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Abstract: We propose of an improved version of the ubiquitous sym-
metrization inequality making use of the Wasserstein distance between a
measure and its reflection in order to quantify the asymmetry of the given
measure. An empirical bound on this asymmetric correction term is de-
rived through a bootstrap procedure and shown to give tighter results in
practical settings than the original uncorrected inequality. Lastly, a wide
range of applications are detailed including testing for data symmetry, con-
structing nonasymptotic high dimensional confidence sets, bounding the
variance of an empirical process, and improving constants in Nemirovski
style inequalities for Banach space valued random variables.
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1. Introduction

The symmetrization inequality is a ubiquitous result in the probability in Ba-
nach spaces literature and in the concentration of measure literature. Dating
back at least to Paul Lévy, it is found in the classic text of [18], Section 6.1,
and the more recent [6], Section 11.3. [13] use symmetrization in the context
of empirical process theory, which is followed by a collection of more recent
appearances [23, 16, 11, 2, 19, 15, 9].

Recalling that €, a Rademacher random variable or sometimes referred to as
a symmetric Bernoulli random variable or a random sign, is such that P(e =
1) = P(e = —1) = 1/2, then the symmetrization inequality is as follows.

Proposition 1.1. Let (B, ||-||) be a Banach space, and let X1,...,X, € B be
independent random variables with measure p. Let €1, ..., e, be independent and
identically distributed Rademacher random variables, then

n

1 — 1
El= X, —EX;)| <2E||= J(X; — EX;
n;( ) n;d )

2091


http://projecteuclid.org/ejs
https://doi.org/10.1214/18-EJS1440
mailto:kashlak@ualberta.ca

2092 A.B. Kashlak

This can be readily proved via Jensen’s Inequality and the insight that if Z
is a symmetric random variable, that is Z 4 _z , then Z L -Z. The proof is
included for completeness.

Proof. Let X1,..., X/, be independent copies of X, ..., X,, such that X; and
X/ are equal in distribution for all i = 1,...,n. Then,

z”: X; —EX))
i=1 i=1

1O 1<

The first inequality comes from Jensen’s inequality and the convexity of the
norm. The subsequent equality results from the fact that X; — X/ is a symmetric
random variable for all ¢ = 1,...,n. The second inequality is just the result of
the subadditivity of the norm and the fact that EX; = EX/. O
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Remark 1.2. As the main tool of the previous proof is Jensen’s inequality, the
result can be generalized with the addition of any convex function F : Rt — R¥

to the following:
) <ur <2 ) |
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The most notable oversight of this result is that it does not incorporate any
measure of the symmetry of the data. Specifically, in the extreme case that the
X, are symmetric about their mean, then the coefficient of 2 can be dropped
and the inequality becomes an equality. Taking note of this fact, [2] state that

n
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“it can be shown that this factor of 2 is unavoidable in general for a fixed n when the
symmetry assumption is not satisfied, although it is unnecessary when n goes to infinity.”

[2]
They furthermore

“conjecture that an inequality holds under an assumption less restrictive than symmetry
(e.g., concerning an appropriate measure of skewness of the distribution ).” [2]

Hence, in response to this conjecture, we propose an improved symmetrization
inequality making use of Wasserstein distance and Hilbert space geometry in
order to account for the symmetry, or lack thereof, of the distribution of the X;
under analysis. The main contribution of this article is that for some Hilbert
space H and X1,...,X,, € H independent and identically distributed random
variables with common measure p, there is for a fixed explicit constant C'(u)
depending only on the symmetry of the underlying measure y of the X;, which
quantifies the symmetry of u, such that
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This result is detailed and proved in Section 3.2. Furthermore, an empirical
bound, C, (1), on the constant C' can be calculated as is done in Section 4.
Such an empirical bound can be further used as a data driven measure of the
symmetry of the given sample. In the case that the distribution of the X; is
symmetric, the true C'(u) = 0 and our data driven estimate C,,(X) = O(n™?%)
for some ¢ € (0,0.5) implying a fast rate of convergence to the desired zero
for the additive term above: n='/2C,, (1) = o(n~'/2). Applications of this re-
sult to testing the symmetry of a data set, constructing nonasymptotic high
dimensional confidence sets, bounding the variance of an empirical process, and
improving coefficients in probabilistic inequalities in the Banach space setting
are given in Section 5.

2. Empirical estimate of the Rademacher sum

Before discussing the main results detailed and proved in Section 3, we take
a closer look at Rademacher sums to motivate the research in the following
sections. These sums arise in the theoretical setting of proving various bounds
and inequalities for random variables in Banach spaces. Examples can be found
in the many results in the monographs [18] and [6]. Alternatively, these sums
are used in the applied setting as an analogue for the unknown expectation
E|>" , X; — EX;|, which arises when constructing confidence sets using con-
centration inequalities for such settings as wavelet estimators [19], kernel density
estimators [9], and for covariance operators in [14]. Rademacher averages also
appear in statistical learning theory under the name Rademacher complexities
in [4, 16, 27] and many others.

In this section, we will consider the practical issue of computing the norm of
the Rademacher sum R, = Y.  &(X;—X) with sample mean X =
n-! o X, to directly estimate the expected value of the norm of the sum
S, =Y i, X; — EX;. The Rademacher sum falls into a category of generalized
bootstrap techniques. Mainly,

S e - X)H =% - Y, - X)

i=1 i€l J¢l

1Bl =

for some random subset I C {1,...,n} with cardinality such that P(|I| = k) =
(¥)27™. Thus, given some observed X1, ..., X, the total expectation E|| R, || can
be approximated by the conditional expectation E.||R,|| = E(||R.|| | X1,.- -,
X,,). This conditional expectation can in turn be approximated by randomly

drawing M sets of {s&m),...,sgfn)}, computing for each m = 1,..., M the
Rademacher sum HRS{”’H = >k, 5§m)(Xi — X)||, and averaging over the M

sums to get that E.|R,| ~ M1 foil HR%m) ||. However, before continuing, we
consider alternative bootstrap techniques to demonstrate the superiority of the
Rademacher sum and why the symmetrization inequality matters.

The term E||S,,|| cannot be estimated directly, but instead approached via
some bootstrap technique. Beyond the Rademacher sum, two other bootstrap
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estimators for E||.S,|| will be considered. Given a sample of size n, Xi,...,X,,
the first method is to randomly split the data in half using the first half to esti-
mate EX; and the second half to estimate ES,,, which is equivalent to restricting
the Rademacher sum bootstrap to index sets I C {1,...,n} of cardinality n/2.
Namely, for such sets, we have

w-() X S(e- X x|

I:|I|=n/2 || i€l Je{1,....,n}\I

which can, of course, be approximated by selecting a reasonable number M of
such sets I, ..., Iy.

The second approach is a leave-one-out estimate similar to the jackknife es-
timator [8]. Once again, given a sample of size n, Xi,..., X, this method is
equivalent to the Rademacher sum bootstrap but restricting the cardinality of
the set to |I| = n — 1. This results in

n
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Each of these bootstrap methods are in some sense comparable to each other
with respect to accuracy and variance of the estimate for E||.S,||. For example,
Theorem 3 of [27] compares the Permutational Rademacher Complexity to the
Conditional Rademacher Complexity, which are more sophisticated versions of
R, and S'Ealf. However, the symmetrization inequality allows for us to explicitly
bound E||S,, || by the Rademacher sum. Indeed, using the original symmetriza-
tion inequality, it is reasonable to bound

n
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In contrast, the goal of this article is to theoretically derive and explicitly com-
pute a small correction term C,,(x) to update this bound to the tighter

zn:(xi —EX;)

i=1

M
E < %;HRQ’”HJF%.

This is powerful in the construction of non-asymptotic confidence sets for high
dimensional data where one desires to achieve a minimum coverage, say 1 — «,
for such confidence sets as performed in both [2] and [14]. Using one of these
alternative bootstrap methods does not guarantee such coverage. However, using
the Rademacher sum with either the coefficient of 2 or with our correction term
proposed in the subsequent section, will, in fact, result in a confidence set with
no less than the desired coverage.
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3. Symmetrization
3.1. Overview of Wasserstein spaces

We first require the standard notions of Wasserstein distance and Wasserstein
space as stated below. These are defined on Polish spaces, which are complete
separable metric spaces. For a thorough introduction to such topics, see [28].

Definition 3.1 (Wasserstein Distance). Let (X, d) be a Polish space and p €
[1,00). For two probability measures p and v on X, the Wasserstein p distance

8

Wy =t ([ Md(%y)”dv(%y))l/p

yEI(p,v)

where the infimum is taken over all measures v on X x X with marginals p
and v.

An equivalent and useful formulation of Wasserstein distance is

Wyl v) = inf (Bd(X, y)P)Le

3

where the infimum is taken over all possible joint distributions of X and Y with
marginals p and v, respectively.

Definition 3.2 (Wasserstein Space). Let P(X) be the space of probability mea-
sures on X. The Wasserstein space is

Py(X) = {ﬂ € P(X) ‘ /X d(zo, z)Pu(dz) < oo}

for any arbitrary choice of xo. This is the space of measures with finite pth
moment.

Convergence in Wasserstein space is characterized by weak convergence of
measure and convergence in pth moment. From Theorem 6.8 of [28], convergence
in Wasserstein distance is equivalent to weak convergence in P,(X’). Hence, for
a sequence of measures fi,,

Wy (ttn, ) — 0 if and only if u, LN 1 and / d(x,x20)Pdp,(x)
X
= [ d(w, o duta)
X
for any fixed xzg € X.

3.2. Symmetrization result

In the following lemma, we bound the expectation on the left by the sum of a
“symmetric” term and an “asymmetric” term.



2096 A.B. Kashlak

Lemma 3.3. Let H be an Hilbert space, and let X1, ..., X, € H be independent
and identically distributed random variables with common law p for the centred
X; — EX;. Define p= to be the law of the reflection EX; — X;. Furthermore,
let €1,...,e, be independent and identically distributed Rademacher random
variables also independent of the X;. Then, for any 1-Lipschitz function 1,

Ey (Z(Xz - EXz)) <Ey <Z gi(Xi — EXJ) + \/§W2(/j‘vﬂ“—)

i=1 i=1
where Wy is the Wasserstein 2 distance.
Proof. For a Polish space X, let II(u,v) be the space of all product measures
on X x X with marginals u and v. For 6 € (0,1), let II5(u, v) be the space of

all product measures with marginals p and v5 = du+ (1 — 0)v. For v € II(p, v)
and n € II(u, p), the measure dn + (1 — §)y € Is(u, v). Hence,

WyGnws)= ot [ dg)de)
Ys€M(p,vs) Sy x x

> inf / dx, Pd(dn+ (1 -6 T,
petie et fp o W90+ (1 =0)7)(z,9)

— it (1-9) [ dwyraiey)
YE(p,v) XXX
= (1— &)W (u,v).
The inequality on the second lines above arises from taking the infimum over a

more restrictive set. The law of e(X —EX) is £ (u+p~). Hence, for our purposes,
the above implies that

+u” 1 _
W2 (,LL7 %) < EWQ(MHLL )

Define p*" to be the law of Z?Zl(Xi — EX;) and i*" to be the law of
St &i(X; — EX;). Then,

Ey <Zn:(Xi - EXi)) - Ey (Zn: gi(Xi — EXi)) <

=1 =1

< sup {E¢ (Z(Xi - EXZ-)> —E¢ (Z ei(X; — EXZ-)> }
16115 <1 P

< Wi (u™, @)

< W (0™, i™")

< aWs (u, M‘>

i=1

2

< \/gW2(/J/7M_)
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where the second, third, and fourth inequality come respectively from Lem-
mas A.1, A.2, and A.3 in the appendix. Rearranging the terms gives the desired
result. O

This lemma leads immediately to the following theorem. The intuition behind
this theorem is that averaging a collection of random variables has an inherent
smoothing and symmetrizing effect following from the central limit theorem.
Thus, as the sample size n increases, the difference between the expectations
of the true average and the Rademacher average become negligible. Of course,
we have following from such theorems that, given a finite second moment for
the probability measure 1, that [Ey(L Y7 (X; —EX;)) — Eg(2 30 ei(X; —
EX;))| = O(n~'/?). However, in the next theorem, we explicitly quantify this
error and use it for finite sample empirical estimation in the following sections.
This behaviour was shown in the simulations detailed in [14].

Theorem 3.4. Using the setting of Lemma 3.3 with either of the following two
conditions that

1. v is additionally positive homogeneous (e.g. a norm), or
2. the metric d is positive homogeneous in the sense that for a € R, d(ax,

ay) = lald(x,y),
then

i=1

1
< Wolu, i~
< 7o 2(py )

=1

Proof. Running the proof of Lemma 3.3 after swapping > (X; — EX;) and
Yo ei(X; — EX;) gives the lower deviation

Ey <Z(X1 - EXz)) > Ey (Z (X — EXz)) - \/sz(l%ﬂ)-

=1 i=1

Under condition 1, the result is immediate.

Under condition 2, let u be the law of (X; — EX;) as before. Then, redefining
p*™ to be the law of Y- | 1(X; —EX;) and 4*" to be the law of Y"1 | 1e;(X; —
EX;) results in

W) S VI (XY /)

)

= \/%%(u,u_)

where the infimum is taken over all joint distributions of X and Y with marginals

w and ”+2“_ , respectively. The desired result follows. ]
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4. Empirical estimate of Wa(u, p™)

In order to explicitly make use of the above results, an empirical estimate of
Wo(p, =) is required. We first establish the following bound.

Proposition 4.1. Let X;,..., X, be iid with law p and let Y1,...,Y, be iid
with law v. Furthermore, let u, and v, be the empirical distributions of u and
v, respectively. Then,

W (1, ) < BWE (11, ).

Proof. The following infima are taken over all possible joint distributions of the
random variables in question given fixed marginal distributions. Let X and Y
be random variables of law 1 and v, respectively. Also, let S, be the group of
permutations on n elements.

Wh(u,v) = (inf)Ed(X, Y)P

s

1 n
= inf E<— d(X;,Y;)P
(Xl,--le}zl,Yl,myYn) {77, Z ( ) }

1 n
< E mi — d(X;, Y,)F
<o {3300 v |
= EW];;) (,U/ny Vn)
where the above inequality arises by replacing the infimum over all possible joint
distributions of the X; and Y; with a specific joint distribution. O

The following subsections establish that it is reasonable to replace Wo(u, u™)
with a data driven estimate of EWa(pup, i, ) in Lemma 3.3 and Theorem 3.4.
Rates of convergence of Wa(u,, p;, ) are presented, and a bootstrap estimator
for EWs(pn, pu; ) is proposed and tested numerically.

4.1. Rate of convergence of empirical estimate

As Wy(-,-) is a metric, the triangle inequality and the fact that W, (u, py,) =
Wy (i, , ¢~ ) implies that

Wi (s 107 ) < Wiy pin) + Wi (i, ) + W (i, 117)
< 2Wy (s pan) + Wi (pms iy, ),

and therefore,
(Wit ™) = Wk, 1) | < 2W3p (1, ).

By Lemma A.4, W,(u, un,) — 0 with probability one making the discrepancy
negligible for large data sets. However, it is also possible to get a hard upper
bound on this term; specifically, the recent work of [10] proposes explicit moment
bounds on Wp(f, tir). Their result can be used to demonstrate the speed with
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which our empirical measure of asymmetry, Wa(jin, i, ), converges to zero when
W is symmetric.

In the case that p is symmetric, Wa(u, p~) = 0, the ideal correction term is
equal to zero. This implies that our empirical bound

Wa(pin, ) = |Walps, 117) = Walin, iy, )| < 2Wa(p, pin).-

Therefore, the moment bound from Theorem 1 of [10] implies that Wa (g, ;) =
O(n=?) where ¢ € (0,0.5] depending on the specific moment used and the di-
mensionality of the measure. Thus, the empirical bound on the correction term
in our improved inequality, Wa(un, p, )/+/n, achieves a faster convergence rate
in the symmetric case than the general rate of n=/2,

The tightness of the bounds proposed in [10] was tested experimentally. While
the moment bounds are certainly of theoretical interest, implementing these
bounds resulted in an inequality less sharp than the original symmetrization
inequality. However, the bootstrap procedure detailed in the following section
does produce a practically useful estimate of the expected empirical Wasserstein
distance.

4.2. Bootstrap estimator

We propose a bootstrap procedure to estimate the expected Wasserstein dis-
tance between the empirical measure and its reflection, EW3(pun, 41,, ). Given

observations 1, ..., x, empirically centred so that £ = 0, let ji,, be the empiri-
cal measure of the data; this is a specific instance of p,,. Then, for some specified
m, two sets Y1,...,Y,, and Z1,...,Z,, can be sampled as independent draws

from fi,. The goal is to move a mass of 1/m from each of the Y; to each of
the negated —Z; in an optimal fashion. Hence, the m x m matrix of pairwise
distances is constructed with entries A; ; = d(Y;, —Z;), which can be accom-
plished in O(m?) time. From here, the problem reduces to a linear assignment
problem, a specific instantiation of a Minimum-cost flow problem from linear
programming [1]. That is, given a complete bipartite graph with vertices LU R
such that |L| = |R| = m and with weighted edges, we wish to construct a per-
fect matching minimizing the total sum of the edge weights. Here, the weights
are the pairwise distances A; ;. This linear program can be efficiently solved in
O(m3) time via the Hungarian algorithm [17]. For more on linear programs in
the probabilistic setting, see [26].

This estimated distance can be averaged over multiple bootstrapped samples.
Though, in general, only a few replications are necessary to achieve a stable
estimate as the bootstrap estimator has a very small variance. Indeed, to see
this, consider the bounded difference inequality detailed in Section 3.2 of [6]
and in Section 3.3.4 of [12], which is a direct corollary of the Efron-Stein-Steele
inequality [8, 25, 24].

Definition 4.2 (A function of bounded differences). For X some measurable
space and a real valued function f : X™ — R, f is said to have the bounded
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differences property if for alli=1,....n

sup /|f(x1,...7mi,...,acn)—f(xl,...,x;,...,xnﬂ <.

Proposition 4.3 (Corollary 3.2 of [6]). If f has the bounded differences property
with constants cy, ..., cy, then Var(f(Xy,...,X,)) < 130, 2.

In our setting, Y; and Z; for ¢« = 1,...,m are independent random vari-
ables with law fi,. The function f(Y1,...,Yn,Z1,...,Z,) is the value of the
optimal matching from the {Y;} to the {—Z;}. This f is, in fact, a func-
tion of bounded differences. This is because modifying a single argument will

at most change the optimal value by ¢ = m™'(max; j—1 . n{d(z;, —z;)} —
min; j—1,. n{d(z;, —2;)}) = C/m. Thus, from the bounded differences theorem,
C?n

Var (f(Y1,.. .Y, Z1,- -y Zm)) < s
Therefore, if m is chosen to be of order n, as in the numerical experiments below,
then the variance of the bootstrap estimate decays at rate of O(n™1).

The proposed bootstrap procedure was experimentally tested on both high
dimensional Rademacher and Gaussian data as will be seen in Section 4.3.1. For
each replication, the observed data was randomly split in half. That is, given
a random permutation p € S, the symmetric group on n elements, the Hun-
garian algorithm was run to calculate the cost of an optimal perfect matching
between {X,1),...,X,2)} and {=X,(241),..., =X ()} As the sample size
for each set is n/2, the expected distance between the two sets of points will
be larger than the expected distance between two sets of n points. Indeed, let
Yi,...,Yn, Z1,..., Z, be iid with law u and let n be even, then for some subset
I c{1,...,n} with cardinality n/2,

PESK

1 . 2 2
= §E min {E Zd(Yu ~Zpi))? + o Zd(Yi, _Zp(i))p}
i€l gl
1
— — (Y; Z
2 {n?siﬁznzd @ + i 30 }
S EWp (,un/Zvl’Ln/Q)

where, similarly to Proposition 4.1, the inequality comes from taking a minimum
over a smaller set.

_ 1

| /\

4.3. Numerical experiments

From Proposition 4.1, there is an obvious positive bias in our new symmetriza-
tion inequality when using the Wasserstein distance between the empirical mea-
sures, Wa(pin, ), in lieu of the Wasserstein distance between the unknown
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underlying measures, Wa(p, 1~ ). This is specifically troublesome when p is sym-
metric or nearly symmetric. That is, if Wa(u, u~) = 0, then barring trivial cases,
the distance between the empirical measures will be positive with positive prob-
ability. However, as stated in Lemma A.4, Ws(pp, 4,,) — 0 with probability
one, which will still make this approach superior to the standard symmetriza-
tion inequality. In the following subsections, we will compare the magnitude of
the expected symmetrized sum and the asymmetric correction term, which are,
respectively,

R, = n~?E

Zgi(Xi — EXz) and Cn - WZ(,UJTM/L;L)/\/Q

i=1

The goal is to demonstrate through numerical simulations that the latter is
smaller than the former and thus that newly proposed R, + C), is a sharper
upper bound than the original 2R,, for n=Y/2E| 31, (X; — EX;)].

4.3.1. Rademacher data

For a dimension k and a sample size n = {2,4,8,...,256}, the data for this
first numerical test was generated from a multivariate symmetric Rademacher
distribution. That is, for a size n iid sample from this distribution, X;,..., X,,
let X;; be the jth entry of the ith random variable with X;i,..., X, iid
Rademacher(1/2) random variables. Across 10,000 replications, random sam-
ples were drawn and used to estimate the expected Rademacher average, R,,
and the expected empirical Wasserstein distance, C,,, under the ¢;-norm. The
dimensions considered were k = {2,20,200}. The results are displayed on the
left column of Figure 1. As the sample size n increases with respect to k, we get
closer to an asymptotic state and the bound based on the empirical Wasserstein
distance becomes more attractive.

4.8.2. Gaussian data

For a dimension k and a sample size n = {2,4,8,...,256}, the data for this sec-
ond numerical test was generated from a multivariate Gaussian mixture distri-
bution. Specifically, 3N (—1, 1)+ 2N(1, 1), which is a symmetric distribution.
Over 10,000 replications, random samples were drawn and used to estimate the
expected Rademacher average, R,,, and the expected empirical Wasserstein dis-
tance, C),, under the ¢5-norm. The dimensions considered were k = {2,20,200}.
The results are displayed on the right column of Figure 1. Similarly to the mul-
tivariate Rademacher setting, as the sample size n increases, the bound based
on the empirical Wasserstein distance becomes sharper than the original sym-
metrization bound.

4.8.3. Asymmetric data

The above experiments were repeated for asymmetric data with results displayed
in Figure 2. On the left side, the symmetric Rademacher distribution—where
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Fic 1. For symmetric multivariate Rademacher (left) and Gaussian mizture (right) data,
the average n~'/2E| X" | (X; — EX;)|| (red dashed lines), twice the Rademacher average
2R, = 2n~Y2E|Y ", £;(X; — EX;)| (black dotted lines), and the bound using the scaled

empirical Wasserstein distance, Ry, + Wa (,un,u;)/\/i (blue solid lines) were estimated over
10,000 replications. The dimension of the data is k = {2,20,200}. For the Rademacher
setting, the £1-norm was used. For the Gaussian setting, the f2-norm was used. As the sample
size increases, the Wasserstein term converges to zero thus sharpening the upper bound.

P(X; =1) = P(X; = —1) = 1/2-was replaced with an asymmetric one where
P(X; =1) = 2/3 and P(X; = —1) = 1/3. One the right side, the mixture of
normals is N (=1, I;) + 2N(1, ;). In the case of the asymmetric Rademacher
data, the bound performed worse than the standard bound when the sample size
n is less than the dimension k. In the case of the imbalanced Gaussian mixture,

the results are similar to the balanced case and give an improvement over the
old bound.
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Rademacher, k = 2 Gaussian, k=2
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F1G 2. For asymmetric multivariate Rademacher (left) and Gaussian mizture (right) data,
the average n~'/2E|| X" | (X; — EX;)|| (red dashed lines), twice the Rademacher average
2R, = 2n~Y2E||Y " £,(X; — EX;)|| (black dotted lines), and the bound using the scaled

empirical Wasserstein distance, Ry + Wa(iin, in )/V2 (blue solid lines) were estimated over
10,000 replications. The dimension of the data is k = {2,20,200}. For the Rademacher
setting, the £1-norm was used. For the Gaussian setting, the f2-norm was used. As the sample
size increases, the Wasserstein term converges to zero thus sharpening the upper bound.

5. Applications

In the following subsections, a collection of applications of the improved sym-
metrization inequality are briefly proposed to demonstrate the potential wide
range of usefulness of this result. Such applications range from those of theoret-
ical interest to those of practical application to statistical testing. These include
a test for data symmetry, the construction of nonasymptotic high dimensional
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confidence sets, bounding the variance of an empirical process, and Nemirovski’s
inequality for Banach space valued random variables.

5.1. Permutation test for data symmetry

In the previous sections, we proposed the Wasserstein distance Wa(p, u™) to
quantify the symmetry of a measure u. Now, given n independent and identically
distributed observations Xj, ..., X, with common centred measure u, we pro-
pose a procedure to test for whether or not p is symmetric. Unlike other tests for
data symmetry which may be restricted to finite dimensional Euclidean space,
this testing procedure applies to general Hilbert space valued random variables.
Thus, it is applicable to many diverse settings such as, notably, functional data
analysis.

The bootstrap approach from Section 4 for estimating the empirical Wasser-
stein distance is applied, and a permutation test is applied to the bootstrapped
sample. Note that while the Wasserstein-2 metric is specifically used in our im-
proved symmetrization inequality, for this test, any Wasserstein-p metric can be
utilized as is done in the numerical simulations below.

The bootstrap-permutation test proceeds as follows:

0. Choose a number r of bootstrap replications to perform. Also, centre the
data X; « X; — X.

1. For each bootstrap replication, permute the data by some uniformly ran-
domly drawn p € S,,, the symmetric group on n elements.

2. Use the Hungarian algorithm to compute the optimal assignment cost, wy,
between the data sets { X 1), ..., Xy 2)} and { =X, /241), -+ s =Xpm) }-

3. Denote this new half-negated data set Y where Y; = X ;) for i <n/2 and
Y, = _Xp(i) for ¢ > TL/Q

4. Draw m random permutations p1,...,pm € Sy. For each p;, compute w;,
the optimal assignment cost between {Y),, (1), ..., Y}, (n/2)} and {Y),, (n/241),
» Lpi(n)

5. Return the p-value, p; = #{w; > wo}/m.
6. Average the 7 p-values to get an overall p-value, p = 7" 32", p;.

Note that for very large data sets, it may be computationally impractical to
find a perfect matching between two sets of n/2 nodes as performing this test as
stated has a computational complexity of order O(mn?). In that case, randomly
draw n’ < n elements from the data set in step 1, draw a p € S,,/, and proceed
as before but with the smaller sample size.

This permutation test was applied to simulated multivariate Rademacher(p)
data in R®. For sample sizes n = 10 and n = 100, let X1,..., X,, be independent
and identically distributed multivariate Rademacher(p) random variables where
each X; is comprised of a vector of independent univariate Rademacher(p) ran-
dom variables, which is P(e = 1) = p and P(e = —1) = 1 —p for p € (0,1).
For values of p € [0.5,0.8], the power of this test was experimentally computed
over 1000 simulations. The results are displayed in Figure 3. For the ¢! and ¢2
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Testing Symmetry: Rademacher Data, n=100
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F1G 3. For data in R®, the £} and €2 metrics, and the Wasserstein distances W1 and Wa, the
experimentally computed power of the permutation test is plotted for Rademacher(p) data as
p, the probability of 1, increases thus skewing the distribution. The sample size is n = 100 on
the left plot and is n = 10 on the right plot. The n = 100 case includes an asymptotic test
for skewness. This test fails in the nonasymptotic n = 10 case and thus is not included.
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metrics and Wasserstein distances Wi and Ws, the performances of the per-
mutation test were comparable except for the (¢2, W3) case, which performed
poorer in both the large and small sample size settings. For the large sample
size, n = 100, Mardia’s test for multivariate skewness [20, 21] was included,
which uses the result that, under the null hypothesis of multivariate normality,
n n . 3
% SO XTETG - X)) S (kk+ 1)k +2)/6)

i=1 j=1

where ¥ is the empirical covariance matrix of the data. Similar asymptotic statis-
tics are proposed in [3] for the larger class of elliptically symmetric distributions.
However, this is shown to be less powerful than the proposed permutation test.
Furthermore, as this test is asymptotic in design, it gave erroneous results in
the n = 10 case and was thus excluded from the figure.

5.2. High dimensional confidence sets

A method for constructing nonasymptotic confidence regions for high dimen-
sional data using a generalized bootstrap procedure was proposed in the arti-
cle of [2]. Beginning with a sample of independent and identically distributed
Yi,...,Y, € RE and the assumptions that the Y; are symmetric about their

mean-that is, Y; — p 2 p —Y; for all +—and are bounded in L,-norm-that is,
IIY: — pllp < M almost surely for all ¢ and some M > 0-they prove, among many
other results, that for some fixed « € (0, 1), the following holds with probability
1-—a:

67w < ()l ( Zm@ Y> 2 Viog(1/a)

where ¢ : RE — R is a function that is subadditive, positive homogeneous, and
bounded by L,-norm. By substituting our Theorem 3.4 for their Proposition 2.4
allows us to drop the symmetry condition and achieve a more general (1 — «)
confidence region.

Proposition 5.1. For a fived o € (0,1) and p € [1,00], let ¢ : R¥ — R be
subadditive, positive homogeneous, and bounded in L,—norm. Then, for some
M > 0, the following holds with probability at least 1 — a.

¢ (Y —p <Ea¢< Zez ; )
+ (2n)"1/2 (2\/§M\/log(1 Ja) + Walu, ;r)) .

5.3. Bounds on empirical processes

Symmetrization arises when bounding the variance of an empirical process. In
[6], the following result is stated as Theorem 11.8 and is subsequently proved
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using the original symmetrization inequality resulting in suboptimal coefficients.

Theorem 5.2 ([6], Theorem 11.8). Fori € {1,...,n} and s € T, a countable
index set, let X; = (X, s)seT be a collection of real valued random variables.
Furthermore, let X1,...,X,, be independent. Assume EX; =0 and | X; | <1
foralli=1,...,n and for all s € T. Defining Z = sup et > 1y Xi,s,» then

Var (Z) < 8EZ + 20>

where 0 = sup 1 EX? .

The given proof uses the symmetrization inequality twice as well as the con-
traction inequality—see [18] Theorem 4.4, and [6] Theorem 11.6-to establish the
bounds

n n n
EsupZst <o?+2E susziXiQS and Esup Z&st <4EZ.
se€T i seT i ’ se€T i ’

Making use of the improved symmetrization inequality cuts the coefficient of
EZ by a factor of 4 to the tighter

Var (Z) < 2EZ + 20° 4+ O(y/n).

Beyond this textbook example of bounding the variance of an empirical pro-
cess, symmetrization arguments are used to construct confidence sets for em-
pirical processes in [11, 19, 15, 9]. The coefficients in all of their results can be
similarly improved using the improved symmetrization inequality.

5.4. Type, cotype, and Nemirovski’s inequality

In the probability in Banach spaces setting, let X; € (B, ||-||) fori=1,...,n be
a collection of independent zero mean Banach space valued random variables. A
collection of results referred to as Nemirovski inequalities [22, 7] are concerned
with whether or not there exists a constant K depending only on the norm such
that

n

>

i=1

2 n
E <K S IXP.
i=1
For example, in the Hilbert space setting, orthogonality allows for K = 1 and
the inequality can be replaced by an equality.

One such result requires the notion of type and cotype. A Banach space
(B, || is said to be of Rademacher type p for 1 < p < oo (respectively, of
Rademacher cotype q for 1 < g < 00) if there exists a constant T}, (respectively,
() such that for all finite non-random sequences (z;) € B and (g;), a sequence
of independent Rademacher random variables,

)

E EiTy
i

E

7

p
N S R
i

E EiTs
i
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These definitions and the original symmetrization inequality lead to the follow-
ing proposition.

Proposition 5.3 ([18] Proposition 9.11, [7] Proposition 3.1). Let X; € B for
i=1,...,nand S, = n '3 X;. If (B,||]l) is of type p > 1 with constant
T, (respectively, of cotype ¢ > 1 with constant Cy), then

n
E|Su|” < @T,)Pn ™" Yy E|IXll?

=1

E[[Sall” > (2Cg) "~ Y E X"
i=1

The proposition can be refined by applying our improved symmetrization
inequality along with the Rademacher type p condition if the X; are additionally
norm bounded. If the X; have a common law pu, let Wo = Wa(u, u~) be the
Wasserstein distance between p and its reflection.

Proposition 5.4. Under the setting of Proposition 5.3, additionally assume
that || X;|| <1 fori=1,...,n. Then,

n
_ pW2
E|[SullP < TPn™? ) E| X" +
i=1 V2n

E|IS,7> C-in 1S B |X,|¢ — L2

Il 2 O 0~ 31X - 2
Proof. In the context of Theorem 3.4, set ¢(-) = ||-||”. Given the bound || X;| <
1, we have that ||¢| i, = p. Scale by p, and the first result follows. O

Note that for identically distributed X; € B, the order of the original bound
for a type p Banach space is O(n'~P) while the Wasserstein correction term is
O(n~'/?). This correction will give an obvious benefit for spaces of type p < 3/2.
However, even for spaces of type 2, the new bound can be tighter specifically
in the high dimensional setting when d >> n. Indeed, consider /., (R?), which
is discussed in particular in Section 3.2 of [7] where it is shown to be of type
2 with constant T, = /2log(2d). For independent and identically distributed
X; € £o(R?), the bounds to compare are

Bz, e 2 e 2w,
n n n

Figure 4 displays such a comparison for n = 10, d € {5, 25,50}, and iid X, ; +
a/(14+a) ~ Beta(a,1) fori=1,...,nand j = 1,...,d. Hence, the X; are Beta
random variables that are shifted to have zero mean. Wa(u, ;™) is approximated
by EWs(ps, 45 ), which is computed via the bootstrap procedure outlined in
Section 4. The new bound can be seen to have better performance than the
old one specifically in the cases of d = 25 and d = 50 when « is not too large.
Note that the new bound does not perform as well when d = 5, and, in general,
improvement in performance occurs when d > n.
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F1c 4. A comparison of the old bound from Proposition 5.3, the red dashed line, and the new
bound from Proposition 5.4, the blue dotted line, for a sample n = 10, and X; € Ew(Rd)

for dimensions d € {5,25,50}. Each X; = (X;1,...

,Xi,4) where each X; ; + a/(1 + )
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~
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2110 A.B. Kashlak

5.4.1. A Nemirovski variant with weak variance

As one further example of improved symmetrization, a variation of Nemirovski’s
inequality found in Section 13.5 of [6] is proved via a similar symmetrization
argument for the £, norm with p > 1. Let Xy,..., X, € R? be independent zero
mean random variables. Let B, = {z € R? : ||z||, < 1}, and define the weak
variance X7 = n *Esup,ep, > (t, Xi)?. The resulting inequality is

E||S, |7 < 578452,

Replacing the old symmetrization inequality with the improved version reduces
the coefficient of 578 roughly by a factor of 4 resulting in

E S, |2 < 146d%2 + O(n~1/2).

6. Discussion

The symmetrization inequality is a fundamental result for probability in Banach
spaces, concentration inequalities, and many other related areas. However, not
accounting for the amount of asymmetry in the given random variables has led
to pervasive powers of two throughout derivative results. Our improved sym-
metrization inequality incorporates such a quantification of asymmetry through
use of the Wasserstein distance. Besides being theoretically sound, it is shown in
simulations to provide a tightness superior to that of the original result. Going
beyond the inequality itself, this Wasserstein distance offers a novel and pow-
erful way to analyze the symmetry of random variables or lack thereof. It can
and should be applied to countless other results that were not considered in this
current work.

This article detailed a connection between symmetrization and the Wasser-
stein metric to answer the question regarding measuring the asymmetry in
the symmetrization inequality. However, many open questions remain. Theo-
rem 3.4 is a non-asymptotic bound on the difference between the centred sum
and Rademacher sum, which aligns with the usual n~'/? rate of convergence. A
comparison of this approach with respect to versions of the central limit theorem
under assumptions on g could comment on the sharpness of this bound as we
move from the non-asymptotic to the asymptotic regime. This would also take
into account how much is lost when moving from the smoothed convolution p*™
to just p via Lemma A.3. The numerical experiments of Section 4.3 show the
improvement in the bound as n — oo, but also show that such improvement is
dampened as d — oo. While Theorem 3.4 is independent of dimension, clearly
the bootstrap estimator is not. Further investigation of the rate of convergence
in various asymptotic realms would be of interest. Furthermore, a better estima-
tor than the proposed bootstrap estimator for the Wasserstein distance would
improve the performance of this bound in practice.
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Appendix A: Past results used

Lemma A.1 ( Kantorovich-Rubinstein Duality, see [28] ). Under the setting of

Definition 3.1,
Wi(u,v) = sup {/ pdp — /¢dV}-
Hd"leSl X

Lemma A.2. Under the setting of Definition 3.1, for p < q,
WP(M? V) S WQ(M7 V)'

Proof. Jensen or Holder’s Inequality O

Lemma A.3 ( Convolution property of Wa, see [5] ). For Hilbert space valued
random variables X; with law p; and Y; with law v; fori=1,...,n, define u*™
to be the law of 3.7, X; and similarly for v*™. Then,

n
W2 yV S Z ﬂqu

Lemma A.4 ( Convergence of Empirical Measure, see [5] ). Let X1,...,X, be
independent and identically distributed Banach space valued random variables
with common law p. Let p, be the empirical distribution of the X;. Then,

Wy(tn, ) = 0, asn — oo.
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