arXiv:2006.10012v1 [math.ST] 17 Jun 2020

Robust Persistence Diagrams using Reproducing Kernels

SIDDHARTH VISHWANATH', KENJI FUKUMIZU?,
SATOSHI KURIKI*", AND BHARATH SRIPERUMBUDUR

TDepartment of Statistics, The Pennsylvania State University, University Park, PA, USA
YThe Institute of Statistical Mathematics, Tokyo, Japan

June 18, 2020

Abstract

Persistent homology has become an important tool for extracting geometric and topological
features from data, whose multi-scale features are summarized in a persistence diagram. From a
statistical perspective, however, persistence diagrams are very sensitive to perturbations in the
input space. In this work, we develop a framework for constructing robust persistence diagrams
from superlevel filtrations of robust density estimators constructed using reproducing kernels.
Using an analogue of the influence function on the space of persistence diagrams, we establish
the proposed framework to be less sensitive to outliers. The robust persistence diagrams are
shown to be consistent estimators in bottleneck distance, with the convergence rate controlled
by the smoothness of the kernel—this in turn allows us to construct uniform confidence bands
in the space of persistence diagrams. Finally, we demonstrate the superiority of the proposed
approach on benchmark datasets.

1 Introduction

Given a set of points X,, = {Xj, X»,..., X} observed from a probability distribution P on an
input space X C R?, understanding the shape of X,, sheds important insights on low-dimensional
geometric and topological features which underlie P, and this question has received increasing
attention in the past few decades. To this end, Topological Data Analysis (TDA), with a special
emphasis on persistent homology (Edelsbrunner et al., 2000; Zomorodian and Carlsson, 2005), has
become a mainstay for extracting the shape information from data. In statistics and machine-
learning, persistent homology has facilitated the development of novel methodology (e.g., Chazal
et al. 2013; Chen et al. 2019; Briiel-Gabrielsson et al. 2018), which has been widely used in a variety
of applications dealing with massive, unconventional forms of data (e.g., Gameiro et al. 2015; Bendich
et al. 2016; Xu et al. 2019).

Informally speaking, persistent homology detects the presence of topological features across a
range of resolutions by examining a nested sequence of spaces, typically referred to as a filtration.
The filtration encodes the birth and death of topological features as the resolution varies, and is
presented in the form of a concise representation—a persistence diagram or barcode. In the context
of data-analysis, there are two different methods for obtaining filtrations. The first is computed
from the pairwise Euclidean distances of X,,, such as the Vietoris-Rips, Cech, and Alpha filtrations
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Figure 1: (Left) X,, is sampled from a circle with small perturbations to each point. The persistence diagram
detects the presence of the loop, as guaranteed by the stability of persistence diagrams Chazal et al. (2016);
Cohen-Steiner et al. (2007). (Right) X,, is sampled from a circle but with just a few outliers. The resulting
persistence diagram changes dramatically — the persistence of the main loop plummets, and other spurious
loops appear, as elaborated in Section 2.

Edelsbrunner et al. (2000). The second approach is based on choosing a function on X that reflects
the density of P (or its approximation based on X,,), and, then, constructing a filtration. While
the two approaches explore the topological features governing PP in different ways, in essence, they
generate equivalent insights.

Despite obvious advantages, the adoption of persistent homology in mainstream statistical method-
ology is still limited. An important limitation among others, in the statistical context, is that the
resulting persistent homology is highly sensitive to outliers. While the stability results of Chazal
et al. (2016); Cohen-Steiner et al. (2007) guarantee that small perturbations on all of X, induce
only small changes in the resulting persistence diagrams, a more pathological issue arises when a
small fraction of X, is subject to very large perturbations. Figure 1 illustrates how inference from
persistence diagrams can change dramatically when X, is contaminated with only a few outliers.
Another challenge is the mathematical difficulty in performing sensitivity analysis in a formal
statistical context. Since the space of persistence diagrams have an unusual mathematical structure,
it falls victim to issues such as non-uniqueness of Fréchet means and bounded curvature of geodesics
(Mileyko et al., 2011; Turner et al., 2014; Divol and Lacombe, 2019). With this background, the
central objective of this paper is to develop outlier robust persistence diagrams, develop a framework
for examining the sensitivity of the resulting persistence diagrams to noise, and establish statistical
convergence guarantees. To the best of our knowledge, not much work has been carried out in this
direction, except for Bendich et al. (2011) where robust persistence diagrams are constructed from
Vietoris-Rips or Cech filtrations on X, by replacing the Euclidean distance with diffusion distance.
However, no sensitivity analysis of the resultant diagrams are carried out in (Bendich et al., 2011) to
demonstrate their robustness.

Contributions. The main contributions of this work are threefold. 1) We propose robust persis-
tence diagrams constructed from filtrations induced by an RKHS-based robust KDE (kernel density
estimator) Kim and Scott (2012) of the underlying density function of P (Section 3). While this idea
of inducing filtrations by an appropriate function—(Fasy et al., 2014; Chazal et al., 2017; Phillips
et al., 2015) use KDE, distance-to-measure (DTM) and kernel distance (KDist), respectively—has
already been explored, we show the corresponding persistence diagrams to be less robust compared
to our proposal. 2) In Section 4.1, we generalize the notions of influence function and gross error
sensitivity—which are usually defined for normed spaces—to the space of persistence diagrams, which
lack the vector space structure. Using these generalized notions, we investigate the sensitivity of per-
sistence diagrams constructed from filtrations induced by different functions (e.g., KDE, robust KDE,
DTM) and demonstrate the robustness of the proposed method, both theoretically (Remark 4.1)
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and numerically (Section 5). 3) We establish the statistical consistency of the proposed robust
persistence diagrams and provide uniform confidence bands by deriving exponential concentration
bounds for the uniform deviation of the robust KDE (Section 4.2).

Definitions and Notations. For a metric space (X, g), the ball of radius r centered at € X
is denoted by By(z,r). Ly(X,u) is the Banach space of functions of p'-power p-integrable
functions with norm || - ||,, where u is a Borel measure defined on X. P(RY) is the set of all
Borel probability measures on R?, and M(Rd) denotes the set of probability measures on R¢
with compact support and tame, bounded density function. For bandwidth ¢ > 0, H, denotes
a reproducing kernel Hilbert space (RKHS) with K, : R? x RY - R as its reproducing kernel.
We assume that K, is radial, i.e., K,(z,y) = o~ %(||x — y||,/o) with ¢(|| - |2) being a prob-
ability density function on R?, where ||z[3 = %, 22 for & = (z1,...,24) € RY. We denote
1Ko llog = SUPg yera Ko (@, y) = 07%)(0). For P € P(RY), up = [ Ky (-, y)dP(y) € Hy is called the
mean embedding of P, and D, = { up P e P(Rd)} is the space of all mean embeddings. d, denotes
a Dirac measure at .

2 Persistent Homology: Preliminaries

We present the necessary background on persistent homology for completeness. See Chazal and
Michel (2017); Wasserman (2018) for a comprehensive introduction.

Persistent Homology. Let ¢ : X — R be a non-negative function on the metric space (X, d). At
level > 0, the sublevel set X, = ¢~ 1 ([0,7]) = {x € X : ¢(z) < r} encodes the topological informa-
tion in X. For 0 <7 < s < oo, the sublevel sets are nested, i.e., X, C Xs. The sequence {X,}<, <
is a nested sequence of topological spaces, called a filtration, denoted by Sub(¢), and ¢ is called
the filter function. As the level r varies, the evolution of the topology is captured in the filtration.
Roughly speaking, new cycles (i.e., connected components, loops, voids and higher order analogues)
can appear or existing cycles can merge. A new k-dimensional feature is said to be born at b € R
when a nontrivial k-cycle appears in X;. The same Filter Function ¢(x) 0"-Persistence Diagram
k-cycle dies at level d > b when it disappears in all
Xgte for € > 0. Persistent homology, PH.(¢), is
an algebraic module which tracks the persistence
pairs (b, d) of births b and deaths d across the en-
tire filtration Sub(¢). Mutatis mutandis, a similar
notion holds for superlevel sets X™ = ¢~ ([r, 0)),
inducing the filtration Sup(¢). For r < s, the in-
clusion X" O X? is reversed and a cycle born at b
dies at a level d < b, resulting in the persistence i
pair (d,b) instead. Figure 2 shows three connected Superlevel Setforr=8 |
components in the superlevel set for » = 8. The I ' ' ' '
components were born as r swept through the blue
points, and die when r approaches the red points. Figure 2: Dgm (Sup(¢)) for ¢: R — R

We refer the reader to Appendix B for more details. Figure 2 is described in more detail in
Figure 9.

Persistence Diagrams. By collecting all persistence pairs, the persistent homology is concisely
represented as a persistence diagram Dgm (Sub(¢)) = {(b,d) e R?: 0<b<d <oco}. A similar
definition carries over to Dgm (Sup(¢)), using (d, b) instead. See Figure 2 for an illustration. When



the context is clear, we drop the reference to the filtration and simply write Dgm(¢). The k"
persistence diagram is the subset of Dgm(¢) corresponding to the k-dimensional features. The
space of persistence diagrams is the locally-finite multiset of points on Q = {(z,y) : 0 < x < y < oo},
endowed with the family of p-Wasserstein metrics W), for 1 < p < co. We refer the reader to
Edelsbrunner and Harer (2010); Divol and Lacombe (2019) for a thorough introduction. Wy, is
commonly referred to as the bottleneck distance.

Definition 2.1. Given two persistence diagrams D1 and Do, the bottleneck distance is given by

Woo (D1, D2) = inf  sup [|p — ()l »
Y€l peDuA
where T' = {7y : D1 UA — Dy U A} is the set of all bijections from Dy to Ds, including the diagonal
A={(z,y) eR?: 0 <z =y < oo} with infinite multiplicity.

An assumption we make at the outset is that the filter function f is tame. Tameness is a metric
regularity condition which ensures that the number of points on the persistence diagrams are finite,
and, in addition, the number of nontrivial cycles which share identical persistence pairings are also
finite. Tame functions satisfy the celebrated stability property w.r.t. the bottleneck distance.

Proposition 2.1 (Stability of Persistence Diagrams Cohen-Steiner et al., 2007; Chazal et al., 2016).
Given two tame functions f,g: X — R,

The space of persistence diagrams is, in general, challenging to work with. However, the stability
property provides a handle on the persistence space through the function space of filter functions.

3 Robust Persistence Diagrams

Given X,, = {X1, Xo,...,X,,} € R? drawn iid from a probability distribution P € M(R%) with
density f, the corresponding persistence diagram can be obtained by considering a filter function
én : R = R, constructed from X, as an approximation to its population analogue, ¢p : R — R, that
carries the topological information of P. Commonly used ¢p include the (i) kernelized density, fy,
(ii) Kernel Distance (KDist), di”, and (iii) distance-to-measure (DTM), dp,,, which are defined
as:

. . .1 _
fo@) = [ Ko@) a0 s = el den(e) = T F

where Fy(t) =P (|| X — |, < t) and o,m > 0. For these ¢p, the corresponding empirical analogues,
¢n, are constructed by replacing P with the empirical measure, P,, = % >, dx,. For example, the em-
pirical analogue of f, is the familiar kernel density estimator (KDE), f = % > Ko (-, X;). While
KDE and KDist capture the topological information of supp(IP) by approximating the density f (the
sublevel sets of KDist are simply rescaled versions of the superlevel sets of KDE (Phillips et al., 2015;
Chazal et al., 2017)), DTM, on the other hand, approximates the distance function to supp(P).

Since ¢, is based on IP,,, it is sensitive to outliers in X,,, which, in turn affect the persistence diagrams
(as illustrated in Figure 1). To this end, in this paper, we propose robust persistence diagrams
constructed using superlevel filtrations of a robust density estimator of f, i.e., the filter function, ¢,



is chosen to be a robust density estimator of f. Specifically, we use the robust KDE, f, introduced
by Kim and Scott (2012) as the filter function, which is defined as a solution to the following
M-estimation problem:

f7, = argin /x o (120(¥) - glsc. ) dPa(y), (1)

geg

where p : R>g — R>( is a robust loss function, ®,(x) = K, (-, x) € H, is the feature map associated
with K, for a fixed 0 > 0, and G = H, N D, = D, is the hypothesis class. Observe that when
p(z) = 2%, the unique solution to Eq. (1) is given by the KDE, f. Therefore, a robust KDE is
obtained by replacing the square loss with a robust loss, which satisfies the following assumptions.
These assumptions, which are similar to those of Kim and Scott (2012); Vandermeulen and Scott (2013)
guarantee the existence and uniqueness of ', (if p is convex; Kim and Scott 2012), and are satisfied
by most robust loss functions, including the Huber loss, p(z) = 32?1 {z <1} + (¢ — ) 1 {z > 1}
and the Charbonnier loss, p(z) = V14 22 — 1.

(A1) p is strictly-increasing and M-Lipschitz, with p(0) = 0.

(A2) p'(z) is continuous and bounded with p’(0) =0 .

(A3) p(x) = p'(x)/x is bounded, L-Lipschitz and continuous, with ¢(0) < co.
(A4) p” exists, with p” and ¢ nonincreasing.

Unlike for squared loss, the solution f, cannot be obtained in a closed form. However, it can be
shown to be the fixed point of an iterative procedure, referred to as KIRWLS algorithm (Kim and
Scott, 2012). The KIRWLS algorithm starts with initial weights {w }",1 such that » " | w, 0 1,

and generates the iterative sequence of estimators { f,,,a)}keN as

n k
£ = 3wl VK (X)) W _ PP (X)) ~ £ ls,)

oa L Ee(12e(X) - £ l,)

Intuitively, note that if Xj is an outlier, then the corresponding weight w; is small (since ¢ is
nonincreasing) and therefore less weightage is given to the contribution of Xj in the density estimator.
Hence, the weights serve as a measure of inlyingness—smaller (resp. larger) the weights, lesser (resp.
more) inlying are the points. When P, is replaced by P, the solution of Eq. (1) is its population
analogue, f,,. Although f,, does not admit a closed form solution, it can be shown (Kim and
Scott, 2012) that there exists a non-negative real-valued function w, satisfying [ps wo () dP(x) =
such that

_ e (a1l 2195 () = fpolse,)
fP,U— Rchr<7 ) cr( )dP( )_ Rd fRdSD(H‘I)a(y)—fppHg{U)dP(y)

where w, acts as a population analogue of the weights in KIRWLS algorithm.

Ko(x) dP(z),  (2)

To summarize our proposal, the fixed point of the KIRWLS algorithm, which yields the robust
density estimator f,, is used as the filter function to obtain a robust persistence diagram of X,,.
On the computational front, note that f7', is computationally more complex than the KDE, f7,
requiring O(nf) computations compared to O(n) of the latter, with ¢ being the number of iterations
required to reach the fixed point of KIRWLS. However, once these filter functions are computed,
the corresponding persistence diagrams have similar computational complexity as both require
computing superlevel sets, which, in turn, require function evaluations that scale as O(n) for both

v, and fr.



4 Theoretical Analysis of Robust Persistence Diagrams

In this section, we investigate the theoretical properties of the proposed robust persistence diagrams.
First, in Section 4.1, we examine the sensitivity of persistence diagrams to outlying perturbations
through the notion of metric derivative and compare the effect of different filter functions. Next, in
Section 4.2, we establish consistency and convergence rates for the robust persistence diagram to
its population analogue. These results allow to construct uniform confidence bands for the robust
persistence diagram. The proofs of the results are provided in Section 6.

4.1 A measure of sensitivity of persistence diagrams to outliers

The influence function and gross error sensitivity are arguably the most popular tools in robust
statistics for diagnosing the sensitivity of an estimator to a single adversarial contamination Hampel
et al. (2011); Huber (2004). Given a statistical functional 7" : P(X) — (V,||-||y/), which takes an
input probability measure P € P(X) on the input space X and produces a statistic P — T'(P) in some
normed space (V, ||||y/), the influence function of € X at P is given by the Gateaux derivative of
T at P restricted to the space of signed Borel measures with zero expectation:

T((1—€e)P+edg) — T(P)

= lim ,
e=0 e—0 €

IF(T;P,x) = §T<(1 —e)P+ 65z>
€

and the gross error sensitivity at P is given by I'(T;P) = supgey ||[[F(T; P, )|,,. However, a
persistence diagram (which is a statistical functional) does not take values in a normed space, and,
therefore, the notion of influence function has to be generalized to metric spaces through the concept
of a metric derivative: Given a complete metric space (X, dx) and a curve s : [0,1] — X, the metric
derivative at € = 0 is given by

[5'] (0) = lim ~dx(s(0), 5(c)).

e—0 €

Using this generalization, we have the following definition, which allows to examine the influence an
outlier has on the persistence diagram obtained from a filtration.

Definition 4.1. Given a probability measure P € P(R?) and a filter function ¢p depending on P,
the persistence influence of a perturbation € R% on Dgm (¢p) is defined as

W (69: @) = lim - W (Dgm (dr; ), Dam (62))

where Py, = (1 — €)P + €0, and the gross-influence is defined as I'(¢p) = supepa ¥ (¢p; ).

The following result (proved in Section 6.1) bounds the persistence influence for the persistence
diagram induced by the filter function f,,, which is the population analogue of robust KDE.

Theorem 4.1. For a loss p satisfying (A1)—(A3), and o > 0, the persistence influence of x € R?
on Dgm (f,o) satisfies

¥ o) < e (12000) Syl ) ([ (100~ ool )P @) )

where ((2) = ¢(2) — 2¢'(2).



Remark 4.1. We make the following observations from Theorem 4.1.

(i) Choosing p(z) = £2* and noting that p(2) = p"(z) = 1, Eq. (3) yields a bound for the persistence
influence of the KDE as

U (o1 2) < [ Koll2 |90(@) — fo o, -

On the other hand, for robust loss functions, the term involving p' is bounded because of (A2), making
them less sensitive to very large perturbations. In fact, for nonincreasing p, it can be shown (see
Section 6.2) that

1
U (fpos®) < [ Kolldo wo () [|Po(®) = foollse, -

where, in contrast to KDE, the measure of inlyingness, wy, weighs down extreme outliers.

(ii) For the generalized Charbonnier loss (a robust loss function), given by p(z) = (1 + z2)a/2 -1

for 1 < a < 2, the persistence influence satisfies

1—a

a—1

B) T (14 [ 190 0) = Sl aPw)

Note that for a = 1, the bound on the persistence influence ¥ (f,,;x) does not depend on how
extreme the outlier x is. Similarly, for the Cauchy loss, given by p(z) = log(1 + 2%), we have

U (fpoi) < Kol (14 180 (2) — o

¥ (i) < Il (14 [ 190) = ol aP(w).

This shows that for large perturbations, the gross error sensitivity for the Cauchy and Charbonnier
losses are far more stable than that of KDE. This behavior is also empirically illustrated in Figure 3.
The experiment is detailed in Section 5.2.

(iii) For the DTM function, it can be shown that

2
¥ (lemi@) < s {[@) = [ 1)W1Vl <1} (@)
While dp ,,, cannot be compared to both f, and f, o, as it captures topological information at a different
scale, determined by m, we point out that when supp(P) is compact, ¥ (dp ,,; ) is not guaranteed to
be bounded, unlike in W (f,q;x). We refer the reader to Section 6.2 for more details.

It follows from Remark 4.1 that as 0 — 0, the persistence influence of both the KDE and robust KDE
behave as O(oc~%), showing that the robustness of robust persistence diagrams manifests only in cases
where o > 0. However, robustness alone has no bearing if the robust persistence diagram and the
persistence diagram from the KDE are fundamentally different, i.e., they estimate different quantities
as 0 — 0. The following result (proved in Section 6.3) shows that as o — 0, Dgm (f,+) recovers the
same information as that in Dgm (f,), which is same as Dgm (f), where f is the density of P.

Theorem 4.2. For a strictly-convex loss p satisfying (A1)~(A4), and o > 0, suppose P € M(R?)
with density f, and f, o is the robust KDE. Then

Wo (Dgm (fp0) ,Dgm(f)) =0  as o — 0.
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Figure 3: Points X,, are sampled from P with nontrivial 1¥¢-order homological features and outliers Y,,
are added at a distance r from the support of P. (Left) The average L., distance between the density
estimators computed using X,, and X,, UY,,, as r increases. (Center) The average W, distance between the
corresponding persistence diagrams for the 1%*-order homological features. (Right) The W; distance (defined
in Eq. B.1 in Appendix B) between the same persistence diagrams. The results show that the outliers Y,,,
have little influence on the persistence diagrams from the robust KDEs. In contrast, as the outliers become
more extreme (i.e., 7 increases) their influence on the persistence diagrams from the KDE becomes more
prominent.

Suppose P = (1 — m)Py + 7Q, where Py corresponds to the true signal which we are interested in
studying, and Q manifests as some ambient noise with 0 < 7 < % In light of Theorem 4.2, by letting
o — 0, along with the topological features of Py, we are also capturing the topological features of Q,
which may obfuscate any statistical inference made using the persistence diagrams. In a manner,
choosing o > 0 suppresses the noise in the resulting persistence diagrams, thereby making them
more stable. On a similar note, the authors in Fasy et al. (2014) state that for a suitable bandwidth
o > 0, the level sets of f, carry the same topological information as supp(P), despite the fact that
some subtle details in f may be omitted. In what follows, we consider the setting where robust
persistence diagrams are constructed for a fixed o > 0.

4.2 Statistical properties of robust persistence diagrams from samples

Suppose Dgm ( ;21,0) is the robust persistence diagram obtained from the robust KDE on a sample
X,, and Dgm (f,,») is its population analogue obtained from f,,. The following result (proved in

Section 6.4) establishes the consistency of Dgm ( ;fg) in the Wy, metric.

Theorem 4.3. For convex loss p satisfying (A1)—(A4), and fizred o > 0, suppose X,, is observed iid
from a distribution P € M(RY) with density f. Then

Wso (ng (f;fa) ,Dgm (fp,g)) 50 asn— oo

We present the convergence rate of the above convergence in Theorem 4.4, which depends on the
smoothness of H,. In a similar spirit to Fasy et al. (2014), this result paves the way for constructing
uniform confidence bands. Before we present the result, we first introduce the notion of entropy
numbers associated with an RKHS.



Definition 4.2 (Entropy Number). Given a metric space (T,d) the n'* entropy number is defined
as
27171
en(T,d) =1inf < € >0:3 {t1,t2,...,tgn1} CT such that T C U By(ti, €)
i=1

Further, if (V,|-|ly/) and (W, ||-|l) are two normed spaces and L : V. — W is a bounded, linear
operator, then e, (L) = en(L : V — W) = e, (L(Bv), |||lyy), where By is a unit ball in V.

Loosely speaking, entropy numbers are related to the eigenvalues of the integral operator associated
with the kernel K,, and measure the capacity of the RKHS in approximating functions in Lo(R%). In
our context, the entropy numbers will provide useful bounds on the covering numbers of sets in the
hypothesis class G. We refer the reader to Steinwart and Christmann (2008) for more details. With
this background, the following theorem (proved in Section 6.5) provides a method for constructing
uniform confidence bands for the persistence diagram constructed using the robust KDE on X,.

Theorem 4.4. For convex loss p satisfying (A1)—~(A4), and fized o > 0, suppose the kernel K,
1

satisfies e, (id : Hy — Loo(X)) < agn” 2¢, where ay > 1, 0 < p < 1 and X C RY. Then, for a fized
confidence level 0 < a < 1,

sup }P@”{WOO (ng (f;fg) ,Dgm (fp,g)> > % <§(n,p) +4 210g(1/a)> } < a,

PcM(X) 1% n

where &(n,p) is given by

b 1 : 1
1 .
¢(n,p) = {1CVag - 2 ifp =1,
YR s ify<p<l,

1 1
for fized constants vy > %, C > 3 —log(9a,) and p = 2min {90(2 | Ks]1%), 0" (2 ||KU|020)}

Remark 4.2. We highlight some salient observations from Theorem /./.

(1) If diam(X) = r, and the kernel K, is m-times differentiable, then from (Steinwart and Christmann,
2008, Theorem 6.26), the entropy numbers associated with K, satisfy

en (id : Hy = Loo(X)) < er™n~ .

In light of Theorem j.4, for p = %, we can make two important observations. First, as the dimension
of the input space X increases, we have that the rate of convergence decreases; which is a direct
consequence from the curse of dimensionality. Second, for a fixred dimension of the input space, the
parameter p in Theorem /.4 can be understood to be inversely proportional to the smoothness of the
kernel. Specifically, as the smoothness of the kernel increases, the rate of convergence is faster, and

we obtain sharper confidence bands. This makes a case for employing smoother kernels.

(i) A similar result is obtained in (Fasy et al., 2014, Lemma 8) for persistence diagrams from the
KDE, with a convergence rate Op(n_1/2), where the proof relies on a simple application of Hoeffding’s
iequality, unlike the sophisticated tools the proof of Theorem 4.4 warrants for the robust KDE.
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Figure 4: (a) A realization of X, UY,,. (b, ¢, d) As the noise level 7 increases, boxplots for Wy, (D, », D¥) in
blue and W, (DG, ’Df) in red show that the robust persistence diagram recovers the underlying signal better.

5 Experiments

We illustrate the performance of robust persistence diagrams in machine learning applications
through synthetic and real-world experiments. In all the experiments, the kernel bandwidth o is
chosen as the median distance of each z; € X, to its k' nearest neighbour using the Gaussian
kernel with the Hampel loss (similar setting as in Kim and Scott, 2012)—we denote this bandwidth
as (k). Since DTM is closely related to the k-NN density estimator (Biau et al., 2011), we choose
the DTM smoothing parameter as m(k) = k/n.

5.1 Bottleneck Simulation

The objective of this experiment is to assess how the robust KDE persistence diagram compares to
the KDE persistence diagram in recovering the topological features of the underlying signal. X,, is
observed uniformly from two circles and Y,, is sampled uniformly from the enclosing square such
that m = 200 and m/n = m € {20%, 30%, 40% }—shown in Figure 4 (a). For each noise level 7, and
for each of N = 100 realizations of X,, and Y,,, the robust persistence diagram D, , and the KDE
persistence diagram D, are constructed from the noisy samples X,, UY,,. In addition, we compute
the KDE persistence diagram DY on X, alone as a proxy for the target persistence diagram one
would obtain in the absence of any contamination. The bandwidth o(k) > 0 is chosen for k = 5. For

each realization 7, bottleneck distances U; = W, (Dpyg, D#) and V; = Wy (DU, Df) are computed

for 1%t-order homological features. The boxplots and p-values for the one-sided hypothesis test
Hy:U -V =0vs. H : U—V <0 are reported in Figures 4 (b, ¢, d). The results demonstrate
that the robust persistence diagram is noticeably better in recovering the true homological features,
and in fact demonstrates superior performance when the noise levels are higher.

5.2 Persistence-Influence Experiment

Points X,, are sampled from an annular region inside [—5, 5]2 along with some uniform noise in
the ambient space, corresponding to the black points in Figure 5 (a). X,, has interesting 1%*-order
homological features. We compute the robust KDE f7, and the KDE f2 on the points X, along
with the corresponding persistence diagrams Dgm ( ;f(,) and Dgm (f2). Outliers Y,, are added to
the original points at a distance r from the origin, the number of points roughly equal to r. Figure 5
(a) depicts these outliers in orange when r = 20.
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Figure 5: (a) An example of X,, in blue and the contamination Y,, when r = 10. (d) The Lo, influence of
Y, on the KDE and robust KDE. (b, e) The bottleneck influence of Y,,. (c, f) The 1-Wasserstein influence
of Y,,, as the distance r increases.

The robust KDE f;f;rm and f2T™ are now computed on the composite sample X,, UY,, along with

the persistence diagrams Dgm (f7'4™) and Dgm (f7™). The bandwidth o (k) is chosen for k = 5.
We then compute the Lo influence of Yy, i.e., || " — ||, as shown in Figure 5 (d). Additionally
for each of the 0*-order and 1°t-order persistence diagrams, we compute the persistence influence of
Yo, €., Woo (Dgm (f*7™) , Dgm (f™)) as shown in Figures 5 (b, e), and the 1-Wasserstein influence,
i.e., Wi (Dgm (f™*™),Dgm (f™)) as shown in Figures 5 (c, f). We refer the reader to Eq. (B.1) in

Appendix B for the definition of W7 metric.

For each value of r, we generate 100 such samples and report the average in Figure 5. Figure 5
(d, e, f) correspond to the experiment illustrated in Figure 3. The results indicate that the robust
persistence diagrams, Dgm ( f;fg), are relatively unperturbed when the outliers are added. It exhibits
stability even as r become very large. The KDE persistence diagrams, Dgm (f7), on the other hand,

are unstable as the outlying noise becomes more extreme.

As discussed in the Remark 4.1 (iii), the persistence influence for DTM has a much weaker bound
as the outliers become more extreme, and in general is not guaranteed to be bounded. In Figure
6 we illustrate the results from the same experiment when the persistence diagrams from DTM is
contrasted with the persistence diagrams from the KDE. This analysis is for the same data as that
used in Figure 3. We remark that even though DTM is highly sensitive to extreme outliers, DTM

11



HO: Bottleneck Influence Sup norm influence o HO: W1 Influence
S 4
4 KDE —— KDE - —— KDE
— DTM — DTM — DTM
8 o
& 8
o _|
g ° » 3 o 8-
e g g
5 84 3 .
£ E 91 R
o _|
-
o _|
w - IS I
o o -
o -
T T T T T T T T T T T T T T T
20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Distance from Support Distance from Support Distance from Support
(a) (b) (c)
H1: Bottleneck Influence H1: W1 Influence
—— KDE —— KDE
— DTM — DTM
[Tol,
o —
9
[v] (¥}
e e 27
() ()
= =
E Y E
o -
o o -
T T T T T T T T T T
20 40 60 80 100 20 40 60 80 100
Distance from Support Distance from Support
(d) (e)

Figure 6: For the same data in Figure 5, (a, d) depicts the bottleneck influence for the DTM in contrast to the
KDE — the red line is the same as the one from Figure 5 (b, e). Similarly, in (c, e) we see the W; persistence
influence of Y,,, for the DTM in contrast to the KDE. (b) shows the L, influence of Y,, on the DTM. The
robust KDE lines are omitted from all plots as it appears to almost merge with the KDE at this scale.

based filtrations have other remarkable properties, as described in Chazal et al. (2017). They are
very useful for analyzing persistent homology when one has access to just a single collection of points
X,,. For DTM the smoothing parameter is chosen as m(k) = k/n with k = 5.

5.3 Random Circles

The objective of this simulation is to evaluate the performance of persistence diagrams in a supervised
learning task. We select circles S, Ss, ..., SN randomly in R? with centers inside [0, 2]2, with the
number of such circles, N uniformly sampled from {1,2,...,5}. Conditional on N = N, X,, is
sampled uniformly from Sy, ...,Sy with 50% noise in the enclosing square. Two such point clouds
are shown in Figure 7 (a, b). Persistence diagrams Dgm (f7) and Dgm (f},,) are constructed for
bandwidth o (k) selected from k = 5,7, and vectorized in the form of persistence images Img (f2, h),
and Img ( P h) for varying bandwidths A (Adams et al., 2017). With N as the response and the
persistence images as the input, results from a support vector regression, averaged over 50 random
splits, is shown in Figure 7 (c, d). For a fixed h the robust persistence diagram seems to always

contain more predictive information, as observed in the envelope it forms in Figure 7 (c, d).
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Figure 7: (a, b) A realization X,, when N =2 and N = 5. (¢, d) The predicted mean-squared error vs. the
persistence image bandwidth for persistence diagrams in support vector regression.

54 MPEGT

In this experiment, we examine the performance of persistence diagrams in a classification task using
the MPEG7 dataset Latecki et al. (2000). For simplicity, we only consider five classes: beetle, bone,
spring, deer and horse. We first extract the boundary of the images using a Laplace convolution,
and sample X, uniformly from the boundary of each image, adding uniform noise (7 = 15%) in the
enclosing region. Persistence diagrams Dgm (f2) and Dgm ( ga) from the KDE and robust KDE
are constructed. In addition, owing to their ability to capture nuanced multi-scale features, we
also construct Dgm (dy, ) from the DTM filtration. The smoothing parameters o(k) and m(k) are
chosen as earlier for kK = 5. The persistence diagrams are normalized to have a max persistence
max{|d —b| =1: (b,d) € Dgm(¢)}, and then vectorized as persistence images for various bandwidths
h. A linear SVM classifier is then trained on the resulting persistence images. In the first experiment
we only consider the first three classes, and in the second experiment we consider all five classes. The
results for the classification error, shown in Figure 8, demonstrate the advantage of the proposed
method.
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Figure 8: (a) X,, is sampled from the image boundary of a bone, and uniform noise is added. (b) The resulting
persistence diagram from the robust KDE. The persistence diagram picks up the 1°*~order features near the
joints of the cartoon bone. The misclassification error for the KDE, robust KDE and DTM as the persistence
image bandwidth increases, (c) for the three-class classification and, (d) for the five-class classification.
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6 Proofs

In what follows, for a fixed loss p, we will use the notation £4(-) = £(-,g) = p (| ®(-) — glls, ) in order
to emphasize the dependency of the loss on the choice of g € G. Borrowing some notation from
empirical process theory, we define the empirical risk-functional in Eq. (1) as

Tnlg) =P fg—zp 126 (Xi) = glls, ) »
and, similarly, the population risk functional J(g) is given by

76 =Pty = [ p(1%0() = gl ) P(a).

6.1 Proof of Theorem 4.1

For € > 0, define the risk functional associated with Pg, to be

Tea(9) =Poly = (1= €)T(9) + ep (12o(z) — glly, )

and let f57 = infyeg Je z(g) be its minimizer. From the stability result of Proposition 2.1 we have
that

o1
U (fpo;x) = 11_1}5 EWOO (ng ( ;:ff) ,Dgm (fpﬂa)) < lim - H fp’o—Hoo

e—0 €

Using Propositions A.2 and A.3, we know that the sequence {J. .} is equi-coercive, and
Je, T'—converges to J as € — 0. From the fundamental theorem of I'-convergence (Braides, 2002)
we have that || f577 — fﬂ,UHg{ — 0, and, consequently, || fol5 — vaO'Hoo — 0 as € — 0. Thus,

li f;7m fP:

e—0 €

im L1752~ 1,011 = 5)

e—0 €

[e.9]

Let the limit in the right hand side of Eq. (5) be denoted by f',w. Although fp,g does not admit a
closed-form solution, from (Kim and Scott, 2012, Theorem 8) we have that f, , satisfies V = af, »+B,
where

V= (I126(@) = fooll, ) - (@) = Fyo)
o= [ ¢ (19:@) = ool ) P(w).  and

& (I190(y) = frollse, ) .
B = /Rd 195 (y) — fP,U”j{U <fp,mq)a(y) - fp70>j{g (P (y) — fp,a) dP(y).

For brevity, we adopt the notation 2(y) = [|®5(y) = folls, and u(,y) = m € Ho.
Then note that a € R and B € H, are given by ’

a= [ ¢CE)EE),
B= | @) @) (farutw), uly) Pl)

o

14



Using the reverse triangle inequality we have

Vi, 2 a||foa]|,

—IBllse, - (6)

We now look for an upper bound on || B||s . By noting that

(Fpwrits)), (fomrutow)), (uta) ), <o

we have

dP(x) dP(y)

o

1B1, = (B.5), < [[ 2@ C@)wecw) ],

5, < /Rd 2(y)¢' (2(y)) dP(y)>2 _

O,

Plugging this back into Eq. (6) we get

IVllse, = ||r

o | et ~ =) ) aPw)

= |[foll., [, G0 B). ™)

where ((z) = ¢(z) — z¢/(z). Similarly, by using the definition of ¢, it follows that

Vlise, = ¢ (120(@) = Froll, ) - 120@) = Frollse, = 2 (I19o(@) = Spolls, )

Combining this with Eq. (7) we get

i

o (195(@) = Fyolly, )
g{(, fRd <H(I) fp,aH:}{J>dP(y).

By noting that H fpyg < the result follows. W
o0

and W(fp,0:2) < | foo|

o

6.2 Supplementary Results for the Persistence Influence

In this section, we collect the proofs for the results on persistence influence established in Remark 4.1
from Section 4.1. The following result shows that when ¢ is nonincreasing, the persistence influence
in Eq. (3) can be written in a more succinct form.

Proposition 6.1. Under the conditions of Theorem 4.1, if ¢ is nonincreasing, then the persistence
influence of x € R on Dgm (fo,0) satisfies

1
U (fpoi ) < [[Kolldo wo (@) [0 (2) = frolls, »

where w, is the measure of inlyingness from Eq. (2).
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Proof. From Theorem 4.1 we have that the persistence influence satisfies

¥ (i) < Il (12000) Syl ) ([ (1200~ el )P @) 9

where ((z) = ¢(z) — z¢'(z). When ¢ is nonincreasing, observe that z¢'(z) < 0 for all 0 < z < co.
Consequently, ¢ can be bounded below by ¢, and the r.h.s. in Eq. (8) can be bounded above by

7 (I126(@) = frolls, )

Jia 2 (196 () = Fyollsg, ) dP(y)
@ (I1%0(@) = foolls,)

Jia 2 (196 (1) = Foollsg, ) dP(y)

DKo | wo@) [ (@) - foolla, »

where (i) follows from the fact that {(z) > ¢(z), (ii) follows from the definition of @, i.e., p/(2) = zp(2),
and (iii) follows from the definition of w, in Eq. (2), yielding the desired result. [

(4) 1
v (fp,o; w) < HKaHgo

(i)

= Ko ll%

190 () = foolls,

The following result establishes the bound for the distance-to-measure described in Eq. (4).

Proposition 6.2. For P ¢ M(R?), the persistence influence for the distance-to-measure function is
given by

v (d[P’,m; :B) <

2
Lo {|st@) - [ 1) 1950 <1}
where va“Lz(P) is a modified, weighted Sobolev norm (Villani, 2003; Peyre, 2018).

Proof. From (Chazal et al., 2011, Theorem 3.5) the following stability result holds:

1
HdIP’,m - dIP’;,mHOO < ﬁWQ (Pv ED:EI:) .
From (Peyre, 2018, Theorem 1) we have that
Wa (P,PL) < 2P —Poll g-1p) »

where the weighted, homogeneous Sobolev norm |-| f1-1(y) for a signed measure v w.r.t. a positive
measure p is given by

1) = Sﬂp{\ / df(w)dv(x)\ NVl < 1}.

Observe that P — P, = € (6 — IP) and since ||-|| ;- ) defines a norm, we have that
lim = | dp.m — dbgml| . < L i 1W2 (P, Pg,)
e—=0 € mn @M o \/ﬁ e—0 €
2 .1
< NG s le 0z = P)l -1 gy

= s {1@)- [ 1)) 197110 <1}
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From the stability for persistence diagrams, we have that

¥ (do.i@) < lim < [de.n — diyon

and the result follows. [

6.3 Proof of Theorem 4.2

Using the triangle inequality we can break our problem down as follows

1550 = Fllag < [l = Fllog + oo = follog;
® ®

where, f; = [pa Ko(-,)dP(x) is the population level KDE. For term (&), when P € M(R?), it is
well known (Chen, 2017) that the approximation error for the KDE vanishes, i.e.,

1fo = flloc =0

as ¢ — 0. So, it remains to verify that (b) vanishes, i.e., || f,, — follo — 0. With this in mind,
consider the map T, : G — G given by

21 () sl .
/ T o T gl B D)

Our approach to verifying that (b) vanishes is similar to Vandermeulen and Scott (2013, Lemma 9),
where we show that the map T, is a contraction map when restricted to the subspace

Q, = By, (0,0v,) N D,
A key difference is that we work with |[|-|| .,—norm, requiring us to obtain a sharper bound for the
Lipschitz constant associated with the contraction.

For brevity, we adopt the notation m(z,g) = ¢ (||®, (x) — gH%U). Kim and Scott (2012) show that
fo,o is a fixed point of the map Ty, ie., T5(f)s) = fos, and that f, is the image of 0 under 7, i.e.,
15(0) = f,. Additionally, from Lemma A.2, we know that || f; |5, < dvs, for some 0 < § < 1. Thus,

we can rewrite f,, — fo = To(fp0) — T5(0).
Let g, h € Q,. Then we have that

7o (9) /f yngP’ /f 'vhd[P’ j B (w)dP(u)

Re Rd Re Rd
1
=B /mccg x)dP(x —a/m u)dP(x)
1
2075'5’ (9)

where o = [pam(y, 9)dP(y) € R, 8 = [pam(v,h)dP(v) € R and the numerator & € H,.
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By Tonelli’s theorem

§B/m:ng 2)dP(x —a/muh (w)dP(x)

/muh (@mygd]? ) (2)

/ m(x, g)m(v,h)® / m(uw, h)m(y, 9)Ps(u)dP(y)dP(u)
RéxR4 Rd xRd

~ [[ v (v.h) — m(a. hym(y. g)] dP(w)dB(y). (10)
R4 x R4

Then by adding and subtracting m(x, h)m(y, h) to the term inside, we get

m(x, g)m(y, h) — m(z, h)m(y, g) = m(y, h) {m(x,g) — m(z,h)}
+m(x, h) {m(y,h) —m(y,g)}.

Plugging this back into Eq. (10), we get £ = & + & where

& - // z) {m(, g) — m(z, h)} m(y, h)dP(y)dP(x)

R x R4
- / m(y, h)dP(y) / B, () {m(z,g) — m(z, 1)} dP(x)
R4 R4
— 5 / Ko () {m(z, ) — m(z, h)} dP()
R

where (i) follows from the fact that the kernel Ky(x,y) = Yo(x — y) = o~ (|z — y|2/0) is

translation invariant and f is the density associated with P. Similarly,

- // m(@, h) {m(y, h) — m(y, )} dP(z)dP(y)

Rd x R4

- / m(y, h) — m(y, g)] dP(y) / @, (a)m(z, h)dP(x)
R4 Rd

< [lm( h) =m( 9)|lo - o * (m(- R) F())]-
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The upper bound for [|€1]|_. is as follows
€11l = 8 160 * (-, g) — ml 1)) FOD)
L 816l 10 9) — (1)) FO)lle
< Bllml9) — m, Wl Ifle (11)

where (i) follows from Young’s inequality (Hewitt and Ross, 1979, Theorem 20.18) and (ii) follows
from the fact that || fg|l.o < || fllo 19l Similarly, for & we have

lalloe < mB) — s ) 1o * (- B FCOD)
(4)
< Jmoh) = mC )l ol I 1) F Ol
L I k) = @)l I Wl 1] (12)

From the proof of (Vandermeulen and Scott, 2013, Lemma 9, Page 20-22), for g,h € Q, for fixed
constants ¢y, co > 0 we have the following two bounds:
1
o, > ; (13)

C1Vqs

and

lm(,h) = m(, 9)lloo < llg = hlly, 25, (14)

where the last inequality follows from the Lipschitz property of ¢ and fact that p is strictly convex.
Additionally, for c3 = ||p||, < o0 we have

m(x,g) = ¢ (H‘I’cr (x) — 9”:}-{0)
7 (12 (@) - glly,)

|95 (2) — gllse,
c3

<
~ %0 (®) = gllg,
(ZL) C3

(15)

where (iii) follows from reverse triangle inequality. Plugging the bounds in equations (13), (14) and
(15) back into equations (11) and (12) we get,

C2C3

el + €l < 151 ( Bers? o = il + 125555 I = Al )
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Using this upper bound in Eq. (9) we get

L€
175t~ Tl = | 5]
el + ol
< ol
(iv) Cci1Cy _q C2C3 1
< ) _ _
< 1l (2205 o = bl + 2255 = il )

) ~ —
= Cvgtlg = hlly.,

(i) 1
< Cvg o llg = hli%,

where in (iv) we use Eq. (13), in (v) we use the fact that whenever P € M(R?), we have ||f|_, < oo
and C > 0 is a constant depending only on ¢, ¢z, c3 and || f||,. Additionally, (vi) holds through an
application of Lemma A.1 to g — h € Q, C D,. This confirms that T, is a contraction mapping.
We use this to show that @ vanishes as o — 0. Since f,,,0 € Q, and f,, — 0 € D,, we have that

pr,a - faHoo = HTU(fp,U) - TU(O)HOO
< vy | fpo — 0I12,

_ 1
=Cvy ' 1 foollZ -

1
Using the triangle inequality || f,.» \éo <||fpoe — ngéo + || fo |30 we get

oo — Foll < Cvy? (pr,a AT Hfauéo)
— Cv;! (nTa (o)~ To(O)]13. + ||fa|§o>

< Cy;t

1\3 1
(Cv5 o~ 0IL) + 1521 )

[S][°Y PN

1 _ 1
fpolli + Cva I foll . (16)

=C %I/U_
by using the contraction mapping twice. Observe that

pr,JHoo < Vg ||fp,a||g-(a < 5’/37

where the first inequality follows from Lemma A.1 and the second inequality follows from the fact
that || foolls, < 0ve since fyo € Qo Furthermore, || follo, = [[¥5 * fllo < (Yol Ifll; < vo from

Young’s inequality. By noting that v, = 1,(0) = o~%)(0), collecting these bounds back into Eq. (16)
we get

N

1 foo = foll o < C28505" + Cuy 21/4(0).

yielding that ||f, - — f5|l., — 0 as 0 — 0, thereby verifying that (b) vanishes as o — 0. [
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6.4 Proof of Theorem 4.3

The proof proceeds in two steps: We first establish the uniform consistency for the robust KDE
and then use the bottleneck stability to show consistency of the robust persistence diagrams in
Ws. From the stability theorem for persistence diagrams (Cohen-Steiner et al., 2007; Chazal et al.,
2016), we have that Wy, (ng ( ;‘70) ,Dgm (fp,(,)) < H o~ fp,gHOO. Thus, it suffices to show that

H o fp,JHOO %0 as n — co. In order to prove the latter, we adapt the argmax consistency

theorem (Van der Vaart, 2000, Theorem 5.7) for minimizers of a risk function.

Lemma 6.1 (Theorem 5.7, Van der Vaart (2000)). Given a metric space (G,d), let T, be random
functions and J be a fized function of g € G such that for every e > 0,

(1) it TF(g)>T(g0), and

g:d(g,90)>

(2) sup | Tn(9) — T (g)| 2 0.

geg

Then any sequence gy, satisfying Jn(gn) < Tn(g0) + Op(1) satisfies d(gn, g0) 5.

For G = H, N D, and d( o foo) H fp,UHOO, in order to establish uniform consistency of
the robust KDE, as per Lemma 6.1, we need to verify that conditions (1) and (2) are satisfied.

Condition (1) follows from the strict convexity of J(g) in Proposition A.1. Specifically, Kim and
Scott (2012) establish that assumptions (A1) — (A3) guarantee the existence and uniqueness of f, , =
arginf cg J(g). Then, for any g € G such that [|g — f,s|ls, > &, we have that J(g) > T (fy.0)-

We now turn to verifying condition (2). Observe that supeg |7n(g) — J(g)| can be rewritten as the
supremum of an empirical process, i.e.,

sup [Tn(9) — T (9)| = sup Pnly — Ply| = [P, — Pllz,
S LyeF

where F = {ty: g€ G}, and ly(x) = p (|| 0 (x) — 9lls, ). Verifying condition (2) reduces to showing
that F is a Glivenko-Cantelli class.
Define n(-) = ||®4(-) — gHﬁCU and let F = {n, : g € G}. For the continuous map & : [0,00) — [0, 00)
given by £(t) = p(v/t), we have that

EoF={&(f): feFy={¢ony(-): g€ G} = {p(I®s(-) = glls,) : 9 €G} = F.

By the preservation theorem for Glivenko-Cantelli classes (Van Der Vaart and Wellner, 2000, Theorem
3), it holds that if F is a Glivenko-Cantelli class, then F is also a Glivenko-Cantelli class. So verifying
condition (2) reduces to verifying that F is a Glivenko-Cantelli class.

To this end, we first show that F(z1.,) = F(x1,®2,...,®n) = supyeg [Pung — Pyl = [P — P £
satisfies the self-bounded property for McDiarmid’s inequality, i.e.,

1
sup [ F(@1n) = F(#)| < 7 sup sup (10 @) 5, + ([ @ (@) 5, +2lgCeo)] +2]o)]).

X Fx, g, a! ge
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Observe that H<I>0(a:)H§fa = K,(z,z) < || Ks|, and |g(x)| < |9l < [[Koll,, by Lemma A.1. Thus,
we have that

6 || K.
sup |F($1n) - F(wlln)‘ < w

From (Bartlett and Mendelson, 2002, Theorem 9), we have that with probability greater than 1 — e 0,

30 | Ky
B~ Bl < 208, (F) 4 ) 221 Rl (17)
where R, (F) is the Rademacher complexity of F given by,
1 2
Rp(F) =E | sup |- € || Po(xi) — g
(7) <g€g 2 D eillta(e) m)

1 n
< E. (sup {ln > el ®o(x)llz, | +
=1

geg

- D+@+®. D

Note that E. (f(€1:n, ®1:n)) = E (f(€1:n, ®1:0)|®1:0) 18 the conditional expectation of the Rademacher
random variables €1, €9, ..., €,, keeping x1, x9, ..., x, fixed. First, we have that,

()
< Ec|— Z 6K wz, wz

n

+2

! En lgll3 ! En €]

— . - (.

n 4 1 € (|91l3, n < 1619 i
1= 1=

n

1
- D e l|Pg ()7,

=1

1 n
— Z EiKo'(wi, wz)
" i=1

1) =E. (bup
€g

< | E, nZZe,eJ (i, i) Ko (x5, x5)

iii) 1

2 Kol

where (i) follows from the absence of g inside the expectation, (ii) follows from Jensen’s inequality
and (iii) follows from the fact that ¢; L €; for i # j. For the second term, we have

1262'

= Ec | sup|lgll5., [~
) <g€g Tt n=

n

1 2
n Z € ||9H:H(,

2 =E. (sup
g

=1 =1
1 |
<Sup|!g|| — ) €
s ol B 3
(iv)
<

< T 1Kol
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where (iv) follows from the fact that HgHgfa < ||Ks|l - Lastly, we have
(’U:) 2Ee sup <.g:1§n:6iK0'('awi)>
geg n H

=1
v1)
< 2E | sup||gllqe,
geg

1 n
*g Ko (- x;)
n “

i=1

n

%Zfig(%)

i=1 7

(3) = 2E, (sup

g€eg

)

Heo

1
=2sup |lglly, Be | [ D €i6iKo(@i, x;)
9€9 "

1
i) 1Ko 3

n EE Zeieng(mi,xj)

Z’7j
(vii)) 9
< 7n 1Kol -
where (v) follows from the reproducing property, (vi) is obtained from Cauchy-Schwarz inequality,
(vii) follows from Jensen’s inequality, and (viii) follows from the fact that ¢; L €; for i # j. Collecting
these three inequalities, we have

Dwﬂ—®+@+®§;ﬂ&M-

Plugging this into Eq. (17), we have with probability greater than 1 — e™?

8[| K| /30 || Ko ||
P, —P|| - < e ©
H n H}' — \/ﬁ + n ’

which implies that ||P,, — P||» — 0 as n — oo, implying that F is a Glivenko-Cantelli class. The
result, therefore, follows from Lemma 6.1. [

I

6.5 Proof of Theorem 4.4

For g € G define the random fluctuation w.r.t. f,, as

A (X, g) = (£y(X) = 7, ,(X)) = (T(9) = T (o)) -

The fluctuation process is an empirical process defined as

An(g) = PA(X, g) = (Tnlg) — jn(fp,o)) —(J(g9) - j(f/w)) )
=Bty ty,0) P (6~ 1y,.).

We first show that the behaviour of H foo— f/wH 4. 1s controlled by the tail behaviour of the
supremum of the fluctuation process. To this end, for 6 > 0, let

Gs = {g €g: ”9 - fp,UHg{U < 5} = By, (fﬂﬁa(s) ND,.
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Suppose f;', is such that ||f7, = foolls > 8, then, for sufficiently small A € (0,1) such that
g=Apo+ (1 =A)fpo €Gs, we have that

In(9) = Tnlfoo )< AIn(fpo) + (1= N)Tn(fp.0) = Tn(fpo)

(i)
=A- (\7”( /?,U) - Jn(fp,o)) S 07 (18>

where (i) follows from the strict convexity of 7, (Proposition A.1), and (ii) follows from the fact that
o = arginf cg Jn(g). From Proposition A.1, we also know that J is strongly convex such that

J(9) =T (fpe) 2

Combining equations (18) and (19) we have
W
5 9= foollie, < T(9) = T (foo).

(Tn(9) = TalFpo)) = (T(9) = T (Fpo)) | + (Tnl9) = Tl fr))

An(g) < sup |An(g)] -
9€Gs

> L llg = fooll, (19

By taking the supremum of the left hand side in the above inequality over all g € G5 we have

sup |A,(9)] > 547 (20)
9€Gs

This implies that whenever H foo— fW,H% > ¢ holds, then the condition in Eq. (20) holds. Therefore,

pe™ {X1;n : Hf;,fg — fp,UH%U > 5} < por {Xlzn :sup |An(g)] > 552} : (21)

9€Gs

We now study the behaviour of the r.h.s. in Eq. (21) using tools from empirical process theory. First,
we show that F(x1.,) = F(x1,®2,...,x,) = sup |A,(g)| satisfies the self-bounding property.

9€Gs
(@10) = F(@h,,)| = sup |sup |An(g)| — sup [An(g)]]
x;Fx, x;#x) g€Gs 9€3Gs
< sup sup|An(g) — AL (g)|,
x;#x) g€TGs
1
= — sup sup |({g(xi) — {5, , (%)) — (Co(7) — £y, . ()|,
x; £ g€TGs
< = sup sup| (£ (@) — £, (@) | + | (¢(@h) = 7,,, (@)
x; £ g€TGs
@) 1 2Mo
S — sup 2M Hg fp,a”{]—( — T
9€Gs n
where (i) follows from Proposition A.1 that f; is M-Lipschitz w.r.t. |-|s . Therefore, from
McDiarmid’s inequality (Vershynin, 2018, Theorem 2.9.1) we have
Per d X 1A,(g)| > E sup [An(g)] +€p < ( ne’ > (22)
1 & SUP g sup g ep<exp|——-= |-
" gess 9eGs 20257
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Next, we find an upper bound for the expected supremum of the fluctuation process. In order to
do so, we first show that A,(g) has sub-Gaussian increments. For fixed g,h € G we have that
E(A(X,g) — A(X,h)) =0 and

AKX, 9) = AX )| < [£(X) — 6u(X)| = [T (9) = T()| < 20 |lg = Bl

Since ‘A(X, 9) — A(X,h)
Example 2.5.8), we have that the sub-Gaussian norm [[A(X, g) — A(X, h)||y, < 2¢M [|g — k|4 for
¢ > 1/4/log2. Consequently, the fluctuation process has sub-Gaussian increments with respect to
the metric [|g — hll4_, Le.,

is bounded, it is, therefore, sub-Gaussian and from Vershynin (2018,

1 | 9 M
1An(g) = An(B)lly, < - D IAX, g) — AX, W3, < N lg = Rllg, -

=1

From the generalized entropy integral (Srebro et al., 2010, Lemma A.3), for a fixed constant
v > 12/4/log 2 we have

. M [
B sup 8] < juf {20+ 2% [\ g A G, )} (23)

9€Gs
where N (G, d, €) is the e-covering number of the class G5 with respect to metric d.

We now turn our attention to finding an upper bound for N (Gs, d,€). Note that if By, is a unit
ball in the RKHS, then

Log A" (s, |-z, +€) = Log N (B, 1 Do |-l 5)

(7) 2
< log (BJ{U Do, e () )

<tog " (B (5)7)

where (i) follows from Lemma A.1 that ||g — h||§{a < |lg = h|l- When the entropy numbers
en (id : Hy — Loo(X)) satisfy the assumption, from (Steinwart and Christmann, 2008, Lemma 6.21)

we have
€\2 502 »
g7 (e e (5)°) < ()

Plugging this into Eq. (23), we have that

Ma.52P 0
E sup |Ap(g)| < inf {2a 410t e_dee} = inf T'(«),
9€Gs a>0 \/ﬁ a a>0
where T'(«) is given by
2a—|—7M5./aﬁlog(g) ifp:%,

T(a) =

20 + o (6= 0%al™) 0 <p#f <L
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At the value ap where T () = infy>0 7' (), we have

1
Cag - MoE) it p=14,
T(ao) = 1 (24)

P 2
Yoy . Mé _ Kpag  _MS : 1
(I=2p) " Vn ~ (I-2p) nl/% it0<p#35 <1,

for some fixed constant C' > 3 —log(9a). Observe that when 0 < p < 3, the last term of Eq. (24)

is negative, and similarly when 3 < p < 1, the first term is negative. From this, we have that

2
T(ap) < Md&(n, p) where

ya% 1 : 1
(1-2}7) % lf0<p<§,
3 log(n)

£(n,p) = ’yC’ag-7 ifp:%7

1
qpes . _1 if L <p<1.
Plugging this into Eq. (22), we have that with probability greater than 1 —e™?,

sup A (g)] < M&&(n, p) + Maﬁ. (25)

9€Gs

From Eq. (21), this implies that

2
pe™ {Xlsn : Hfg,cr - fp,a ‘3{0 > 5} < pe™ {Xlzn . sup An(g) > Mé} .

2
% = (Még(n,p) —i—M(S\/Zt) ,

we have that with probability greater than 1 — e™?,

Thus, in Eq. (25), by letting

2M 2
Hf;L,a - fp,aHg{a < 7 (f(nvp) + 7”f> .

Observe that Hf;fa - vaUHoo < HKJHC%O | o~ fﬂvUH:){ . For 0 < o < 1, by choosing §,, as

5. = MUK |5 (E(n,p)+ 210g(1/a)> |
n n

we have that
P Xt | fi = fpoll e S0n} > 10

From the stability of persistence diagrams in Proposition 2.1, this implies that

P@n{xm : WOO<ng (f2,),Dgm (fp,g)) > 5n} <a,

yielding the desired result. |
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7 Conclusion & Discussion

In this paper, we proposed a statistically consistent robust persistent diagram using RKHS-based
robust KDE as the filter function. By generalizing the notion of influence function to the space
of persistence diagrams, we mathematically and empirically demonstrated the robustness of the
proposed method to that of persistence diagrams induced by other filter functions such as KDE.
Through numerical experiments, we demonstrated the advantage of using robust persistence diagrams
in machine learning applications.

We would like to highlight that most of the theoretical results of this paper crucially hinge on the
loss function being convex. As a future direction, we would like to generalize the current results
to non-convex loss functions, which potentially yield more robust persistence diagrams. Another
important direction we intend to explore is to develop robust persistence diagrams induced by other
types of robust density estimators, which enables to understand the power and limitation of the
proposed method.
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A Supplementary Results

In this section, we establish some results which play a key role in the proofs presented in Section 6.

A.1 Properties of the Risk Functional [J(g)

We establish some important properties of the risk functional, given by

76 = [ @) @) = [ p(18(@) = gl,) dPlo).

R4

The following result establishes that some important properties of the robust loss p carry forward to
J(g). (i) The Lipschitz property of p is inherited by J(g), (ii) the convexity of p is strengthened
to guarantee that J(g) is strictly convex, and (iii) J(g) is strongly convex with respect to the
[[ll4¢,norm around its minimizer.

Proposition A.1 (Convexity and Lipchitz properties of J). Under assumptions (Al) — (A3),
(i) The risk functionals J(g) and Jn(g) are M-Lipschitz w.r.t. ||| -
(ii) Furthermore, if p is convex, J(g) and Jn(g) are strictly convez.

(i4i) Additionally, under assumption (A4), for f,, = arginf cg J(g), the risk functional satisfies
the strong convexity condition

T(9) = T fp) = Sl fro = ll,

1 1
for pi— 2min{¢ (2 ||Ko||so) o (2 |Ka||so) }

Proof. Lipschitz property. Observe that,

g (@) = Lo, (®)] = [p (|96 () — g1lls¢,) — p ([|Po () — g2ll5,)|
< M|[|®0(z) = g1llg;, — [®o(®) = g2l |
< Mg — gallse, »

where the first inequality follows from the fact that p is M-Lipschitz and the last inequality follows
from reverse triangle inequality. This shows that the loss functions ¢4(-) are M-Lipschitz with respect
to g. For the risk functionals, we have that,

T (1) = T (92)| = /(fgl () = Ly (2)) dP()

< / ‘ﬁgl(a:) — Ly, (x)|dP(x)
Rd

< M |g1 — g2lls,

where the first inequality follows from Jensen’s inequality. This verifies that J(g) is M-Lipchitz.
The proof for 7,(g) is identical.
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Strict Convexity. We begin by establishing that for translation invariant kernels ||®4(z) — -[[5, is
strictly convex. Suppose g1, g2 € Hy N D, and A € (0,1), and let g = (1 — A\)g1 + Age. Then

@0 () — gl2., = (1 = M) (@s(2) — 01) + AP0 () — g2) |12,
= (1= N2 [|®s () — g1]5,
X[ (@) — gall3, + 201 = N{ @0 (@) — g1, @0 (@) = g2) . (A1)

o

From Cauchy-Schwarz inequality, we know that

(P0(@) 1. 20(@) ~2), < |126(@) = g1llx, [o(@) — ela -

In the following, we argue that for translation invariant kernels,

(P0(@) —91.%0(@) —92), < |20(@) = gillc, |20() ~ el - (A.2)
for g1 # go. On the contrary, suppose

(Po(@) 0120 (@) ~92) = |120(@) ~ g1lls, |8 (@) — 2l

holds. Then this implies that there is a function a(x), depending only on g; and go, such that
a(x) # 0 for x € R? and

Rearranging the terms this implies that

@) = L0 (14 bo) + b

where b(x) = —a(z)/(1 —a(z)) also does not vanish on € R%. For ,y € R, from the reproducing
property we have
W)y,

)= {2tz
<91 +b(2)(g1 + 92), 91 + b(y) (91 + 92)>a{6

b(x)b(y) llg1 + g2ll3, + (b(x) + b(y)) (g1, 91 + g2)3¢, + llgnll3, -

Note that because the kernel is translation invariant, i.e., K, (z,z) = K,(y,y) = o~ %(0), this
must imply that

0= (b(x)* = b(y)?) llgr + g2llic, +2(b(x) — b(y)) (g1, 91 + ga2)s¢,
— (@)~ b(w)) ((b(@) + b)) 1 + 2l + 21,01 + g2}, )

Since b(x) and b(y) are nonvanishing, the above equation is satisfied only when b(x) = b(y). This
implies that K,(x,y) is constant for all y, giving us a contradiction. Thus, we have that Eq. (A.2)
holds. Plugging this back in Eq. (A.1) we get that for A € (0,1) and g = (1 — X\)g1 + Aga,

1o () = gllse, <1 =)o) = gills, + A Po(2) — 9215, -
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Since, p is strictly increasing and convex, this implies that
ly(w) < (1= A)lg, () + My, ().

The map ¢4(-) — P/, is a linear operator, and /, is strictly convex in g, this implies that J(g) is
also strictly convex in g. The same holds for 7, (g).

Strong Convexity around the minimizer. We now turn our attention to the strong convexity
property. For this, we first show that J(g) is twice Gateaux differentiable. Let g, h € G, then the
second Gateaux derivative of the loss {g(x) = p (||, (z) — gH:HU) at ¢ in the direction h is given by,

2

(@, g:h) = < l,g+ah)|
d2
= (1%0(@) — g —ahly,) |

= o [P (190(@) —g el (~(@ata) .10, + i, )] |

T : s E(120(@) ~glly,)
= ¢ (1 (2) — gl ) 1Ml + (@ola) =g, =T

= ¢ (2(,9)) Ihl3, + IR]5, A, g, h)z(x, 9)¢' (2(. ), (A.3)

where for a fixed g € G, in the interest of brevity, we define z(z, g) = || ®o () — gll4;, and

. B O, (x)—g h \2
M@0 = (5, Gy — gl Tl e, € 1

Observe that 2¢'(2) = p”(2) — ¢(2), thus Eq. (A.3) becomes

6%0(x, g;h) = |hll3;, (1= Az, g, h) @ (2(z, ) + Az, g, h)p" (=(,9)))

From assumption (A4) we have that p” and ¢ are nonincreasing, and
1
2w, 9) = |0 () — gllg, < 2[Ks|% -

Thus, we have that

6%z, g;h) = cllhl3;, , (A4)

1 1
¢ = min {go <2 HK0H<>2<>> ! (2 ||K0H30) } :

We also note that 62¢(x, g; h) is bounded above. To see this, note that from assumption (A4), p”
and ¢ are bounded and nonincreasing. Consequently, for A(x, g, h) € (0,1) and

where

C = max {p"(0),(0)} < oo,
from Eq. (A.3) we have that

§*(x,g;h) < C HhH?HG < 0.
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The Gateaux derivative of J(g) is, then, given by

d2 2
2 B — & =
2 T(gih) = 15T (g+ah)| == [Ua.g+ah) dP@)|
Rd
d2
R4
= / 6%(x, g; h) dP(x).
Rd

The exchange of the derivative and integral in the second line follows from the dominated convergence
theorem since |52€(m, g; h)| is bounded. This confirms the Gateaux differentiability of 7 (g). From
Eq. (A.4) we have

#J@mw:/ﬁa%mhwm@>zdw@, (A5)
]Rd

For f,, = arginf g J(g9) and g € G, we proceed to show the strong-convexity guarantee. Let
h =g — fpo. From the first-order Taylor approximation for J(g) we have,

j(g) = j(fp,a) + 5j(fp,m h) + RZ(pry h)7

where the first Gateaux derivative, 6.7 (fy,0,h) = 0 for all h since f,, is the unique minimizer of
J(g) and the remainder term Ra(f,,h) is given by

1 1
RQ(fp,m h) = 2/ (1-— t)62j(fp7o' + th; h) dt
0

>mebfu—ww—cmw
2 ] 4T

where the inequality follows from Eq. (A.5). As a result, for any g € G and p = § we have that

T(9) = T fp) 2 S llg = Fpolly,

yielding the desired result. u

We now turn to examining the behaviour of the risk functional 7 (g) w.r.t. the underlying probability
measure P. For 0 <e<1and x € Rd, let P, = (1 — €)P + €0, be a perturbation curve, as defined in
Theorem 4.1. The risk functional associated with P, is given by

Jeal(9) =Paly = (1= €)T(9) +ep (1P (2) — glly, )

and fp5 = infyeg Jex(g) is the minimizer. The convergence of fy’5 to f,, can be studied by
examining the convergence of J., to J. Specifically, under conditions on J and J 4, it can
be shown that Hf;,’ff — fp:f’“f)f(, — 0 as € — 0. The machinery we use here uses the notion of
I'—convergence, which is defined as follows.

Definition A.1 (T' convergence). Given a functional F : X — R U {xoco} and a sequence of

functionals {F,} F, 5 F asn — oo when

neN’
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(i) F(x) < liniinf Fo(zxy) for all x € X and every {@y, }nen such that d(xy,x) — 0;

(ii) For every & € X, there exists {xn nen, d(Tn, x) — 0 such that F(x) > limsup Fy,(xy,).

n—o0

The following result shows that the sequence of functionals {7 5} I'-converges to J.

Proposition A.2 (I'-convergence of J , to J). Under assumptions (Al)—(A3),

Tex(9) L J(g) as €—0.

Proof. Let g € G and {gc},( be a sequence in G such that [ge — gllq, — 0 as € — 0. In order to
verify I'-convergence we first show that the following holds

li| T.a(g:) = T (9)| = 0.

For € > 0, using the triangle inequality we have that

Tewlge) = T(9)] < [T (90) = T(0)| +

-76,:v(96) = J(9e)

(4)
< M|ge - QHS}CG +

Tea(ge) — J(9e)

)
< Mg = gllge, + ¢ [T(9) = p (1 (@) = gls,)

)

where (i) uses the fact that J(g) is M—Lipschitz from Proposition A.1, and (ii) uses the fact that

Tew(9) = 1 =€) T(9) + ep (|| @ () — gllsc, ) -

Since ||ge — glls;, — 0 as € = 0 we have

=0.

lim|Tea(90) = T (9)| < M limlge = gllse, +lim e [T(9) = p (1o () = gls,)

Since J , and J are continuous, using (Dal Maso, 2012, Remark 4.8) it follows that J »(g)
J(9).

m -

Now, we examine the coercivity of the sequence {J z}.

Definition A.2 (Equi-coercivity). A sequence of functionals {Fy}, o : X — RU{Zo0} is said to be
equi-coercive if for every t € R, there exists a compact set K; C X such that {x € X : F,, <t} C K
for every n € N.

The following result shows that the sequence {7 .} is equi-coercive.

Proposition A.3 (Equi-coercivity of J; »). Under assumptions (A1)—(A3), the sequence of functionals
{Tex} is equi-coercive.

Proof. For 0 < e < 1, z € R and g € G, we have that

Jea(9) = (L= €)T(9) + ep (|Pa(®) — glls, ) -
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From (Dal Maso, 2012, Proposition 7.7) in order to show that the sequence of functionals {7}
is equi-coercive, it suffices to show that there exists a lower semicontinuous, coercive functional
F :Hs; — RU{£o0} such that F' < 7, for every € > 0. To this end consider the functional

F(g) = min {J(9), p (|| (x) — glls,) } -

As Jez is a convex combination of J(-) and p ([[®5(x) — [l ), it implies that F < J 5 for every
e > 0. Additionally, because 7 (-) and p (||®q () — -||5_) are both continuous, it follows that F' is
also continuous, and, therefore, lower semicontinuous.

We now verify that F' is coercive. Since p is strictly increasing we have that

p (|®s(x) —gllse,) =00 as [lglly, — oo,

verifying that p (H(I)U(ac) — -H%U) is coercive. Next, from the reverse triangle inequality we have that
1@6() = glls, = 1120 (@), — llgllse, | = | VKo@) = lgls, |
Observe that K, (x,x) = || Ks||,,, and because p is strictly increasing we have

o ([1Eele = ol |) < o (120 @) = gl ).

Taking expectations on both sides w.r.t. P,

, (\”KUHéo ~ gl ) < [ p(1#@) = gl ) dB@) = T (0).

Since

1
p (|1l g,

)%o as Jgllse, — oo,

it implies that J(g) is coercive as well. It follows from this that F' is coercive, and the sequence of
functionals {J; z } is equi-coercive. [ ]

Propositions A.2 and A.3 together imply, from the fundamental theorem of I'-convergence (Braides,
2002), that the sequence of minimizers associated with {J } converge to the minimizer of 7, i.e.,

H ;:f — fp,gHg{U —0 as €e—0.

A.2 Some Additional Results

Next, we note an important property of the hypothesis class, G = H, N D,. The elements of G can
be shown to have their ||-|| ,—norm related their |-||5, —norm.

Lemma A.1 (Vandermeulen and Scott, 2013, Lemma 6 and Sriperumbudur, 2016, Proposition 5.1).
For every g € H, N Dy,

1
) 1
l9ll5, < 19lle < 1511 llgllse, -
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The following result, which is essentially the population analogue of Vandermeulen and Scott (2013,
Lemma 7), guarantees that for small enough o > 0, there exists 0 < ¢ < 1 such that f,, is contained
in the RKHS ball Bs_(0,0v,), where for brevity we denote v, = HKUH})éQ We provide the proof for
completeness, however, the proof uses exactly the same ideas from Vandermeulen and Scott (2013).
For notational convenience, we also define ¥, (||z — yl,) = Ko(z,y) = o~ (|2 — yl|, /o).

Lemma A.2. Let P € M(RY) and f,, be the robust KDE for o > 0. For sufficiently small o > 0,
there exists 0 < § < 1 such that f,, € B(0,dv,).

Proof. For P € M(Rd), and G = H, N D,, consider the map T, : G — G given by

= SD(H@U(:E) _gH%") T xT) = S T)Wwy (@ T
Ta(g)* R fRdcp(H(I)g(y)—gHg{a) dP(y)KU(ﬂ )dP( )* RdKo—(, ) 0’( )dP< )7

for each g € G. Observe that w, € L(P) is a non-negative function such that

/ wo (z)dP(z) = 1. (A.6)
Rd

Let Sy, = Im(7,) C G. It follows from Vandermeulen and Scott (2013, Page 11) that the robust
KDE, f,, = arginf c; J(g), is the fixed point of the map T, and therefore f,, € S,. For a
small € > 0, from Vandermeulen and Scott (2013, Lemma 12; Corollary 13) there exist r,s > 0
such that P(B(z,r)) < € and P(B(x,r + s) \ B(x,7)) < ¢ for all z € R% This implies that
P(B(x,r + s)¢) > 1 — 2e. We point out that the constant e chosen here is related to y/9/10 used by
Vandermeulen and Scott (2013) as /1 — € = /9/10, which, as remarked by the authors, was chosen
simply for convenience. Define the sets B, = By, (0,v5v/1 — €), and let

R, =S, N BS.

In what follows we will show that f,, does not lie in R,. To this end, let g = arginf,.p_J(h). It
suffices to show that J(g) > J(0) > J(fy»). Since g € R,, it must follow that

(L= ey < llgl, < llglloe = 9(2), (A7)

for some z € R%, where the second inequality follows from Lemma A.1. Since g € Sy, there exists a
non-negative function w, satisfying Eq. (A.6), such that g = [p4 wo () K, (-, 2)dP(x). Therefore,

(1= 2 <9(2) = [ Kol @), (@)dP(a)

_/ Kg(z,:c)wo(x)dIP’(w)—F/ Ko (2, x)ws(x)dP(x)
B(z,r) B(zr)e

2
22 /B . we@B@) £ o) / wo (z)dP()

B(z,r)°

<1

<02 / wo () dP(x) + (1), (A5)
B(z,r)
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From Vandermeulen and Scott (2013, Lemma 7), there exists o small enough such that ¢, (r) <
Plugging this back in Eq. (A.8) we get

/B IRCCLEOE (1 - 3;) (A.9)

where (i) follows from the fact that supp(, ;) Ko(2,@) = ¢(r) and (ii) follows from Eq. (A.6).
€.,2
2

Additionally,

sup gly)=  sup (/ K, (y, @)w, ()dP(z) + / Ko (y, @)w, ()dP(z)
yEB(z,r+s)° yEB(z,r+s)° B(xr) B(ra)e

< sp s K(yw) / wo(@)dP(z)
yEB(z,r+s)¢ x€B(z,r) Be)

bosw s K [ wle)d@
yEB(z,r+s)¢ x€B(z,r) B(ar)e

sup  g(y) < ¥o(s) + 12 / we (x)dP(x).
yeB(zrts)” B(z,r)c

For a choice of 7 > 0, there is o small enough satisfying 1, (s) < 7 such that from Eq. (A.9)

3
sup  g(y) <7+ —Eyg. (A.10)
yEB(z,r+s)° 2

Then we have that

T(g) = / o (1B0(@) — gllc. ) dP(a)

R4

- / p (126(x) — glly, ) dP(x) + / p (12s(x) = glls, ) dP()

B(z,r+s) B(zr+s)°

> [ o (1%a@) ~ gl Pl

B(z,r+s)¢

= 2 2

= [ o(VA+ e, 2020, ) @

B(z,r+s)¢

" p(%‘%“'g”gfc‘? sup g(y>>dP<m>.
yEB(z,r+s)°

B(z,r+s)¢

Plugging in Equations (A.10) and (A.7) we get

J(g) > (1—2¢)p (\/(2 — 42 — 27_) .

37



Since p is assumed to be strictly convex, this implies that p’ is strictly increasing. Additionally, from
(A2) we have that p’ is bounded. This implies that, for any 0 < a < ||p/||, there is 5 > 0 such that
p'(z) > ||p'|l,, — @ for all z > . Using Vandermeulen and Scott (2013, Eq. 11), we have

(2—4e)v2—27
p <\/(2 —de)v2 — 27) = / o (2)dz
0
(2—4e)v2—27
> / o (2)dz
B

(2—4e)v2—27 ,
> (10l o) dz

> (HPIHOO — a) (\/(2 —4de)v2 — 27 — ﬂ) .

Without loss of generality, we can assume ||p/||, = 1. Choosing «, 7 and o small enough we obtain

j(g) > Vg

Now we note that

70 = [ p(I:@)ls,) dPla)
=p(vo)
o)+ [ iz

<o)+l [ =

Thus, we obtain that J(g) > J(0). We have g = arginf,.p_J(h) and f,, = arginf, g J(h), and,
additionally we know that f,, # 0. It follows that since J(fy o) < J(0) < J(g), then f,, ¢ Ry as
o — 0. Taking 6 = /1 — ¢, we get the desired result. |

B Background on Persistent Homology

Given a set of a points X,, = {@1...x,} in a metric space (X, d) their topology is encoded in a
geometric object called a simplicial complex K C 2%n.

Definition B.1. (Hatcher, 2002). A simplicial complex K is a collection of simplices (o) i.e. points,
lines, triangles, tetrahedra and its higher dimensional analogues, such that

1. V1 <0,0 €K we have 7 € K;

2. Yo,7 € K, we have that cNT K 0,7 or o NT = ¢.

For a given spatial resolution r > 0, the simplicial complex for X,,, given by K (X,,,r), can be
constructed in multiple ways. For example, the Vietoris-Rips complex is the simplicial complex

Ky ={o CXy: [ Blx,r) # 2},

xEo
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and the Cech complex is given by

Kr={0CX,: max d(z;,x;) <r}.
x;,r; €0
More generally, if I is a simplicial complex constructed using an approximation of the space X
(e.g., triangulation, surface mesh, grid, etc.), and ¢ : X — R a filter function, ¢ induces the map
¢ : K — R. Then, K, = ¢~1 ([0, 7]) encodes the information in the sublevel set of ¢ at resolution 7.
Similarly, K" encodes the information in the superlevel sets at resolution 7.

For 0 < k < d, the k'-homology (Hatcher, 2002) of a simplicial complex K, given by Hj (K) is
an algebraic object encoding its topology as a vector-space (over a fixed field). Using the Nerve
lemma, Hy, (K (X,,r)) is isomorphic to the homology of its union of r-balls, Hy, ({J;_; By (x;)). The
ordered sequence {K (X,,7)},., forms a filtration, encoding the evolution of topological features
over a spectrum of resolutions. For 0 < r < s, the simplicial complex K (X,,,r) is a sub-simplicial
complez of K (X, s). Their homology groups are associated with the inclusion maps

vy Hy (K (X, 1)) = H (K (X, 5)),

which in turn carry information on the number of non-trivial k-cycles. As the resolution r varies,
the evolution of the topology is captured in the filtration. Roughly speaking, new cycles (e.g.,
connected components, loops, voids and higher order analogues) can appear or existing cycles can
merge. Formally, a new k-cycle o with homology class [ag] is born at b € R if [ag] ¢ Im(L’g_E’b)
for all € > 0 and [ag] € Im(ﬂg’b%) for some 6 > 0. The same k-cycle born at b dies at d > b if
oF 0 s (low)) & Im(eF_, 5) and oF 5 (Jag]) € Im(eF ) for all e > 0 and 0 < § < d — b. Persistent
hémology, PH.(9), is an algebrafc module which tracks the persistence pairs (b, d) of births b and
deaths d across the entire filtration. By collecting all persistence pairs (b, d), the persistent homology
is represented as a persistence diagram

Dgm (K (X)) = {(b,d) e R*:0<b<d < o0}.

The persistence diagram is a multiset of points on the space Q = {(z,y) : 0 <z < y < oo}, such
that each point (x,y) in the persistence diagram corresponds to a distinct topological feature which
existed in K(X,,,r) for x < r < y. Given a persistence diagram D and 1 < p < oo the degree-p total
persistence of D is given by

pers,(D) = Z |d — bJP

(b,d)ED

The space of persistence diagrams, given by D,, = {D : persp(D) < oo}, is endowed with the family
of p-Wasserstein metrics W),. Given two persistence diagrams D1,Dy € D), the p-Wasserstein
distance is given by

S =

Wy (D1, D2) = inf Yo =@ (B.1)

where I' = {v : D; UA — Dy U A} is the set of all bijections from D; to Dy including the diagonal
A= {(z,y) e R?:0< 2z =y < oo} with infinite multiplicity.
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(d) Death at level r &= 7 (e) Death at level r =~ 5 (f) Component persists until r=0

Figure 9: An example for the superlevel filtration of ¢ : R — R. (a) As the superlevel set enters r a~ 15, the
first connected component is born, corresponding to the blue dot on the highest peak of ¢. The superlevel set
for r = 15 is depicted in pink below. This is recorded as a birth in the corresponding orange dot enclosed in
the pink shaded region of the persistence diagram. (b) As the r enters r ~ 12, another connected component
is born. This is recorded as the second orange dot in the shaded region of the persistence diagram. (c) Again,
at r & 8, a third connected component is born at the lowest peak of ¢. The three connected components
in the superlevel set are shaded in pink below the function. The persistence diagram has three orange dots
corresponding to these three connected components. (d) As r enters the first valley of ¢, depicted by the red
dot, two connected components merge (i.e., one of the existing connected components die). By convention,
the most recent persistent feature is merged into the older one, i.e., the connected component from (c¢) merges
into the one from (b), and thus, it dies at this resolution. In the persistence diagram, this is noted by the
fact that the orange dot born in (c¢) dies at resolution r & 7. At this stage, there are only two orange dots in
the pink shaded region of the persistence diagram, corresponding to the two pink connected components in
the superlevel set of ¢. (¢) When r enters the second valley of ¢, the connected component from (b) merges
into the connected component from (a), and form a single connected component. The orange dot in the
persistence diagram records the death of this feature. (f) The single connected component persists from then
on, and eventually dies at r = 0.
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