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Abstract

The Fréchet mean is an important statistical summary and measure of centrality of data; it has been
defined and studied for persistent homology captured by persistence diagrams. However, the complicated
geometry of the space of persistence diagrams implies that the Fréchet mean for a given set of persistence
diagrams is generally not unique, which prohibits theoretical guarantees for empirical means with respect to
population means. In this paper, we derive a variance expression for a set of persistence diagrams exhibiting
a multi-matching between the persistence points known as a grouping. Moreover, we propose a condition
for groupings, which we refer to as flatness: sets of persistence diagrams that exhibit flat groupings give rise
to unique Fréchet means. Together with recent results from Alexandrov geometry, this allows for the first
derivation of a finite sample convergence rate for sets of persistence diagrams that exhibit flat groupings.
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1 Introduction

Persistent homology is an important methodology from topological data analysis which has gained rapid
interest and application over the past recent decades and by now has been widely implemented in many
applications across diverse scientific domains. Given that its primary purpose is to summarize topological
and geometric aspects of data—specifically, it captures the “shape” and “size” of a given dataset—studying
statistical aspects of persistent homology is a crucial task to make topological data analysis a valid approach
for data analysis.

The space of persistence diagrams is a viable setting for statistics and probability, satisfying conditions for
the existence of important statistical and probabilistic quantities, such as means, variances, and probability
measures (Mileyko et al., 2011). This paper studies the mean, in particular, which is perhaps the most
fundamental statistic that captures the central tendency of data and provides an understanding of what
we expect to see on average for a data generating process. The Fréchet mean is a generalization of the
usual algorithmic mean to general metric spaces and has been previously defined and studied for sets of
persistence diagrams (Turner, 2013). Significant results on Fréchet means for sets of persistence diagrams
were provided by Turner et al. (2014), which include an algorithm for its computation along with the only
known convergence result for Fréchet means to date. However, this result is valid only in quite restrictive
settings, and most importantly, under the assumption of uniqueness of the Fréchet mean. Due to the
complicated geometry of the space of persistence diagrams—in particular, it is an nonnegatively curved
Alexandrov space (Turner et al., 2014) with the implication that geodesics are not even locally unique—it is
far from clear that the Fréchet mean should ever be unique. This lack of a condition for uniqueness prohibits
a comprehensive convergence analysis for empirical Fréchet means of persistence diagrams computed from
real datasets (Cao and Monod, 2022). The practical implication of a lack of convergence guarantee is that it is
difficult, if not impossible, to draw conclusions about the behavior of the general distribution and population
from observed samples. We are thus restricted to only making descriptive and exploratory observations
with Fréchet means computed from sampled data and cannot inference on the general behavior of the data
generating process and the general unseen population with any theoretical guarantees.

In this paper, we propose a geometric condition on sets of persistence diagrams that guarantees unique-
ness of Fréchet means. In particular, we consider a multi-matching representation between persistence points
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known as a grouping (Munch et al., 2015) and derive a variance expression for groupings. Further, we pro-
pose a geometric condition on groupings, which we refer to as flatness, and show that flat groupings give
rise to unique Fréchet means. Using recent computational and statistical results on Alexandrov spaces by
Le Gouic et al. (2019), we then derive the first finite sample convergence rate for empirical Fréchet means
to population means for sets of persistence diagrams that exhibit flat groupings.

The remainder of this paper is organized as follows. In Section 2, we provide background and details on
persistent homology and metric geometry, and in particular, the metric geometry of persistence diagrams and
the space of persistence diagrams. In Section 3, we recall definitions of a grouping and a Fréchet mean, which
are our specific objects of interest in this paper. Here, we also present our contributions of an expression
for the variance of general groupings, our proposed notion of flatness of groupings, and prove uniqueness
of Fréchet means for sets of persistence diagrams for which there exist flat groupings. Section 4 presents
the first finite sample convergence rate for empirical Fréchet means of persistence diagrams exhibiting flat
groupings to population means. We close in Section 5 with a discussion of our findings and some ideas for
future research based on our contributions in this paper.

2 Background: Persistent Homology, Metric Geometry,
and Metric Geometry of Persistent Homology

In this section, we provide background and details on our setting and objects of study: persistent homology,
which gives rise to persistence diagrams, and the space of all persistence diagrams. We also review some
concepts from metric geometry that will be essential for our study and construction of our results.

2.1 Persistent Homology

The standard pipeline of persistent homology begins with a filtration, which is a nested sequence of topological
spaces: My C M; C--- C M, = M. By applying the homology functor H(-) with coefficients in a field, we
have the sequence of homology vector spaces H(Mgy) - H(M1) — --- — H(M,,). The collection of vector
spaces H(M;), together with vector space homomorphisms H(M;) — H(M,),i < j, is called a persistence
module. When each H(X;) is finite dimensional, a persistence module can be decomposed into a direct sum of
irreducible summands called interval modules, which correspond to birth and death times of homology classes
(Chazal et al., 2016). The collection of birth-death intervals [e;, €;) are called barcodes and they represent
the persistent homology of the filtration of M. Each interval can also be identified as the coordinate of a
point in the plane R2. In this way we have an alternate representation known as a persistence diagram. For
a detailed introduction of persistence homology, see e.g., Edelsbrunner et al. (2008); Edelsbrunner and Harer
(2010).

Definition 1. A persistence diagram D is a locally finite multiset of points in the half-plane Q = {(x,y) €
R? | z < y} together with points on the diagonal 0Q = {(z,x) € R?} counted with infinite multiplicity.
Points in ) are called off-diagonal points. The persistence diagram with no off-diagonal points is called the
empty persistence diagram, denoted by Dy.

The geometry and statistical properties of the space of persistence diagrams are the main focus of this
paper.

2.2 Metric Geometry

We now outline essential concepts from metric geometry and refer to Burago et al. (2001) for a comprehensive
and detailed discussion.

Let (S, d) be an arbitrary metric space. For any two points z,y € S, a geodesic connecting x and y is a
continuous curve 7 : [a,b] — S such that for any a < s <t < b,

A(3), (1)) = —d(z).




(8,d) is called a geodesic space if any two points can be joined by a geodesic. A geodesic space is an
Alexandrov space with nonnegative curvature if for every triangle {zo,z1,y} C S and a geodesic v : [0,1] = S
connecting zo and x; there exists an isometric triangle {Zo, 71,9} in R? such that d(y,v(t)) > ||g — ()|,
where 5(t) = tZ1 4+ (1 — )T is the line segment joining Ty and #; in the Euclidean plane.

Given z € S, let T, be the set of all geodesics emanating from z. For any two geodesics 79,71 € I',, the
Alexandrov angle Z.(v,v1) is defined by

*(z,70(1) + dP(z,7(5) = (0 (t), (S))>
2d(z,70(t))d(z,71(s)) '

If (S,d) is an Alexandrov space with nonnegative curvature then /, : T', x T', — [0, 7] is well-defined and a
pseudo-metric on I',. Therefore Z, defined a metric on the quotient space I',/ ~ where g ~ 71 if and only
if 4z('707'71) =0. R

The completion (I';, Z.) of (I'./ ~,Z.) is called the space of directions. Let v, denote the direction

Z:(v0,m1) = sliglo cos™! (

of v at z, i.e., the equivalence class of v in I.. The tangent cone T,S is defined as T, x R4/ ~ where
(vy,t) ~ (vy,s) if and only if t = s = 0 or (vy,t) = (vy,s). Let [vy,1], [vy,,s] € T.S be two tangent vectors,
then define

Cu((vy, 1], [vg, s]) = /52 + 12 — 2st cos L. (v5,vy). (1)

C, is a metric on T, S called the cone metric.

For a geodesic space, the logrithmic map (log map) at z log, : S — T.S assigns x to [vy, d(z, )] where
v is a geodesic from z to x. The log map is a multimap since there can be different geodesics from z to x.
By selecting an arbitrary direction for every x the log map is a well-defined map, and moreover log, can be
chosen to be measurable with respect to the Borel algebra of TS (Le Gouic et al., 2019).

2.3 Metric Geometry of Persistence Diagram Space

The collection of all persistence diagrams may be viewed as a space; in particular, it is a metric space and
hence its metric geometry may be studied. Although there exist various possible metrics on the space of
persistence diagrams, we focus on the following.

Definition 2. For any two persistence diagrams Dy and Ds, define the 2- Wasserstein distance by

W2 (D1, Do) = i%f ( > - ¢($)||2>

xeDy

where ¢ ranges over all bijections between D; and D, and ||-|| denotes the 2-norm on R2. The total persistence
of a persistence diagram D is defined as Wy (D, Dy). Let Do be the set of all persistence diagrams with finite
total persistence.

Under the 2-Wasserstein distance, we now discuss several metric geometric characteristics of the space of
persistence diagrams. We have that (D2, W2) is an Alexandrov space with nonnegative curvature (Turner
et al., 2014); the curvature behavior is largely determined by the boundary, see Figure 1. Moreover, we
have the following characterization of geodesics between persistence diagrams: Let D; and Ds be two
persistence diagrams with finite total persistence and ¢ : Dy — Dy be an optimal matching, then the
geodesic v : [0,1] — Dy joining Dy to Ds is such that (¢) is in fact a persistence diagram with points of the
form (1 — ¢)x + t¢(r) where x ranges all points from D;.

We also have the following characterization concerning tangent vectors. Let D € Ds be a persistence
diagram. A tangent vector in the tangent cone TpDs can be represented as a set of vectors {v; € R?,i €
I} U{v; € R? j € J} where I is the index set of off-diagonal points in D and J is the index set of vectors
perpendicular to the diagonal such that 3=, [lvi[[* + 3¢ s [[v;]|* < oo. Note that there may exist tangent
vectors with no corresponding geodesics.

Ezample 3. Consider the persistence diagram D = {z,, = (O, #), n € N}. At each x,, assign the vector

vy, = (%, —%) We claim that the collection V' = {v,,n € N} is an element in TpDs. In fact, let Vy = {0, =



Figure 1: Curvature is determined by the boundary. Consider three persistence diagrams: diagram D4 with
a single off-diagonal point A, diagram Dp with a single off-diagonal point B, and the empty diagram Dy
with no off-diagonal point. The three edges of triangle ADyD4Dp are plotted with solid lines
comparison triangle, given Wy (D4, Dy) = ||AAT||, Wo(Da, Dg) = ||AB||, and Z/DyDaDp =

id lines. For the
length of the third edge is ||[AT B||. We see that |[ATB|| > ||[BBT|| = Wa(Dg, Dy), indicating nonnegative
Alexsandrov curvature.

/AT AB, the

Un, 1 <n < N}U {0, = 0,n > N}. The geodesic yn(t) = {,, + t0n,n € N} is well-defined for ¢ € [0, 757]
For 1< N < M,
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Therefore, {Vn }nen is a Cauchy sequence in TpDs and converges to V. However, V' is not a tangent vector
of any geodesic emanating from D as for any fixed ¢, z,, + tv, ¢ 2 when n is sufficiently large



3 Groupings of Persistence Diagrams and their Fréchet Means

Let (S,d) be a metric space and u be a (Borel) probability measure on S. The Fréchet function is defined
by

F(z) = /S & (z,y) du(y).

If F(x) is finite for some (hence, every) z, the probability measure u is said to have finite second moment.
The quantity V = inf,cs F(x) is the variance of u. The set of points achieving the variance is the Fréchet
mean or expectation.

Fréchet means for sets of persistence diagrams exist, given that a probability measure on (D, W2) has
finite second moment and compact support (Mileyko et al., 2011; Turner et al., 2014). However, Fréchet
means are not necessarily unique due to the nonnegative curvature of (D2, W3). The lack of unique Fréchet
means is problematic in many practical applications as well as theoretical settings—for example, averaging
time-varying persistence diagrams (Munch et al., 2015) and establishing convergence of empirical Fréchet
mean of persistence diagrams (Cao and Monod, 2022)—however, approximations for Fréchet means are
computable.

Let Dq,..., Dy be a finite set of persistence diagrams with finite off-diagonal points, and u = % Ele oD,
be a discrete probability measure. The Fréchet function for this set of persistence diagrams is

L

F(D) = + 3. W3(D, Dy). (2)
=1

Turner et al. (2014) proposed a greedy algorithm to compute local minima of the Fréchet function (2).
Other work by Lacombe et al. (2018) in more general contexts has also given rise to alternative algorithms
to compute Fréchet means for persistence diagrams. Munch et al. (2015) introduced probabilistic Fréchet
means to average time-varying persistence diagrams. We now recall and rephrase some definitions and results
from some of this prior work which will be useful for our study.

Definition 4. For a finite set of persistence diagrams Dy, ..., Dy, each with kq, ..., k1 off-diagonal points,
a grouping G is a K x L matrix where K = k; + --- + kz. The jth column G’ consists of k; off-diagonal
points of D; and K — k; copies of the diagonal 9. Each row is called a selection. A trivial selection is a
row with all 02 entries.

Intuitively, a grouping is a matching of points between persistence diagrams. For the special case with
L = 2, a grouping is equivalent to a bijective matching between two persistence diagrams, with each se-
lection representing the one-to-one correspondence between points. In general cases, a grouping is thus a
representation of multi-matching, i.e., any two columns of the grouping induce a bijective matching between
corresponding persistence diagrams.

For any x € €, let 2" be the projection to the diagonal, and 2+ = 2 — 2. Set ||z — 9Q|| = ||=*| and
|0 — 09| = 0. Let Q@ = {z1,...,2r} be a multiset of off-diagonal points and copies of the diagonal. If
Q C Q consists of off-diagonal points only, the mean point @ is the usual algorithmic mean Q = % Ele ;.
IfQ={x1,...,zs} U{09Q,...,00} consists of (L — s) copies of the diagonal, set Q, = {x1,...,zs}, and the
mean point is then given by

S_ — S 2,) "
Q: Qo+(LL )(Qo) ) (3)

If Q = {9Q,...,00}, then Q = 0.

Definition 5. Let {D1,..., D1} be a set of persistence diagrams and G be a grouping of size K x L. The
mean persistence diagram mean(G) is the diagram where each off-diagonal point is given by G; for each
nontrivial selection G;. The variance of G is defined as

| LXK o
VG) = 7 > I6] - Gl (4)

j=1i=1



The following theorem establishes the relation between Fréchet means and groupings of persistence dia-
grams.

Theorem 6. (Turner et al., 2014, Theorem 3.3) Given a finite set of persistence diagrams D1, ..., Dy, if
D, is a Fréchet mean then D, = mean(G,) for some grouping G, and the optimal matching between D,
and each D;,i=1,..., L is induced by G4.

This result allows us to consider the Fréchet variance as the minimal variance of groupings,

L
1
2 _ . N2 s
o° =min — g Wa(D, D;) —ménV(G).

i=1

Optimal groupings are groupings that achieve the Fréchet variance. For a general grouping we derive the
following variance expression.

Theorem 7. Let {D1,...,Dr} be a set of persistence diagrams, and G be a grouping of size K X L. Let s;
be the number of off-diagonal points in the ith row of G. The variance of G is

LQZ > oler- Gf||2+z el BED DI (0 R0 T )

i=1 1<w< (<L 1<w<t<s;

where Gz"’,ﬂ =1,...,s; ranges over all off-diagonal points in the ith row of G. If s; = 0, the summand is
taken to be 0.

Proof. Let G; be the ith row with s; > 0 off-diagonal points. Then the variance for G; is

1 83 ) B _
-7 ((Z 16 = Gill ) + (L = 56 - aQ||2>
/=1
- ((Z IGH12) ~2( 3067, Gi ) + 6T P +L|é#|2> . Q
(=1

=1
Note that
A 1L IS
Gl = Je 1 - JeyL
DI CONIN DY
(=1 (=1
and . . .
<ZG£’%G¥> = <Z<sz>iéi> + <Z<sz>%éf>.
=1 =1 (=1
Substituting these expressions into (6), we obtain
1 Sl 1 Si . = =
= 236K = ZIGT I - G 7)
For the last two terms, we have
Si = — 5 w 1 Sl w ;
SIGTIR + G =2 30 (G (G + 2 Z (G2 (@)
56 o1 =1 w=1 (=1
LSS ea) - ZZ I
5 =1 =1 w=1f=

2L ZZ (G 1? + 162> = |GE = G2 |1?) (ZH (GI%) L||)
w=1 ¥¢=1

1 1 ; , L—s; (< ; 2
- HG”||2 =y |sz—czf||2—Ts(Z|<sz>L|), 0
toNe=1

= 1<w<t<s;



where we used the fact that (G7*) and (G?*)* are parallel and in the same direction. Combining (7) and

(8), we have
1 L—si( <~ 2
() )
toNg=1

VG) == Yl -Gl

Y 1<w<t<s;

We expand the first term as follows:

Si

1 ) ) ) )
LY e e = (e ) S S e e

" 1<w<t<s; w=1¢=1
Si L Si
W(ZZHGM SRS DI MRS b ST
w=1¢=1 w=1/4=s;+1 w=s;+1 ¢=1
31 J 2, — 5 o L
an 09 + 5 S Ylek -l
w=1{=1
1 . . i s &
N G SZIIG“ o0 + QLQSZZHGM aP.
1<w<<L w=1 ¢=1

Therefore, we have

1 ) )
V(G»—L— > lle -l =

2
1<w<t<L
— 55 — 55 .
- ZHG” o0+ Lo S S et -Gl + (D ciy)
w=1 /=1
223 SOS e - a4 3 S IE @ ) - S0 @) 1)
w=1 ¥¢=1 w=1 ¥¢=1 w=1 ¥¢=1
L P 1 .
L S S (60 = G G G - FIEE I = S 1)
w=1 ¢=1
L—s . :
LSS )T - @
1<w<t<s;
Finally, summing V(G;) for all rows, we obtain (5). O

Notice that if we disregard the diagonal 9 and suppose G is a grouping of points in the plane R?, then
the variance of G only consists of the first term in (5). The diagonal contributes the second term in the
variance expression.

The derived variance expression motivates the following definition.

Definition 8. A grouping G is called flat if there exists A > 0 such that

1. For each nontrivial selection G;, the diameter is bounded above by A, i.e., |G¥ — G¢|| < A for all
w,l=1,...,L;

2. For two distinct selections G;, G, the distance between G; and G, is bounded below by A, i.e., |G} —
GfH > Aforall w,£=1,...,L;

3. Off-diagonal points are bounded away from the diagonal by A, i.e., |G¥ — Q|| > A for G¥ # 0.

A visual example of flatness is illustrated in Figure 2.
Given this notion of flatness, we now have a condition that gives rise to unique Fréchet means of persis-
tence diagrams.

Theorem 9. Let {D1,..., D5} be a set of persistence diagrams. If there exists a flat grouping Gy for
{D1,...,Dr}, then mean(G,) is the unique Fréchet mean of {D1,...,Dr}.



Figure 2: An example of flat groupings. The off-diagonal points of D;ed, Dplue, Deyan are distributed as three
clusters over the half-plane Q. Every dashed circle indicates a selection of the grouping. The Fréchet mean
is given by Dblack-

Proof. Suppose Gy is a flat grouping. By conditions 1 and 3, each nontrivial selection of G does not contain
the diagonal. Thus, the variance of G, is

V@)=Y Y @) - G

i=1 1<w</t<L

Let G be any grouping. By (5), we have

VO 24 Y Ylar -Gl

1<w< (<L i=1

Now, fix any two columns w and ¢. Without loss of generality, we may assume (G,)¥ = G¥ (otherwise, we
may apply row permutation to achieve this form). By conditions 2 and 3,

min{[|GY — G{lI, |G} =82} > A > |G} — (G

for any G¢ # (G,)!. Therefore, V(G) > V(G,) if G # G,. Thus mean(G,) is the unique Fréchet mean. [

Remark 10. If there exists a flat grouping for D1, ..., Dy, then the off-diagonal points are distributed as sev-
eral clusters over the half-plane ; see Figure 2. Though flat groupings are special, there are counterexamples
if we drop any one of the three conditions; see Figure 3.

4 A Finite Sample Convergence Rate for Flat Groupings

With a guarantee of uniqueness of Fréchet means for sets of persistence diagrams given by Theorem 9 above,
we are now in a position to derive a finite sample convergence rate for the empirical Fréchet mean for sets
of persistence diagrams exhibiting flat groupings to the population Fréchet mean, which is the main topic in
this section. Such a result paves the way to establishing the Fréchet mean as a viable tool with theoretical
guarantees in important practical settings, such as those discussed by Cao and Monod (2022) on finding an
appropriate representation to approximate the true persistent homology of a very large, yet finite, dataset.

For p = % Zle dp, a discrete probability measure supported on {D1,..., D} and Df,..., D i.i.d. sam-
ples drawn from p, Turner et al. (2014) proved that if the Fréchet mean for p is unique, then with probability



Figure 3: Counterexamples violating the conditions of flat groupings. On the left panel, a grouping for two
persistence diagrams Diyeq, Dplack 1S depicted by solid lines. Four off-diagonal points form the corners of a
square, hence the grouping violates conditions 1 and 2. The Fréchet mean is not unique as the grouping
depicted by dotted lines gives another Fréchet mean. On the right panel, the grouping depicted by the solid
lines satisfies conditions 1 and 2, but violates condition 3 as all off-diagonal points are near the diagonal.
The mean of the grouping is not a Fréchet mean. The optimal grouping here will match all off-diagonal
points with the diagonal.

one the empirical Fréchet mean converges to the population Fréchet mean under the Hausdorff distance.
This is the only existing convergence result for Fréchet means of sets of persistence diagrams; there is no
finite sample convergence rate for Fréchet means of persistence diagrams. Recently, Le Gouic et al. (2019)
established a general theory on the convergence rate of empirical Fréchet means in Alexandrov spaces with
curvature bounded from below. Although it is tempting to apply these results directly to the space (D2, W3)
which is also an Alexandrov space with curvature bounded from below, the general theory is unfortunately
not applicable for technical reasons unique to the space of persistence diagrams that will be elaborated
upon, following more in-depth discussions in this section. We borrow the main idea, but need to reconstruct
new results for our specific setting. We begin by outlining some properties of Fréchet means presented by
Le Gouic et al. (2019) and then present our convergence result.

4.1 Metric Properties of Fréchet Means of Persistence Diagrams

Let (S, d) be a geodesic space. Given two tangent vectors [u, s], [v,t] € T.S, [u, s] is said to be opposite to
[v,t]if s=t=0o0r s=1t%#0 and Z,(u,v) = m. Define

H.S ={[u,s] € T,S | 3 [v,t] € T, S opposite to [u, s]}.

Let 0, = [v,0] be the tip of the tangent cone. Note that o, € H,S, thus H.S is nonempty. Alexander et al.
(2022) show that H,S with the inherited cone metric is in fact a Hilbert space when S is an Alexandrov
space with nonnegative curvature. H,S is referred to as the Hilbert subcone of the tangent cone at z.

Let log, be the log map at z. Suppose log,(z) = [vZ,d(z,z)] and log,(y) = [v¥,d(z,y)]. Denote
(log,(x),log,(v)), := d(z,x)d(z,y) cos Z(vZ,vY). Let u be a probability measure on (S, d) with finite second

moment and z, be a Fréchet mean of y. The tangent cone at z, then exhibits the following properties.

Theorem 11. (Le Gouic et al., 2019, Theorem 7) Let (S,d) be an Alexandrov space with nonnegative
curvature. Then

1. At z,, the following equality holds

/ / (log.. (z),log.. (4))-, du(z)du(y) = 0; (10)



2. The Hilbert subcone at z, satisfies log, (supp(p)) C H,S;

8. For any probability measure v with finite second moment and log,, (supp(v)) C H.,S, and any y € S,

/ (log,. (z). 1og,. (1)) du<x>—< / udu#<u>,logz*<y>> | (11)
S H..S

Zx
where vy = (log, )4 (v) is the pushforward measure on H,,S.

For the first property, at any point z € S the following inequality holds

/ / (log, (), 1og. ()= du(z)du(y) > 0

as a consequence of the Lang—Schroeder inequality (Le Gouic, 2020; Lang and Schroeder, 1997). Furthermore,
if z = z, is a Fréchet mean, then we have

/ (log.. (z),log.. (1)), du(z) <0

for all y € S, which yields (10).

For the second property, note that although the Hilbert subcone is defined at any point in S, it can be
trivial as there may not exist a pair of tangent vectors with opposite directions, as in the space of persistence
diagrams, which we formalize below.

Proposition 12. The Hilbert subcone at the empty persistence diagram Dy is trivial with a single point,
i.e., HDw (Dz) = {0D0}~

Proof. For any two nonempty persistence diagrams D1, D2, note that assigning all points to the diagonal
gives a trivial bijection between D; and Dy. We have

Wg(DlaD@) +W§(D27D®) > Wg(DlaDQ)v

meaning that the angle between any two directions at Dy is bounded by 7. Thus, the Hilbert subcone only
consists of the tip op,. O

Thus the second property of Theorem 11 is crucial to guarantee that the Hilbert subcone at the Fréchet
mean is not trivial given that the probability measure is not a Dirac measure at a single point.

Definition 13. Fix z,y € S, the hugging function at z with respect to y is defined as
C2(log. (v),log. (y)) — d*(x,y)
d*(y, 2)

Intuitively, the hugging function at z measures the proximity of S to the tangent cone 7T,S. More
importantly, at the Fréchet mean, we have the following equality.

(@) = 1-

Theorem 14. (Le Gouic et al., 2019, Theorem 8) Let (S,d) be an Alexandrov space with nonnegative
curvature and z, be a Fréchet mean for the probability measure p. Then

gz [ 62 (@) dn(o) = [ (@ (o.y) ~ E(a,20)) dua) (12)
forally € S.

Limitations. The work of Le Gouic et al. (2019) assumes that the hugging function at the barycenter has
a positive lower bound for all points in the entirety of the space. This assumption is closely related to the
bi-extendibility of geodesics, meaning that a geodesic can be extended for a positive amount of time at both
the start and end points. However, in the space of persistence diagrams, no geodesic can extend beyond the
diagonal, which prohibits the direct application of these existing results.
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4.2 Convergence of Empirical Fréchet Means of Flat Groupings

Let p = % Zle D, be a discrete probability measure on Dy, and D1, . .., Dz beii.d. samples from p. Assume
G is an flat grouping for Dy, ..., Dr. By Theorem 9, D, = mean(G) is the unique population Fréchet mean
for p. Let G’ be the induced grouping for D,..., D', i.e., each column (G’)? is the corresponding column
of D;- in G. Since the induced groupings are also flat groupings, D = mean(G’) is thus the unique empirical
Fréchet mean for Df,..., D.

We begin with a computation of the hugging function analogous to Definition 13 for the space of persis-
tence diagrams.

Lemma 15. For any D; € {D1,...,D}, we have

KD.(D;) = k2 (D) =1 (13)

Proof. For any A1,...,Ar > 0 with Z]L:l A; = 1, consider the persistence diagram D such that the off-
diagonal points are given by G = ZZL: y )\jG{ for every selection G;. Let yA () be the geodesic from D, to
Dy. For any 0 < t,s < 1, the optimal matching between v (t) and v/ (s) is given by tG + (1 — )G, —
G + (1 — $)G;. Therefore,

cos Zp, (logp, (Da),logp, (D))
W3 (D, (1) + WE(Ds, a7 (8)) — W3(ya (1), yar ()

= lim
t,5—0 2Wa(Dy, va(t))Wa(Dy, yar (8))
o Dt PG Gl 3 PG - Gl = S G — s — (= )Gl
t,s—0 — ’ —
2ts > IGH = Gil® D IGY — Gill?
1=1 =1

_ Zl:l<GiX - G’i; Gi\l - G’L>
STIGE =Gl D IGY — Gy?
=1 =1

_ WA(D,, D) + W3(D., D) — W3(Da, D)
2W2(D*; DA)WQ(D*v DA/)

By definition of the cone metric (cf. (1)), we have

C. (logp, (Dy),logp, (Dar))
=W3(D4, Dp) + W3(Dy, Dar) — 2Wo(Dy, DA)W3(D,, Dps) cos Zp, (logp_ (Da),logp_ (Da))
=W3(Dy, Da/),

which implies that ﬁgf (Da+) = 1. Specifically, Iig* (Djy=1forallj=1,...,L.
For the hugging function at D, a similar computation gives

W3(D, Dp) + W3(D,Dpr) — W3(Da, D)
cos £p(lop(Da). loap (D)) = == i s 5 |

Thus, the cone metric satisfies C%(logp(Da),logp(Dar)) = W3(Da, Das), which implies mg* (D;) =1 for

allj=1,..., L. O
We now prove the following finite sample convergence rate for flat groupings.

Theorem 16. Let p = + Zle D; be a discrete probability measure on Dy, and D1, ..., Dy be i.i.d. samples
from p. Assume G is an flat grouping for D1,...,Dy. Let D, be the population Fréchet mean and D be the
empirical Fréchet mean. Then

(™)

g

E[W3(D, D)) < —, (14)

where 02 = V(G) is the variance of the grouping.
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Proof. By Theorem 14 and Lemma 15, we have
WH(D., D) = [ (W3(D.. D) ~ W3(D. D)) du(D).
By the equality of (11) in Theorem 11, we have
2WH(D.. D) = [(WH(D.. D) + WH(D.., D) ~ WH(D, D)) du(D)
=2 /WQ(D*7 D)Ws(Dy, D) cos Z,(log, D, log, D) du(D)

=2 /<log*D, log, D), du(D)
= 2<10g*D7 1Og*D>*7

where log, D denotes the mean of the pushforward empirical measure (log,)#u. Note that log*i(supp(u)) C
log, (supp(p)) € H,D,. In the Hilbert subcone, we have W3(D,, D) < C,(log, D, 0,)C,(log,D,0,). Since
Cy(log, D, 0,) = Wa(Dy, D), then E[W3 (D, D)] < E[C2(log, D, 0)].

In Hilbert spaces, we know that the empirical mean log, D converges to the population mean E[(log, ) p] =

04 in the following sense
2

E[C?(log,D.0.)] =

where 0% = /Cf(log*D, 0x)] du(D) = /W%(D, D,)du(D), thus completing the proof.

5 Discussion

In this paper, we introduced the notion of flat groupings for sets of persistence diagrams, which possess
desirable geometric properties that have direct implications on statistical properties in the space of persistence
diagrams. Flat groupings allow us to fill an important gap in the theory of statistical persistent homology
over nearly the past decade. However, in practice, real data often generates persistence diagrams exhibiting
persistence points near the diagonal which can make it difficult to construct flat groupings in practice. Given
a set of persistence diagrams, a future direction of research is to determine an appropriate cropping of off-
diagonal points so that a flat grouping of the persistence points may be constructed, and as a consequence, to
approximate the Fréchet mean. Existing work by Fasy et al. (2014) proposes a statistical approach to crop off-
diagonal points based on the construction of confidence regions around the diagonal; the driving assumption
here is that topological features near the diagonal are considered “noise.” However, more recent work by
Reani and Bobrowski (2021) demonstrates that persistence diagrams with many persistence points near the
diagonal may in fact correspond to datasets (point clouds) with very clear topological signal. The question
of finding an appropriate cropping that preserves “true” signal and concurrently allows the construction of
flat groupings is thus a different question than existing methods of topological signal processing or cropping.

An alternative measure of centrality of data is the median, which may also be defined for persistence
diagrams and has a similar characterization as the Fréchet mean (Turner, 2020). However, understanding
this measure entails an entirely different study, since the median is the minimum of the Fréchet function (2)
with respect to the 1-Wasserstein distance, which would require studying the space (D1, W1). Less is known
about the geometry of (D, W1), since it is not any Alexandrov space of curvature bounded from below or
above (Turner, 2013), thus none of the prior results established by Le Gouic et al. (2019) and used in this
work are applicable; new tools and strategies would need to be constructed.
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