X =1(0,1,2,3,4) and Z = (2,3,4,5). With this choice, P and Q are defined as
P= Zle Aidx, and Q = Zle 1idz,. By solving (4.5) with p(z,y) = |z — y,
we get S(P,Q) = 0.5278.

Figure 7 shows the behavior of 8(P,,,Q,,) in terms of empirical mean squared
error which is computed by drawing T = 100 sets of N ii.d. samples (with
m = n = N/2) from P and Q and solving the linear program in (2.8)—see
footnote 6 for details. It can be seen that 5(Py,, Q,,) estimates (P, Q) correctly.

Since we do not know how to compute S(P,Q) for P and Q other than the
ones we discussed here, we do not provide any other non-trivial examples to test
the performance of 5(Py,, Q).

5. Empirical estimation of total variation distance

In Sections 24, we derived and analyzed the empirical estimators of W, 5 and
k- Since the total variation distance,

1v(e.Q =sw{ [ far -0 s Il <1},
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is also an IPM, we consider in this section its empirical estimation and consis-
tency analysis. Suppose S is a metric space. Let TV (P, Q,,) be the empirical
estimator of TV (P, Q). Using similar arguments as in Theorems 2.1 and 2.3, it
can be shown that

N
TV (P, Qn) = Y _ Yia;,
1

2

where {a} Y solve the following linear program,

N
max {Zf’iai -1 <a; <1, Vz}.

ai,...,an | 4
i=1

Now, the question is whether this estimator is consistent. First, note that a} =
sign(Y;) and therefore, TV (P,,,Q,) = 2 for any m,n. This means that for any
P,Q such that TV(P,Q) < 2, TV(P,,,Q,) is not a consistent estimator of
TV (P,Q). Indeed, a¥, Vi are independent of the actual samples, {X;}¥ | drawn
from P and @, unlike in the estimation of the Kantorovich and Dudley metrics,
and therefore it is not surprising that TV (P,,, Q,,) is not a consistent estimator
of TV(P,Q).

The issue in the empirical estimation of TV (P, Q) is that the set Fry = {f :
IIfllc < 1} is too large to obtain meaningful results if no assumptions on the
distributions are made. If certain reasonable assumptions are made on the dis-
tributions, however, then the total variation distance between such distributions
can be estimated consistently in a strong sense.” On the other hand, instead of
restricting the class of probability measures, one can choose a more manageable
subset F of Fry such that v5(P,Q) < TV(P,Q), VP, Q and v5(P,,,Qy,) is a
consistent estimator of v (P, Q). Examples of such choice of F include Fg and
Iy :te R?}, where the former yields the Dudley metric while the latter
results in the Kolmogorov distance. The empirical estimator of the Dudley met-
ric and its consistency have been presented in Sections 2.1 and 3. The empirical
estimator of the Kolmogorov distance between P and Q is well studied and is
strongly consistent, which simply follows from the Glivenko-Cantelli theorem
[14, Theorem 12.4].

Since the total variation distance between P and Q cannot be estimated
consistently for all P, Q, we present two new lower bounds on 7'V, one involving
W and § and the other involving 7, which can be estimated consistently.

Proposition 5.1 (Lower bounds on TV). (i) Suppose (S, p) is a metric space.
Then for all P # Q, we have

W(P,Q)B(P,Q)

7Suppose S = R% and let P, Q be absolutely continuous w.r.t. the Lebesgue measure. Then,
TV (P,Q) can be consistently estimated in a strong sense using the total variation distance

TV (P,Q) > (5.1)

between the kernel density estimators of P and Q. This is because if P,, and @n~ropzosent
the kernel density estimators associated with P and Q, respectively, then |TV (P, Qn) —
TV(P,Q)| < TV (P, P) + TV (Qn, Q) L5 0 as m,n — oo (see [13, Chapter 6] and references
therein).
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(i) Suppose C = sup,cgk(z,z) < co. Then,

ve,g) > 2EQ. (5.2)

VG

Proof. (i) The proof is based on Lemma 2.7. Note that || f||z, || fllzz and || f|lco
are convex functionals on the vector spaces Lip(S, p), BL(S,p) and U(S) :=
{f:S = R|||fllso < o0}, respectively. Similarly, Pf —Qf is a convex functional
on Lip(S, p), BL(S, p) and U(S). Since P # Q, Pf — Qf is not constant on Fyy,
JF3 and Fry. Therefore, by appropriately choosing v, 6, V and b in Lemma 2.7,
the following sequence of inequalities is obtained:

L=inf{||fpr: Pf - Qf > B(P,Q), f € BL(S, p)}
>inf{||fllz:Pf—Qf > B(P,Q), f € BL(S,p)}
+inf{||flleo : Pf — Qf > B(P,Q), f € BL(S,p)}

_ VBV((E;%) inf{]|fl|z : Bf — Qf = W(P,Q), f € BL(S.p)}
+% inf{[|f|loc : Pf — Qf > TV (P,Q), f € BL(S, p)}
> V/ﬁg;;,%) inf{||/]| : Bf —Qf > W(P,Q). f € Lip(S.p)}
+ % inf{[|flle : Pf — Qf 2 TV(P,Q), f € U(S)}

_ARQ , AP.Q)
WP.Q) " TV(P,Q)

which gives (5.1).
(ii) To prove (5.2), we use the coupling formulation for TV [25, p. 19] given by

TV(EQ)=2 inf u(X#Y), (5.3)

where £(P, Q) is the set of all measures on S x S with marginals P and Q. Here,
X and Y are distributed as P and Q, respectively. Let A € L(P,Q) and f € H.
Then,

/ fdaf»—@)] - ] Jut@) - s ixey)
S
< / (@) — F@)|dA(, )
@ / (B 2) — B( )] A, )

(b)
< 11 flls / k() — k(- 9) e dA(z, ),
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where we have used the reproducing property of H in (a) and the Cauchy-
Schwartz inequality in (b). Taking the supremum over f € Fj and the infimum
over A € L(P,Q) gives

w(P,Q) < inf / e ) lac Az 9). (5.4)

AeL(P,Q)
Consider
I6( @) = k(o p)llac < Loyl @) — B 1)lot
< Loy kG2l + 1) ]
= Logy [V, 2) + VA(,9)| <2VCapy.  (55)

Using (5.5) in (5.4) yields (5.2) through (5.3). O

Remark 5.2. (i) A simple lower bound on TV can be obtained as TV (P, Q) >
B(P,Q), VP, Q. However, it is easy to see that the bound in (5.1) is tighter as

% B(P, Q) with equality only if P = Q.

(ii) Theorem 4 in [18] shows that the total-variation and Kantorovich distances

are related as quf(@)) < TV(P,Q), which makes sense if S is bounded. By
simple algebra, it is easy to check that this bound is weaker than the proposed

bound in (5.1) if W(P, Q) < (1 + diam(S)/2)B(P, Q).

(#1i) The bounds in (5.1) and (5.2) translate as lower bounds on the KL-
divergence through Pinsker’s inequality: TV?(P, Q) < 2 Dy1og+(P, Q), VIP, Q. See
Fedotov et al. [16] and references therein for more refined bounds between TV
and K L. Therefore, using these bounds, one can obtain a consistent estimate of
a lower bound on TV and K L. The bounds in (5.1) and (5.2) also translate to
lower bounds on other distance measures on probabilities. See [18] for a detailed
discussion of the relation between various metrics.

6. Conclusion & discussion

In this work, we have studied the empirical estimation of integral probabil-
ity metrics between two probability measures, based on finite samples drawn
ii.d. from each. We have provided empirical estimates, proved consistency, and
obtained convergence rates for the empirical estimators of the Kantorovich met-
ric, Dudley metric and kernel distance. We have shown that: (a) the empirical
estimator of the kernel distance is easy to implement as it can be obtained in
a closed form, unlike the Kantorovich and Dudley metrics, which require solv-
ing linear programs; (b) the empirical estimator of the kernel distance has a
better rate of convergence than the empirical estimators of the other two met-
rics, though all these estimators are strongly consistent. Due to these favorable
properties, the empirical estimator of the kernel distance might be more useful
in statistical inference applications than the remaining two. We also provided a
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novel interpretation of these empirical estimators by relating them to the binary
classification problem.

There are several interesting questions yet to be explored in connection with
this work:

(i) The minimax rate for estimating W, 8 and v; has not been established,
nor is it known whether the empirical estimators achieve this rate.

(ii) Although the limiting distribution of (P, Q,) is known for the cases
of P = Q and P # Q [21, Theorem 8]; [20, Theorem 12], it is not clear
whether a limiting distribution exists for W (P,,, Q,) and S(P,,, Q).

(iii) An empirical estimate of the Fortet-Mourier metric has yet to be obtained.

Appendix A: Relation between IPMs and ¢-divergences

In this appendix, we discuss the relation between IPMs and ¢-divergences, and
show that IPMs are essentially different from ¢-divergences.

Based on the definitions of IPM and ¢-divergence, it is clear that {y5(P, Q) :
F} and {Dy(P,Q) : ¢} represent classes of IPMs and ¢-divergences (on P and
Q) indexed by F and ¢, respectively. Let us define &2y as the set of all proba-
bility measures, P that are absolutely continuous with respect to some o-finite
measure, A on S. For P,Q € &), let p = % and ¢ = ZL% be the Radon-Nikodym
derivatives of P and Q with respect to A\. For P,Q € £, (so that P < Q), it
is easy to check that the above two classes intersect at F = {f : || flloc < 1}
and ¢(t) = [t — 1], i.e., v5(P,Q) = Dy(P,Q) = [4[p — q| dX, which is the total-
variation distance. A natural question to consider is for what conditions on F
and ¢ is v5(P,Q) = Dy(P,Q) for all P,Q € £257 This shows the degree of
overlap between the class of IPMs and the class of ¢-divergences. We answer
this in the following theorem, where we show that the total-variation distance
is the only “non-trivial”® IPM that is also a ¢-divergence.

Theorem A.1 (Necessary and sufficient conditions). Suppose F, be the set
of all real-valued measurable functions on S and ® be the class of all convex
functions ¢ : [0, 00) — (—00, 00] continuous at 0 and finite on (0,00). Let F C F,
and ¢ € . Then for any P,Q € Py, v3(P,Q) = Dy(P,Q) if and only if any
one of the following hold:

) F={f: [Ifllo < 552}, 6(u) = alw = Do g () + Blu — 1)l o0 (u) for
some a < 3 < 00, i.e., y(P =Dy(P,Q) = 6;20‘ fs lp — q| dA.

) )
(i) F={f:f=c ceR},¢u)=alu—1)1g.)(u), a €R, ie, y5(P,Q) =
D4(P,Q) = 0.

8Choosing J to be the set of all real-valued measurable functions on S and ¢(t) = 0ift = 1
and o0 if t # 1 yields v (P,Q) = Dy(P,Q) = 0 if P = Q and +o0 if P # Q. It is easy to show
that the converse also holds. For this choice of F and ¢, the IPM is trivially a ¢-divergence.
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Proof. (<) Suppose (i) holds. Then for any P,Q € &), we have

0(®.Q) = sup {127 - 071 171 < 252

— 2 sup{[Pf — Qf|: || flloo < 1}
p—qldx 2 Dy(P,Q),

where (a) follows from simple algebra after substituting ¢ in Dy (P, Q) (see [23]).
This means v5(P,Q) and Dy(P,Q) are equal to the total variation distance
between P and Q.

Suppose (ii) holds. Then 5 (P,Q) = 0 and Dy(P,Q) = o [4qé(p/q) d\ =
o [s(p—q)dX=0.
(=) Suppose v5(P,Q) = Dy(P, Q) for any P,Q € £,. Since v is a pseudomet-
ric on 2, (irrespective of F), Dy is a pseudometric? on &2,. Through a simple
modification of Theorem 2 in [23], it can be shown that if Dy is a pseudometric
then ¢(u) = a(u — 1)1jgqy(u) + B(u — 1)1} ) (u) for some 3 > «, which means
for P,Q € Py, Dy(P,Q) = 55 [(|p — q|dX if B > a and Dy(P,Q) = 0 if
B = a. Now, let us consider two cases.
Case 1: B> «
Since v5 (P, Q) = Dy (P, Q) for all P,Q € &, we have v5(P,Q) = 5= [ |p —
qldx = = sup{[Pf — Qf] : [flloc <1} = sup{[Pf - Qf]: ”f”oo S 5~} and
therefore F = {f : || flloc < 5%0‘}
Case 2: =«
77 (P, Q) = sup;cq [Pf — Qf = 0 for all P,Q € &), which means VP,Q € &,
VfedF, Pf=Qf. This, in turn, means f is a constant on S, i.e., F={f: f =
¢, c € R} O

Note that in Theorem A.1, the cases (i) and (ii) are disjoint as o < /3 in case
(i) and o = S8 in case (ii). Case (i) shows that the family of ¢-divergences and
the family of TPMs intersect only at the total variation distance. Case (ii) is
trivial as the distance between any two probability measures is zero. This result
shows that IPMs and ¢-divergences are essentially different.

Appendix B: Proof of Theorem 3.3: Supplementary results

In this section, we present supplementary results to prove Theorem 3.3.

B.1. Talagrand’s inequality

The following is a general result, a special case of which is used to prove Theo-
rem 3.3.

9Given a set S, a metric for S is a function p : Sx S — Ry such that (i) Vz, p(z,x) = 0, (ii)
Va,y, p(z,y) = py, ), (1ii) Vz,9, 2, p(z,2) < p(z,y) + p(y, 2), and (iv) p(z,y) =0 =z =y.
A pseudometric only satisfies (4)-(%ii) of the properties of a metric. Unlike a metric space (.5, p),
points in a pseudometric space need not be distinguishable: one may have p(x,y) = 0 for « # y.
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Proposition B.1. Let B > 0, n > 1, (4, A;, 13), @ = 1,...,n be probability
spaces and 0; : F x Q; — R be bounded measurable functions, where F is the
space of real-valued A;-measurable functions for all i. Suppose

(a) [q, 0i(f,w)dpi(w) =0 for alli and f € F

(b) fQ w)dpi(w) < o? forall feF
(c) ||6; (f,)HOO < B foralli and f € F.

Define Z := x7 ,Q; and P := ®]_, ;. Furthermore, define g: Z — R by

n

g(z) :=sup Z

JeT iz

0:(f,wi)l, z=(w1,...,wn) € Z.

Then, for all T > 0, we have

i=1

" 2rB
P 2€Z:9(2) >Epg+ ,|27 <ZU§+ZBEPQ> —|—TT <e .

In addition, for all 7> 0 and o > 0,

Pl<z2e€Z:g9(z) > (1+a)Epg+

To prove Proposition B.1, we need the following result, which we quote from
[45, Theorem A.9.14 followed by the simplification in p. 551-552]. Before we
quote this result, we need some definitions. Define Z := ; x --- x ,, and

=M XX Qg X Qi X xQfori=1,...,n. Let w, : Z — Z! denote
the projection of Z onto Z!. For fixed i € {1,...,n} and z := (w1,...,wy) € Z,
define I; , : Q; — Z by I; »(w) :i= (w1, .., Wi 1, W, Wit1, -, Wn), W € Q.

Theorem B.2. Let n > 1 and (4, A;, i), i = 1 ..., n, be probability spaces.

Define P := ®]_ ;. Assume that there exist bounded measurable functions
9g:Z—=R, g :Z - R and u; : Z — R such that

(A) ui(2) < g(2) — giom(z) <1
(B) 321 (9(2) — gi o mi(2))
(C) fQi w01 (w) dpi(w) =

(D) fQi |ui 0 1,2 (w )| dpi(w)

for some constants o; > 0 and alli = 1,...,n, z € Z. Then for all T > 0, we
have

9(2)

|/\ OIA

- 2
P z2€Z:g9(z) >Epg+ |27 (ZU?+2EPQ>+§ <e .

=1
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Proof of Proposition B.1. Define n;(f,w;) := B70;(f,w;) and h(z) := B~ 1g(2).
Let u;(z) = h(z) — h; o wi(z) where

hi(z}) := sup an(f,wj) .
TeT i
It is easy to check that
n
b reT |52 feF

which implies h, h; and wu; satisfy (A) in Theorem B.2.
For a fixed § > 0, let f5 € F be such that

Z ni(fv wi)
1=1

< + 4,

Z ni(fga wi)
1=1

h(z) = sup
eF

which implies,

(n—1h(z) < (n =15+ > n(fiw))

i=1 j#i

n

<(n-1)5+Y up > ni(f,w;)

s
i—1 T |4

=(n—1)35+ Y hiom(z).

=1

Since § is arbitrary, taking § — 0, it is easy to see that h and h; satisfy (B).
Consider

/Q o i) () = / sup |37 15 (fwy) + 1. 0)| dpss(w) — ha(=)

*)

Y

sup > ni(fowp) + /

5 i (f,w) dpi(w)| = hi(z)
i i

—

a

:O,

=

where we invoked Jensen’s inequality in (). The above ensures that wu; satis-

fies (C).
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Consider
2
lui o Ii . (w)]* = sup > ni(fiwg) +mi(f,w) — sup > nilfw))
S

i TeF | i
2

IN

sup i (f,w)|| = sup n? (f,w).
fesr fex

For a given § > 0, let fs € F be such that supfegn?(f,w) < n2(fs,w)+ 4. Then
we have,

®) o2

| sy dn) < [ e dust) +6 < T4

B
Q; feET Q;

Since § is arbitrary, taking § — 0, we have that u; satisfies (D) with o2 replaced

by g—z. Substituting for h proves the first inequality in Theorem B.1. The second

inequality is obtained by applying vu + v < v/u + /v and 2y/uv < au + ot
for all « > 0 to /27 ().,_, 07 + 2BEpg). O

B.2. Symmetrization inequality

The proof is a minor modification of the reasoning in [20, Appendix A.2, p. 757],
the main difference being that we do not split the expectation into two separate
Rademacher averages. We need to bound h(Xl, <oy XN) = Esupseg [(Pr
Qn)f —(P—Q)f]. Let {X(1 *, and {X( -1 be independent samples drawn
from P and Q respectively. Deﬁne ]P’m =1 ZZ 1 X“) and Qn =1 Z
Also define

i=1 X(2)

(Rrrooo Ko Ko Xo) = (F L XD, EP, LKD)

Since Pf = EP,,f and Qf = EQ,,f, we have
h(X1,...,Xn) = Esup |(Pm — Qu)f — E (P — Qn)f]
fesr
< Esup (P — Qn)f - (P — Qn) /|

o prns)

=1

Zaz v (ex) f@@))\

Z%Yf i)l -

i=1

= Esup
feg

= Esup
fes

< 2Esup
feg
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B.3. Concentration of Ryn(F; {X:}Y,)

The following result shows that R, (F;{X;}¥ ) is concentrated around its
mean, which is a generalization of Lemma A.4 in [4].

Proposition B.3. Let F and R, (F;{X;}Y.) be defined as in Theorem 3.3.
Define P :=P™ @ Q", g(X1,...,Xn) := Rnn(F; {Xi}Y,). Then for all T > 0,

2 E
P<{(X1,...,XN) €SN g(X1,...,Xn) <Epg— M}) <e T

mn

In addition, with probability at least 1 —e™"

7

Epg< g(Xl,...,XN)+

-6
for all 0 € (0,1).

To prove Proposition B.3, we need the following result, which we quote from
[8, (7) and Theorem 6].

Theorem B.4. Let n > 1 and (4, A;, 1i), i = 1 ..., n, be probability spaces.
Let Z, Z!, ©} and P are defined as in Theorem B.2. Assume there exist bounded
measurable functions g : Z — [0,00) and g; : Z] — R such that

(A1) 0 < g(2) - gioml(z) < 1

(B1) 3211 (9(2) — giomi(2)) < g(2)

foralli=1,...,n, z € Z. Then for all T > 0, we have

P ({z €7 :9(z) <Epg— m}) <e .

Proof of Proposition B.3. Define h(Xy,...,Xy) = %Q(Xl, ..., Xn) and
X\ = (X1,...,Xi—1,Xi41,...,XnN). It is clear that h is non-negative. Define

gi(X\):=E sup Z%Y;f ’X\Z
JF#i

and h;(X\?) 1= h(X1,...,Xn). Consider

(m+n)

g(X1,...,Xn) =E 3 Zajyjf ’{Xl,X\l}
S

>E |sup Za]y;f —i—E[osz(
fes J#i

x|
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Also consider

9(X1,...,Xn)=E Jscug g O'jNij(Xj) ‘{X“ X\i}
c -
L J:l

<E [sup Zaj}N/jf(Xj) ‘X\i +E |sup |o:Y f(X
FexF j#i fes
o vmtn)
< gi(XV)+ o

which implies 0 < ¢(X1,..., X,,) — gi(X\) < 20 for a1l 4, and therefore
h satisfies (A1) in Theorem B.4. The proof that h satisfies (B;) follows the
technique in the proof of Proposition B.1 to show that A (in the proof of Propo-
sition B.1) satisfies (B). For a fixed § > 0, let f5 € F be such that

g(X1,..., Xy) =E ;up Zajyjf ’{XZ,X\Z}
<E foaYst )| |46, X\ |+,

which implies

(N = 1D)g(X1,.... Xn) < (N -1)§ +E Zzajyf(; ’{Xl,X\l}

i=1 j#i

<(N-1)0+E Zsup 3 oiYif(X) ’{Xi,X\i}

L= 1 /€7 j#i

= (N —15+ZE sup |30,V (X)) }X\i

i=1 fes Ve

N
= (N =10+ g:(XV).

i=1

Since ¢ is arbitrary, taking § — 0, we have that h satisfies (B;1). The result
therefore follows from Theorem B.4. O

Appendix C: Proof of Proposition 3.4

The following result is a simple modification of Massart’s finite class lemma [26],
which will be used to prove Proposition 3.4.
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Lemma C.1. Let A be some finite subset of R and {o;}._; be independent
Rademacher random variables. For any a € R!, define a; := (a);. Then for any

v € R satisfying SUP,c \/ZZ L a?v? < R, we have
E sup Z oivia; < v/2R?log |A|.

acA
Proof of Proposition 3.4. Let 0o := sup ey || fllz2(t,,,) and for any j € NU{0},
let §; = 2778y. For each j, let C; be an L?(T,,,)-cover at scale §; of F. For
each f € J, pick an f; € Cj so that || f — fjllz2(r,,,) < 0;. For any M, f can
be expressed by chaining as f = f — fa + Zj]\il(fj — fj=1), where fo = 0.
For simplicity, we denote the conditional expectation in R,,, (.’f; {Xl}fil) by
ignoring the conditioning variables {X;}¥ ,. Therefore, for any M, we have

N

Ry (Fi{Xi}Y,) = E]Sclelp ZUJQ F(X; +ng — fi—1(X3)

i=1

< Esup Zal ; — fu(X ))‘

fes =1
M
“"Z sup Zaz i fj 1)( )

=1 fi—fi-1€95 ;5

<IE ZO’ sup ZY2 Fu(X:))?

=1 feg =1
+ZE sup ZU'L i = fi- 1) (X4)],
j=1 —fi-1€35 ;=1

where we have used Cauchy-Schwartz inequality in (a) and F; is defined below
(C.1). Note that

N

Xi) = far(Xi))? = sup | N> V2 (£(X0) = far(Xi))?

fesr i—1

(FOX0) = (X)) 430 M () (62

Also, it can be seen that

15 = fimillpeer,,y < W = fillper,) + 1 = fimtllpeqr,,,) < 05 + 65-1 = 345
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Therefore,

M
R (?; {Xz}zj\il) < 5M+ZE sup ZUZ f] 1( ))7 (Cl)

j=1 Ji—fi-1€% ;5

where Fj o= {f; — fi-1 = f; € Cj, fi-1 € Con, S5 — fiallez(r,..) < 365}
Applying Lemma C.1 to F; with v, = Y2 m+" for 1 <i<manduy = —Vm:” for
m+1<1i <N, we obtain from (C.1) that

1867 log (|C;|C;-1)

R (T3 {X}N) <0 + Z

m-+n
Jj=1
M
log (|C51)
< g =M
_5A4+6;6J m-+n
H(6;,F, L*(T
<5M+122 a+1\/ ]m—i—n mn))
5
0 L3(
<5M+12/ H (3 LA (Tmn)) (C.2)
Sar41 m+n

For any o > 0, pick M = sup{j : §; > 2a}. This means, dpy+1 < 2« and
therefore 0y = 265711 < 4a. In addition, since dp; > 2a, we have dpr11 > .
Using these bounds in (C.2), we obtain

H (e, F, L2 (Thn)) de

e (C.3)

Ag Tnn
Ron (F3{X:}Y,) < da+ 12/
«
Since « is arbitrary, taking infimum over « provides the result. Note that if
[ flloo <X, then || f[|2(r,,,) < €, which therefore implies

m+n )

H (2,5, L2 (Tn)) SH( VI F |- Ioo>-
m-+n

Hence,

Aot | H (L5, o)
Ry (F3{Xi L) < inf { 4o+ 12/ de
a>0 o m+n

A simple change of variables provides the result in Proposition 3.4.
Suppose sup,cg F(z) < v < oo. Then it is easy to check that Ay, <
O

m+n —

Vo Using this in the previous bound yields (3.7).
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Appendix D: Proof of Corollary 3.5(ii)

In the following, we bound Ry, (Fx; {X;}Y,) following [20, Theorem 8, Ap-
pendix A.2], which uses the proof technique in [3, Lemma 22]. For simplic-
ity, we do not display the conditioning variables {X;}¥; in the definition of
Ron (S"k, {X; }121) We have

N

ZUsz )

=1

)

Rop (Frs {Xi}L1) = E sup
1 llsc<1

*)

sup
||f|\9{<1
=E ZO’i}A}iK(-,X) (D.1)
=1 I
=E Z Ulaﬂi‘}li}]<k(7X1)vk(7Xj)>9{
i,j=1
N ~ o~
YE S 00, ViVk(X, X))
i,j=1
N _ N o
=k 20'12}/12]{3()(17)(1)+ZUZUJ}/1}/3k(X17XJ)
i=1 i#j
N ~ N o
<O\ OVER(XL X))+ | BY  0io ViYik(XG, X5).
i=1 i#j

Since o; and o; are independent random variables with zero mean, the second

term in the last line is zero, while the first term is bounded by v/ m*” , there-

fore yielding (3.13). Note that we have invoked the reproducing property (see
footnote 1) of the kernel in ().

Appendix E: Proof of (3.8) and (3.9)

Define 0y, 1= /74 and @y = m—VTZ We showed in (3.16) that for every
a>0,

Ron(Fw { X)) <

to i 12\/_ < V2R 1 )da

@z T e

‘We now consider three cases.
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d=1
1227 (V2R 1
N
v <
Rpr (Fw {Xi}il1) < da+ el < . + 7 de
244/ 24./2 A
=4a — o it log(amn) — - i A + . !

A Ay — 24,2
S 4o — 9—2 IOg(a¢mn) + 17\/_77,

mn emn

where A; = 24\/1R (log R + v/2), Ay := 24/nR + 12/27 and therefore

A Ay — 24,77
Ryn (Fov {X}Y)) < inf |40 — 22 log(agmn) | + ——22VE1
a>0 omn Gmn
4 log(m + n)
= — C _—
L

where Ol = A1 + A2 - AQ log(A2/4) — 24\/% and OQ = %

d=2:

R (Fw, {Xz}f\;l) <da+

127 B (\/ﬁ 1) -

_l’_ —
emn APmn 63/2 €

124/2 2vV2R 1
=4da+ \/—n<—2\/§+logR+ + 2log )

1227 < 2V2R + 2
<da+ 2224 logR 4 N2
o mn vV a(bmn

and therefore

12./2 2V2R +2
R (Fw, { X3 Y)) < inf |4a + =V (—2 —2V2+1log R+ 7—’_)
a>0 9mn a¢mn
C 2/3
-G o m
Orn vmn

where O3 := 12y/2n(log R — 2 — 2v/2), A := 12/2n(2V2R + 2) and C, :=
(1+81/3)A7%,

d>2:

Omn oo, 5(d+1)/2+5d—/

12\/%R<\/ﬁz 1>dE

d—2

(mn) T (Wbmn) = ’

oy 2420 (\/ﬁz/(d_1)+ 1/(d—2) >+ Ay

Gmn omn
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where A; 1= —24,/27R*7" ( ﬂ + =L5). Define A, = —43@ and Ag = —22‘7/?7.
Then, we have

( A3u)a_d21 AL ae (0,1]
Rmn(?W, {X }l 1 mn¢mn Omn Pmn -
( Yy JamT 4+ 4L a1
mn¢mn Omn Pmn
and therefore
Rmn(?Wa{Xl}inI) S min(A4,A5), (El)
where
. _d-1 A
Ay = oigfg |:404+77mn04 T+ ﬁ}
and
) a2 A
As = inf |4 . —
5 é]%l[aJr” o +9mn]
where 1y, 1= Azﬁ + ASH . It is easy to check that
07nn¢m2n 07nn¢mgz
_d-1 A
Ay =4a™ + i (@) 72 + 9—1
and A
d—2
A5 = 404** + Mmn (Oé**)iT + 9—1,
where a* = 1A (%)%ﬂ and o = 1V (%)%. Define Ny :=

w. Then for all m,n such that (m A n)* > No(m Vv n)4, it is

easy to check that 7,,, < %, which implies o* = (%)%ﬂ and o** = 1.
Therefore, for all m,n such that (m A n)?*! > Ny(m VvV n)4,

A
Ay = Aenﬁ# + 9—1
and
A5:4+nmn+9 : )
where Ag := 4( )Ll + 71)% Using these results in (E.1), we have for all
m,n such that (m An)4tt > No(m Vv n)d,

Az Ay (m 4 n)a+ m+n
R(Fw, {IXIm ) < 4, < —A A
(Fw Fit) ‘ edil i + Omn 7 vmn + 4 mn

where A7 = Aﬁ (Ag + 143)T
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Appendix F: Proof of (3.11)

Define O = (/720 b = Y22 and i = 4 — 29202 We showed in

(3.18) that for any o > 0,

emn

12 ® [nlog2 2VR 12v2R
Y AN v —cver
Rmn(S:Wa {X’L}lzl) S Nmn + emn abmn < Ed/2 + \/E dE + .

As in Appendix E, we consider three cases:

d =1 : Define A := /nlog2 + 2vV/R.

12 (B A 12v/2R
Rm"(g:W; {Xl}ljil) < Nin & + —— / —de + \/—

emn Dmn \/g emn
24 AN/ Dmn 24AVR + 12v/2R
= Nmn® — 9 \/a + 9

and therefore

244/ B \/a] N 24AVR + 12v/2R

omn

B 14442 N 24AVR + 12V2R

omn

144A2 < 6v2A°
Omn (127/2—4y/m+n) Omn

24AVR + 12V2R + 62

omn

Since m An > 9, we have and therefore,

d = 2 : Define B := 12 (\/§R+4R+logR\/n10g2) and C := 12y/nlog2 +
24VR.

12 (B Vnlog?2 2VR 12v/2R
R (Fw i {Xi}V) < Dnmar + < ngog +7\/E_> de 4 12V2R

Omn Jag

24 B
= NmnQ — o (\/77 log 2 log \/ozqﬁmn + 2\/}_%\/ agbmn) + o

Hmn emn

emn

and therefore,

B — 48V
a>0 Hmn 9mn
- C 10g(m+n)+B_48\/R+C_010g(c/4).

o emn

emn
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2-d
d > 2 : Define A, := 22vios2 “dzl;ﬁ and Az := 48R +12v2R — %'

12

emn aAPmn emn

B /nlog2 N 2VR et 12v2R
cd/2 VE
12 (B /nlog2 24VR [ 1
gnmna+9—/ 178 de + 9‘/— —de
mn J qpmn € mn 0 \/g

12v/2R
12V
emn
A <1>— Ay
= Nmn® + ———3= | = +
Orndnts & O
and therefore
A N7 ] A
R (Fwrs {Xi}Y)) < inf nmna+71d_2<—) + 2
A (m—l—n)d%1 A m+n
T Jmn 2V im0

where € := (U=241)2/d and Ay .= 272(C + 4,07°7°).
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