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Abstract Given a distribution o on persistence diagrams and observations

Xi1,..., Xy id p we introduce an algorithm in this paper that estimates a Fréchet
mean from the set of diagrams X1, ..., X,,. If the underlying measure p is a combi-
nation of Dirac masses p = % >, 8z then we prove the algorithm converges to a
local minimum and a law of large numbers result for a Fréchet mean computed by the
algorithm given observations drawn iid from p. We illustrate the convergence of an
empirical mean computed by the algorithm to a population mean by simulations from
Gaussian random fields.

Keywords Persistence diagram - Fréchet mean - Topological data analysis -
Alexandrov space - Persistent homology

1 Introduction

There has been a recent effort in topological data analysis (TDA) to incorporate
ideas from stochastic modeling. Much of this work involved the study of random
abstract simplicial complexes generated from stochastic processes [10-12,14,22,23]
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and non-asymptotic bounds on the convergence or consistency of topological sum-
maries as the number of points increase [2,4,6,19,20]. The central idea in these papers
has been to study statistical properties of topological summaries of point cloud data.

In [16] it was shown that a commonly used topological summary, the persistence
diagram [8], admits a well defined notion of probability distributions and notions
such as expectations, variances, percentiles and conditional probabilities. The key
contribution of this paper is characterizing Fréchet means and variances of finitely
many persistence diagrams and providing an algorithm for estimating them. Existence
of these means and variances was previously shown. However, a procedure to compute
means and variances was not provided.

In this paper we state an algorithm which when given an observed set of persistence
diagrams X1, ..., X,, computes a new diagram which is a local minimum of the
Fréchet function of the empirical measure corresponding to the empirical distribution
pni=n"1 >, 8x,. In the case where the diagrams are sampled independently and
identically from a probability measure that is a finite combination of Dirac masses we
provide a (weak) law of large numbers for the local minima computed by the algorithm
We propose.

2 Persistence Diagrams and Alexandrov Spaces with Curvature Bounded from
Below

In this section we state properties of the space of persistence diagrams that we will use
in the subsequent sections. We first define persistence diagrams and the L?-Wasserstein
metric on the set of persistence diagrams. Note that this is not the same metric as was
used in [16]. We discuss the relation between the two metrics and why we work with the
L2-Wasserstein metric later in this section. We then show that the space of persistence
diagrams is a geodesic space and specifically an Alexandrov space with curvature
bounded from below. We show that the Fréchet function in this space is semiconcave
which allows us to define supporting vectors which will serve as an analog of the gra-
dient. The supporting vectors will be used in the algorithm developed in the following
section to find local minima—the algorithm is a gradient descent based method.

2.1 Persistent Homology and Persistence Diagrams

Consider a topological space X and a bounded continuous function f : X — R.
For a threshold a we define sublevel sets X, = f ~l(—00, a]. For a < b inclusions
X4 C Xp induce homomorphisms of the homology groups of sublevel sets:

10 Hy(X,) — Hp(Xp)

for each dimension ¢. We assume the function f is tame which means that flf_‘s’c is
not an isomorphism for any § > 0 at only a finite number of ¢’s for all dimensions
£ and H,(X,,) is finitely generated for all @ € R. We also assume that the homology
groups are defined over field coefficients, e.g. Z.

By the tameness assumption the image sz‘b = Imfzﬂg’b C H¢(X}p) is indepen-
dent of § > 0 if § is small enough. The quotient group
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B = H/(X,)/F,

is the cokernel of fg_s’a and captures homology classes which did not exist in sublevel

sets preceding X,. This group is called the ¢-th birth group at X, and we say that a

homology class a € H;(X,) is born at X, if its projection onto B{ is nontrivial.
Consider the map

gi” : BY — He(Xp)/F~"

and denote its kernel as DZ’b. The kernel captures homology classes that were born
at X, but at X, are homologous to homology classes born before X,. We say that a
homology class @ € Hy(X,) that was born at X, dies entering X, if its projection
onto DZ’b is 0 but its projection to DZ’b_‘S is nontrivial for all sufficiently small § > 0.

We also call b a degree-r death value of Bf if rankD?’b - ramkDZ’b_‘S =7 > 0 forall
sufficiently small § > 0.

If a homology class « is born at X, and dies entering X, we set b(e) = a and
d(«) = b and represent the births and deaths of ¢-dimensional homology classes by a
multiset of points in R? with the horizontal axis corresponding to the birth of a class,
the vertical axis corresponding to the death of a class, and the multiplicity of a point
being the degree of the death value. The idea of a persistence diagram is to consider
a basis of persistent homology classes {«} and to represent each persistent homology
class o by a point (b(x), d(a)).

The persistence of « is the difference pers(o) = d(«) — b(«). In the general setting
we could have points with infinite persistence which corresponds to points of the form
(—o00, y) or (x, 00). These points are infinitely far from all points on finite persistence
and hence would have to be treated separately. The space of persistence diagrams
would be forced to be disconnected with each component corresponding to the number
of points at infinity. For the sake of clarity we will restrict ourselves to the case
where all classes have finite persistence. This can be achieved by considering extended
persistence but for simplicity we can simply kill everything by setting gZ’b = 0 if
b= SUPyex J(x).

After establishing some notation we can define persistence diagrams and the dis-
tance between two diagrams. Let A = {(x, y) € R? | x = y} be the diagonal in R
Let ||x — y|| be the usual Euclidean distance if x and y are off diagonal points. With a
slight abuse of notation let ||x — A|| denote the perpendicular distance between x and
the diagonal and ||A — A|| = 0.

Definition 2.1 A persistence diagram is a countable multiset of points in R? along
with the infinitely many copies of the diagonal A = {(x,y) € R> | x = y}. We
also require for the countably many points x; € RR? not lying on the diagonal that
2 llxj — Al < oo.

Each point p = (a, b) in a persistence diagram corresponds to some homology

class « with b(o) = a and d(@) = b. As a slight abuse of notation we say that p is
born at b(p) := b(«) and dies at d(p) := d(«).
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We denote the set of all persistence diagrams by D. One metric on D is the L>-
Wasserstein metric

dp(X. 1) = it > x =g M

xeX

Here we consider all the possible bijections ¢ between the off diagonal points and
copies of the diagonal in X and the off diagonal points and copies of the diagonal in
Y. Bijections always exist as any point can be paired to the diagonal. We will call a
bijection optimal if it achieves this infimum.

In much of the computational topology literature the following p-th Wasserstein
distance between two persistence diagrams, X and Y, is used

dw, (X 1) = (inf 3 I —¢(x>||£o)%.

xeX

In [16] the above metric was used to define the following space of persistence diagrams
Dy = {x | dw, (x, %) < oo},

with p > 1 and # is the diagram with just the diagonal. It was shown in [16, Theorems
6 and 10] that D, is a complete separable metric space and probability measures on
this space can be defined. Given a probability measure p on D), the existence of a
Fréchet mean was proven under restrictions on the space of persistence diagrams D,
[16, Theorem 21 and Lemma 27]. The basic requirement is that p has a finite second
moment and the support of p has compact support or is concentrated on a set with
compact support.

In this paper we focus on the L>-Wasserstein metric since it leads to a geodesic
space with some known structure. Thus we consider the space of persistence diagrams

D> ={x | d2(x, ) < oo}

The results stated in the previous paragraph will also hold for D;> with metric d;2,
including existence of Fréchet means. This follows from the fact that for any x, y € R?

I = Yllos < Ix = ¥ll2 < V2[x = Ylloo, 2)

sodw,(X,Y) <d;2(X,Y) < «/Ed% (X, Y). This inequality coupled with the results
in [7] implies the following stability result for the L?-Wasserstein distance.

Theorem 2.2 Let X be a triangulable, compact metric space such that
dw, (Diag(h), @)k < Cx for any tame Lipschitz function h : X — R with Lipschitz
constant 1, where diag(h) denotes the persistence diagram of h, k € [1,2), and Cx
is a constant depending only on the space X. Then for two tame Lipschitz functions
f, g : X = Rwe have
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d;>(Diag(f). Diag(g)) < 2F[CII f — gI%4]?.

where C = Cx max{Lip(f)¥, Lip(g)~}.
For ease of notation in the rest of the paper we denote d;2(X, Y )2 asd(X,Y)%.
Proposition 2.3 For any diagrams X, Y € D;> the infimum in (1) is always achieved.

We prove this proposition in the Appendix.

We now show that the space of persistence diagrams with the above metric is a
geodesic space. A rectifiable curve y : [0, ] — X is called a geodesic if it is locally
minimizing and parametrized proportionally to the arc length. If y is also globally
minimizing, then it is said to be minimal. D; > is a geodesic space if every pair of points
is connected by a minimal geodesic. Now consider diagrams X = {x} and ¥ = {y}
and some optimal pairing ¢ between the points in X and Y. Let y : [0, 1] — D;»
be the path from X to Y where y (¢) is the diagram with points which have travelled
in a straight line from the point (which can be a copy of the diagonal) x to the point
(which can be a copy of the diagonal) for a distance of #||x — ¢ (x)||. In other words,
the diagram with points {(1 — f)x + t¢(x) |x € X}.! y is a geodesic from X to Y.
The proof of this is the observation that ¢tX : X — y(t) where

X () = (1 —D)x +1¢(x) A3)

is optimal.

2.2 Gradients and Supporting Vectors on D; >

We will propose a gradient descent based algorithm to compute Fréchet means. To
analyze and understand the algorithm we will need to understand the structure of D;».
We will show that D is an Alexandrov space with curvature bounded from below
(see [5] for more information on these spaces). This result is not so surprising since
there are known relations between L2-Wasserstein spaces and Alexandrov spaces with
curvature bounded from below [13,21]. The motivating idea behind these spaces was
to generalize the results of Riemannian geometry to metric spaces without Riemannian
structure.

The property and behavior of Fréchet means is closely related to the curvature
of the space. For metric spaces with curvature bounded from above, called CAT -
spaces,” properties of Fréchet means have been investigated and there exist algorithms
to compute Fréchet means [25]. D;2 is not a CAT -space, see Proposition 2.4. D;»
is however an Alexandrov space with curvature bounded from below. Less is known
about properties of Fréchet means in these spaces as well as algorithms to compute
Fréchet means. We use the structure of Alexandrov spaces with curvature bounded

! If both x and ¢ (x) are the diagonal then this is the diagonal. If exactly one of x or ¢ (x) is the diagonal
then we replace it in this sum by the closest point in the diagonal to ¢ (x) or x respectively.

2 Terminology given by Gromov [9] that stands for Cartan, Alexandrov, and Toponogov.
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from below to compute estimates of Fréchet means and provide some analysis of
these estimates. Note that Fréchet means are the same as barycenters which is what is
referred to in much of the literature.

We first confirm that D; > is not a C AT -space.

Proposition 2.4 D; > is not in CAT(k) for any k > 0.

Proof If D;>» € CAT(k) then for all X, Y € D;» with d(X,Y)?> < 7?/k there is
a unique geodesic between them [3, Proposition 2.11]. However, we can find X, Y
arbitrarily close with two distinct geodesics. One example is taking X to be a diagram
with two diagonally opposite corners of a square and Y a diagram with the other two
corners. The horizontal and vertical paths are equally optimal and we may choose the
square to be as small as we wish. O

The following inequality characterizes Alexandrov spaces with curvature bounded
from below by zero [21]. Given a geodesic space X with metric d’ for any geodesic
y :[0,1] - Xfrom X to Y and any Z € X

d(Z,y®)* =td (Z,Y)> +(1 —0)d'(Z, X)*> —t(1 —)d'(X, Y)>. 4)

We now show that D, > is a non-negatively curved Alexandrov space.

Theorem 2.5 The space of persistence diagrams D; > with metric d given in (1) is a
non-negatively curved Alexandrov space.

Proof First observe that D; > is a geodesic space. Let y : [0, 1] — D; 2 be a geodesic
from X to Y and let Z € D;> be any diagram. We want to show that the inequality
(4) holds.

Let ¢ be an optimal bijection between X and Y which induces the geodesic y.
Thatis y(t) = {(1 — )x +t¢p(x) |x € X} and defined ¢; () = tx + (1 — )P (x) as
done in (3). Let ¢’Z : Z — y(t) be optimal. Construct bijections ¢§ :Z — X and
@Y Z — Ybyds = ()" 0 p, and ¢}, = ¢ o ¢ . There is no reason to suppose
that either bijections d)%( or ¢§ are optimal. Note that if ¢’Z (z) = A then d)%( ()=A
and ¢ (2) = A.

From the formula for the distance in D;> we observe

d(Z,y ) =D llz= 5@ =D llz — [(1 = % @) + o5 (DI,

€Z zeZ

d(Z.Y)* <> Iz — oy @I

zeZ

d(Z, X <D lz—¢5 @I

z€Z

d(X,Y)* =D 165 (@) —@; IP =D 1165 () — o3>

z€Z zeZ

(&)
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Euclidean space has everywhere curvature zero so for each z in the diagram Z, and
all r € [0, 1], we have

Iz —[(1 — )¢5 (2) + 15 DI = tlz — dL@I* + (1 = Dllz — ¢ ()12
—t(1 = 1)llp3 (2) — dF ).

Combining these equalities with inequalities (5) gives us the desired result. O

2.3 Properties of the Fréchet Function

Given a probability distribution p on D2 we can define the corresponding Fréchet
function to be

F:D—»R, Y / d(X,Y)*dp(X).
D>

L
The Fréchet mean set of p is the set of all the minimizers of the map F on D;». If
there is a unique minimizer then this is called the Fréchet mean of p. The variance is
then defined to be the infimum of the above functional.
We will show that the Fréchet function has the nice property of being semicon-
cave. For an Alexandrov space €2, a locally Lipschitz function f : @ — R is called
A-concave if for any unit speed geodesic y in €2, the function

foy(t)—r?)2

is concave. A function f : 2 — R is called semiconcave if for any point x € €2 there
is a neighborhood 2y of x and A € R such that the restriction f|q_is A-concave.

Proposition 2.6 [fthe support of p is bounded (as in has bounded diameter) then the
corresponding Fréchet function is semiconcave.

Proof We will first show that if the support of a probability distribution p is bounded
then the corresponding Fréchet function is Lipschitz on any set with bounded diameter.
We then show that for any unit length geodesic y and any X € D;> the function

gx(s) == d(y(s), X)* — s

is concave. We then complete the proof by showing the Fréchet function F is
2-concave at every point (and hence F is semiconcave) by considering F'(y (s)) — s2
as [ gx (s)dp(X).

Let U be a subset of D;> with bounded diameter. This means that there is some K
such that for any Y € U we have fd(X, Y)dp(X) < K. Here we are also using that
the support of p is bounded. Let Y, Z € U. Then
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|F(Y) = F(2)| = | / d(X,Y)* —d(X, 2)*dp(X)|
= | / d(X,Y) —d(X, Z)(d(X, Z) + d(X, Y))dp(X)|

< /(d(Z, Y)(d(X, Z) +d(X,Y))dp(X).

=2Kd(Z,7).
Let y be a unit speed geodesic and X € D;.. Consider the function
gx(s) = d(y(s), X)* =52,

We want to show that gy is concave which means that gx (tx + (1 —1)y) > tgx(x) +
(1 —t)gx(y). Let y(¢) be the geodesic from y (x) to y (y) traveling along y so that
y((1 —t)x +ty) =y() fort € [0, 1] and

tgx(x) + (1 — )gx () = td(7(0), X)* + (1 = )d (7 (1), X)* — tx* — (1 — 1)y*
<dF®). X)* +1(1 = Hd(F(0), 7(1)* — tx* — (1 — 1)y*
=d7(1), X)* +t(1 —t)(x — y)* —tx* — (1 — 1)y?
= d(F(1), X)* — (tx + (1 = 1)y)?
=gx(tx+ 1A —-1)y).
The inequality comes from the defining inequality (4) that makes D; > a non-negatively
curved Alexandrov space.

By the construction of gx we can think of F(y(s)) — 52 as ng(s)dp(X). This
means that we can write

tHF(y(x) — 21+ A = D[F(y») — y1= / tgx(x) + (1 — Dgx (»dp(X).

The concavity of gx ensures that rgx(x) + (I —#)gx(y) < gx(x + (1 —t)y) and
hence

tHF(y(x) — X214+ 1 = DIF(y () —y*1 < / gx(tx + (1 = 0y)dp(X)
=F(x+ 0 —=0y) — (tx+ 1 =1y
O

We now define the additional structure on Alexandrov spaces with curvature bounded
from below that we will need to define gradients and supporting vectors. This exposi-
tion is a summary of the content in [21,24].

Given a point Y in an Alexandrov space A with non-negative curvature we first
define the tangent cone Ty. Let Sy be the set of all nontrivial unit-speed geodesics
emanating from Y. For y, n € Sy the angle between them defined by
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Ly(y,n) := arccos | lim 52+ 12 —d(y(s), n(1))?
y(y,n): lim, -

) € [0, 7],

when the limit exists. We define the space of directions (Xy, Zy) at Y as the completion
of y/ ~ with respect to Zy, where y ~ n if Ly (y, n) = 0. The tangent cone Ty is
the Euclidean cone over Xy:

Ty := Xy x [0, 00)/ 2y x {0}
dr, ((y,8), (0, 0)% := s> 4+ 1% = 2stcos Ly (y, n).

The inner product of u = (y, s), v = (n,t) € Ty is defined as

1
(u, v)y :=stcosLy(y,n) = E[s2 +12— dry (u, V)Z].

A geometric description of the tangent cone Ty is as follows. Y € D; 2 has countably
many points {y;} off the diagonal. A tangent vector is a set of vectors {v; € R?} one
assigned to each y; along with countably many vectors at points along the diagonal
pointing perpendicular to the diagonal such that the sum of the squares of the lengths
of all these vectors is finite. Observe that there can exist tangent vectors such that
the corresponding geodesic may not exist for any positive amount of time. The angle
between two tangent vectors is effectively a weighted average of all the angles between
the pairs of vectors.

We now define differential structure as a limit of rescalings. For s > 0 denote the
space (A, s - d) by s.A and define the map iy : s. A — A. For an open set 2 C A and
any function f : € — R the differential of f ata point p € Qisamap 7, — Ris
defined by

dpfzsl_i)rgos(fois—f(p)), foig:sA—R.

For semiconcave functions the above differential is well defined and we can study
gradients and supporting vectors.

Definition 2.7 (Gradients and supporting vectors) Given an open set 2 C A and a
function f : 2 — R we denote by V, f the gradient of a function f ata point p € Q.
V,, f is the vector v € T), such that

(i) dpf(x) <{(v,x)foralx €T,

(i) dp f(v) = (v, v).
For a semiconcave f the gradient exists and is unique (Theorem 1.7 in [15]). We say

s € Ty is a supporting vector of f at p if d, f(x) < —(s, x) for all x € T),. Note that
—V,, f is a supporting vector if it exists in the tangent cone at p.

Lemma 2.8

(i) If s is a supporting vector then ||s|| = |V, f1.
(1) If p is local minimum of f and s is a supporting vector of f at p then s = 0.
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Proof (i) First observe that from the definitions of V, f and supporting vectors we
have

<fov vpf) = dpf(vpf) < —{(s, fo>~

We also know that
0<(Vpf+s,Vpf+s)=(Vpf,Vpf)+2(Vpf,s)+(s,5).

These inequalities combined tell us that 0 < —(V,, f, V), f) + (s, 5).

(ii) If p is a local minimum of f then dj, f(x) > O for all x € T,. In particular
dp(s) = 0. Since s is a supporting vector —(s, s) > d), f(s) > 0. This implies
(s,s) = 0and hence s = 0. O

We care about gradients and supporting vectors because they can help us find local
minima of the Fréchet function. Indeed a necessary condition for F to have local
minimum at ¥ is s = 0 for any supporting vector s of F at Y. Since the tangent
cone at Y is a convex subset of a Hilbert space we can take integrals over probability
measures with values in 7y. This allows us to find a formula for a supporting vector
of the Fréchet function F.

Proposition 2.9 Let Y € D;». For each X € D;» let Fx : Z — d(X, Z)>.

(1) Ify is a distance achieving geodesic from Y to X, then the tangent vector to y at
Y of length 2d(X, Y) is a supporting vector at Y for Fyx.

(i1) Ifsx isasupporting vectoratY for the function Fx foreach X € supp(p) thens =
f sxdp(X) is a supporting vector at Y of the Fréchet function F corresponding
to the distribution p.

Proof (i) Let y be a unit speed geodesic from Y to X. Consider the tangent vector
sx = (y,2d(X,Y)). Let y(¢); denote the point in y (¢) that is sent to x; € X. Since y
is a distance achieving geodesic we know that

inf F— ()| = : — y0);]1> = Fx(Y).
5 nf Z i — ¢ x| Z llxi — v (O)ilI* = Fx(¥)
To show dy Fx (v) < (sx, v) for all v € Ty it is sufficient to consider vectors of the
form (y, 1) where y is a unit speed geodesic starting at Y. Let y (¢); denote the point
in y(¢) which started at v (0);. This means that x; — y(¢); is a bijection from X to
y(t) and

d
dy Fx(v) = 7 Fx(y(1)

=0
i XG0 = Fx ()
= 1um
t—0 1
iy [ lxi =) = llxi —y0)il* ¢ : X — (1)}
t—0 t
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iy 2 = POl = lxi =y O

T =0 t
— lim D7) — 7@ill* = 217 0); — 7(@)illllxi — ¥ (0);]l cos 6;
t—0 t

where 6; is the angle between the paths s — y(s); and f — y(¢); in the plane. Now

i —v(0);
llxi =y ©)ill = lly (@(X, Y))i — y (O]l = d(X, Y>M

forall s > 0 and |7 (0); — 7(2);|I*> = t2]|7(0); — 7(1);||*> for all 7. This implies that

27 ®i =y O)illly (s)i — v (0)ill coso;

dy Fx(v) < —2d(X, Y) lim
t,s)0

st
Recall from our construction of the tangent cone that
(v, sx)=2d2(X, Y) cos(Ly (v, ¥))
2442 =) 2
—2d(X. Y)( lim ST —d (). (@) )
5,600 2st
_od(x. Y)( lim Z||y<s>,-—y(0>,-||2+||f(z>i—f(0>||2—||y(s>,-—f(r)inz)
5,040 2st
—2d(X, Y)( lim 27 @i = 7 @illlly ()i — v O] cosé’i)‘
t,s10 st

By comparing these equations we get dy Fx (v) < —(v, sx) and thus we can conclude
Sx 1s a supporting vector.

(i) Now let sx be any supporting vector of Fy. By its definition we know that
dy Fx(v) < —(sx, v) for all v € Ty and hence

ay P = [dvFe@idp(0 < [ (w00 dpx) = ~{ [ sxdo 0.,

O

In the following section we provide an algorithm that computes a local minimum of
a Fréchet function using a gradient descent procedure. The above results will be used
since computing a supporting vector of Z — d(X, Z)? can be significantly easier and
faster than computing a supporting vector of F itself

3 Finding Local Minima of the Fréchet Function

In this section we state an algorithm that computes a Fréchet mean of a finite set of
persistence diagrams with finitely many off diagonal points, and examine convergence
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properties of this algorithm. We will restrict our attention to diagrams with only finitely
many off-diagonal points with multiplicity of the points allowed.

Given a set of persistence diagrams {X;} ; a Fréchet mean Y is a diagram that
satisfies

min [F,,, = / d(X, Y)2d,om(X)],
YEDLZ
D

L2
with the empirical measure p,, :=m~! > 8x,.

We employ a greedy search algorithm based on gradient descent to find a local
minimum. A key component of this greedy algorithm (see Algorithm 1) consists of a
variant of the Kuhn—Munkres (Hungarian) algorithm [18].

The Hungarian algorithm finds the least cost assignment of tasks to people under
the assumption that the number of tasks and people are the same. The input is the
cost for each person to do each of the tasks. Suppose we have two diagrams X and
Y each with only finitely many off diagonal points. Consider as many copies of the
diagonal in X and Y to allow the option of matching every off diagonal point with the
diagonal. We can think of the points and copies of the diagonal in X as the people
and the points and copies of the diagonal in Y as tasks. The cost of x € X doing task
y € Y is |lx — y||>. The total cost of an assignment (or in other words bijection) ¢ of
tasks to people is D"y [lx — ¢ (x) |2. The Hungarian algorithm gives us a bijection
¢ that minimizes this cost. This means it gives an optimal pairing between X and Y.

We would like to use the arithmetic mean of points in the plane and some number
of copies of the diagonal. If x1, ..., x,, are points in R? then there arithmetic mean
w= % > | x; is the choice of 7 that minimizes the sum "7, ||z—ux;||>. If x; = A for
all i then the arithmetic mean is set to be A. The final case, without loss of generality,
is when x1, ..., x; are all off diagonal points and x41, ..., X, are all the diagonal.
Let w be the normal arithmetic mean of x1, ..., xx and let wa be the closest point on
the diagonal to w. We set

W W E (m = Dwa
m

to be the arithmetic mean of xi, ..., x,. This is the choice of z that minimizes
Z?":l [z — x; ||2. We use an operation mean;—i, (xl-] ) that computes the arithmetic
mean for each pairing over the diagrams.

Suppose Y is our current estimate for the Fréchet mean. Using the Hungarian
algorithm we compute optimal pairings between Y and each of the X;. We denote

these pairings as {(y/, xl:’ )}JJ.i: | Where J; is the number of off diagonal in X; and ¥
combined. For each y; # A we then consider all the x;;. Let y~/ be the arithmetic
mean of the x;;. Whenever in our pairings {(yf , xij )}]J."= | weseea (A, xij ) we think
this as a different copy of the diagonal as in any pairing between Y and Xy with k # i.
We would be using the arithmetic mean of m — 1 copies of the diagonal and xl.j . Let

Y’ be the diagram with points y/. We will show later that if ¥ = Y’ then Y is a local
minimum of the Fréchet function. Otherwise we chose Y’ to be our current estimate.
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The basic steps of Algorithm 1 is to:

(a) randomly initialize the mean diagram. For example we can start at one of the m
persistence diagrams or the midway point of two of the m diagrams;

(b) use the Hungarian algorithm to compute optimal pairings between the estimate of
the mean diagram and each of the persistence diagrams;

(c) update each point in the mean diagram estimate with the arithmetic mean over all
diagrams—each point in the mean diagram is paired with a point (possibly on the
diagonal) in each diagram;

(d) if the updated estimate locally minimizes Fj, then return the estimate otherwise
return to step (b).

Algorithm 1: Algorithm for computing the Fréchet mean Y from persistence
diagrams X1, ..., Xp.

input : persistence diagrams {Xq, ..., X;;}

return: Fréchet mean (Y}

Draw i ~ Uniform(1,...,n); /* randomly draw a diagram x/
Initialize Y < X;; /* initialize Y */

stop < false ;
repeat
K =1Y|; /* the number of non-diagonal points in Y */
for i=1,..., mdo
(yj,xij) < Hungarian(Y, X;) ; /* compute optimal pairings between each
X; and Y using the Hungarian algorithm */
for j=1,...K do
yi <—mean,‘:1,_,,m(xij) /* set each non-diagonal point in Y to the
arithmetic mean of its pairings */

if Hungarian(Y, X;) = (y;, xi/) then stop <— true /* The points in the updated Y
are optimal pairings w.r.t. each X; */

until stop=true;

return: Y

An alternative to the above greedy approach would be a brute force search over
point configurations to find a Fréchet mean. One way to do this is to list all possible
pairings between points in each pair of diagrams. Then compute the arithmetic mean
for all such pairings. One of these means will be a Fréchet mean. While this approach
will find the complete mean set its combinatorial complexity is prohibitive.

3.1 Convergence of the Greedy Algorithm

The remainder of this section provides convergence properties for Algorithm 1. By
convergence we mean that the algorithm will terminate at some point having found
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a local minimum. The reason for this is that at each iteration the cost function Fj,
decreases, at each iteration the algorithm uses a new set of pairings, and there are only
finitely many combinations of pairings between points in the diagrams.

We first develop necessary and sufficient conditions for a diagram Y to be a local
minimum of a set of persistence diagrams. We define F; (Z) :=d(Z, X; )2, the Fréchet
function corresponding to dy,. This allows us to define the Fréchet function as F' =
% > | F; corresponding to the the distribution % > 8x;

The following lemma provides a necessary condition for a diagram to be a local
minimum of F. This condition is the stopping criterion in Algorithm 1.

Lemma 3.1 IfW = {w;} is a local minimum of the Fréchet function F = % Z';’:l F;
F thenthere is aunique optimal pairing from W to each ofthe X ; whichwe denote as ¢
and each w; is the arithmetic mean of the points {¢ j (w;)} j=12,....m. Furthermore if wy
and wy are off-diagonal points such that |wi — wy || = 0 then ||¢pj(wi) — ¢ (wp)]| =0
for each j.

Proof Let ¢; be some optimal pairings (not yet assumed to be unique) between ¥ and
X j and let 5; be the corresponding vectors in the tangent cone at Y that are tangent to
the geodesics induced by ¢; and are of length d (X j, Y). The 2s; are supporting vectors
for the functions F;(Y) = d(Y, Xj)2 by Proposition 2.9, so we have % 27’:1 sjisa
supporting vector of F.

From Lemma 2.8 we know that % > /=1 5j = 0. Since at each w; the s; gives the
vector from w; to ¢;(w;), Z’};l sj = 0 implies that w; is the arithmetic mean of the
points {¢;(w;i)}j=1.2,...m-

Now suppose that ¢ and ¢ are both optimal pairings. By the above reasoning we
have %(fk + 2 s) =0 = % > /-1 sj and hence s; = s¢. This implies that
||q§k (w;) — ¢x(w;)|| = 0 for all w; € W. In particular, for off-diagonal points wy and
w; with [|wg —w; | = 0 and ¢ an optimal pairing, we can consider the pairing ¢y with
wy and w; swapped. Since ||¢;k(wl-) — ¢r(w;)|| = 0 for all w; € W we can conclude
that ||@; (wi) — ¢ (wp)|. a

We now prove that the above is also a sufficient condition for W to be a local
minimum of F when F is the Fréchet function for the measure % > 8x; withe the
diagrams X; each with finitely many off-diagonal points. This requires a result about
a local extension of optimal pairings.

Proposition 3.2 Let X and Y be diagrams, each with only finitely many off diagonal
points, such that there is a unique optimal pairing ¢§ between them and no off diagonal
point in X matches the diagonal in Y. We further stipulate that if yi and y, are off-
diagonal points with ||yx — yi|| = 0 then [[(pX) " () — (@X) " ()|l = 0. There is
some r > 0 such that for every Z € B(Y, r) there is a unique optimal pairing between
X and Z and this optimal pairing is induced from the one from X to Y. By this we
mean there is a unique optimal pairing ¢>5 from Y to Z and that the unique optimal
pairing from X to Z is qb% o ¢>§.

Furthermore, if X1, Xa, ..., X, andY are diagrams with finitely many off-diagonal
points such that there is a unique optimal pairing d)};i between X; and Y for eachi with
the same conditions as above, then there is some r > 0 such that for every Z € B(Y,r)
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there is a unique optimal pairing between each X; and Z and this optimal pairing is
induced by the one from X; to Y.

Proof Since Y has only finitely many off-diagonal points there is some ¢ > 0 such
that for every diagram Z with d(Y, Z) < ¢ there is a unique geodesic from Y to Z.

For each bijection ¢ of points in X to points in Y, define the function g4 between
X and points in B(Y, ¢) by setting

(X, 2) = D x — dF (@(DI* + > llz — Al%,

xeX {zeZ:(¢pZ) 1 (2)=A)

where qﬁg is the optimal pairing that comes from the unique geodesic from Y to Z.
First note that g¢(X, Z) < > .y llx — ¢f(¢ ()12 +d(Y, Z)2. Since there are only
finitely many points in X and Y there is abound M on ||x — ¢ (x)||+&. M is abound on
llx — ¢Z (¢ (x))]| for all x and all ¢. We also know [|¢Z (¢ (x)) — ¢ (x)|| < d(¥, Z) for
all x € X. Let K be the number of off-diagonal points in diagrams X and ¥ combined.

gp(X, Z) < D" llxi — o7 (pi)I> +d(Y, 2)?
< D (lx =W+l x) — ¢ () +d(Y, 2)?

xeX

< D Ux = dWI* + 1) — ¢F (P

xeX

+2lx — ¢Wl$(x) — ¢7 B +d(Y, Z)
< g5(X,Y) +2d(Y, 2)*> +2Md(Y, Z) K.

Similarly
20(X,Y) < gs(X,Z) +2d(Y, Z)*> + 2MKd(Z,Y).

Let ¢§ be the optimal pairing from X to Y which is assumed to be unique in the

statement of the proposition. Let qAﬁ be another bijection of points in X to points in
Y. Since there are only finitely many off-diagonal points in X and Y there are only
finitely many possible ¢. Set

B = min {gqg(X, Y) — gy (X, Y)} = min {gq;(x, Y)—d(X,Y)%}
d#0% PFdy

which must be positive as ¢§ is uniquely optimal by assumption.
Choose r > 0 such that 4r> + 4MKr < B. Now suppose that go(Z,X) =<
84! (Z, X) for some Z € B(Y, r). This will imply that
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86(X.Y) < go(X,2) +2d(Y, 2)* + 2MK d(Z,Y)
< gy (X.Y) +4d(Y, 7)Y +4MK d(Y, Z)

which contradicts our choice of S.

Now suppose X1, X2, ..., X, and Y are diagrams with finitely many off diagonal
points such that there is a unique optimal pairing qb}?i between X; and Y for each i.
By the above argument there are some rq, 7, ..., 7, > 0 such that for each i and
for every Z € B(Y, r;) there is a unique optimal pairing between each X; and Z and
this optimal pairing is induced by the one from X; to Y. Take r = min{r;} which is
positive. O

The following theorem states that Algorithm 1 will find a local minimum on termi-
nation.

Theorem 3.3 Given diagrams {X1, ..., X} and the corresponding Fréchet function
F, then W = {w;} is a local minimum of F if and only if there is a unique optimal
pairing from W to each of the X j denoted as ¢; and each w; is the arithmetic mean
of the points {¢p;(w;)}j=12,...m-

Proof In Lemma 3.1 we showed that it it is a necessary condition.

Given m points in the plane or copies of the diagonal, {x1, x2, ..., X}, the choice
of y which minimizes 2?1:1 lx; — y|I? is the arithmetic mean of {x|, ..., x,}. Asa
result we know that F(Z) > F(W) for all Z with the same optimal pairings as W to
X1, X2, ..., Xj. Since there is some ball B(W, r) such that every Z € B(W, r) has
the same optimal pairings as W, by Proposition 3.2, we know that F'(Z) > F (W) for
all Z in B(W, r). Thus we can conclude that W is a local minimum. O

4 Law of Large Numbers for the Empirical Fréchet Mean

In this section we study the convergence of Fréchet means computed from sampling
sets to the set of means of a measure. Consider a measure p on the space of persistence

. . . . iid
diagrams Dy ». Given a set of persistence diagrams {X;}_; ~ p one can define an

empirical measure p, = % > k-1 8x,. We will examine the relation between the two
sets

Y={ min [F - / d(X, Z)2dp(X)]},

ZGDLQ
DL2
Y, ={ min [Fn = / dX, Z)zd,On(X)]},
ZEDLZ
D,»

L

where Y and Y, are the Fréchet mean sets of the measures p and p, respectively.
We would like prove convergence of Y, to Y asymptotically with n—a law of large
numbers result.
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There exist weak and strong laws of large numbers for general metric spaces (for
example see [17, Theorem 3.4]). These results hold for global minima of the Fréchet
and empirical Fréchet functions F and F},, respectively. It is not clear to us how to
adapt these results to the case of Algorithm 1 where we can only ensure convergence
to a local minimum. It is also not clear how we can adapt these theorems to get rates
of convergence of the sample Fréchet mean set to the population quantity.

In this section we provide a law of large number result for the restricted case where
p is a combination of Dirac masses

1 m
p= E;az”

where Z; are diagrams with only finitely many off diagonal points and we allow
for multiplicity in these points. The proof is constructive and we provide rates of
convergence.

The main results of this section, Theorem 4.1 and Lemma 4.2, provide a proba-
bilistic justification for Algorithm 1. Theorem 4.1 states that with high probability
local minima of the empirical Fréchet function F, will be close to local minima of the
Fréchet function F. Ideally we would like the above convergence to hold for global
minima, the Fréchet mean set. The condition of Lemma 4.2 states that the number
of local minima of F), is finite and not a function of n. This suggests that applying
Algorithm 1 to a random set of start conditions can be used to explore the finite set of
local minima.

Theorem 4.1 Set p = % DL 8z, where Z; are diagrams with finitely many off

diagonal points with multiplicity allowed. Let F be the Fréchet function corresponding
id

to p and Y be a local minimum of F. Set {X;}7_, i p, and denote the corresponding

empirical measure p, = rll > i—1 8x, and Fréchet mean function F,. There exists a

local minimum Y, of F,, such that with probability greater than 1 — §

5 m2F Y) m

dy, vt = == (%),
n )

for n > 8mlin% and @ In (%) < r2 where r characterizes the separation

between the local minima of F.

Proof The empirical distribution is

1 n 1 m
Pn = ;kZ;(SXk = EZ]“&SZ”
= i=

where &; is the random variable that states the multiplicity of each Z; appearing in

the empirical measure, |{k : X = Z;}|. Observe that &1, &, ..., &, can be stated as
1 1

a multinomial distribution with parameters n and p = (% S )
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We will bound the probability that |§; — -~ > e~ forany i = 1,2,...,m. We

then will show that under the assumption that [§; — 7| < e-- foralli =1,2,...,m
e2mF(Y)
(1-¢)? *
For each i, & ~ Bin(n, %) and n — & ~ Bin(n, 1 — l) Using Hoeffding’s

inequality we obtain Pr [£ — 2 < —eZ] < Lexp(— 28 1) and

for sufficiently small ¢ > O there is a local minimal Y,, with d(Y, Y,)? <

Prlei— 2 zel]=Prl-6)——2)<—e| <

m
Together they show that Pr[|& — 2| > e2] < exp(—2il—”) implying the bound

2
Pr[|§,~—1| <8£f0ralli=1,2,...,m] Zl—mexp(—Zg—n).
m m m

From now on we will assume that |&; — % | < ¢ r% foralli =1, 2, ..., m.Letusconsider
our algorithm for finding a local minimal of F), starting at the point Y. We first define

some notation. We denote the points in Y by {yj}le. We denote by z{ = ¢>§" )
the point in Z; that y; is paired to in the (unique) optimal bijection between Y and

Z;. Recall that the zj could be the diagonal but from our assumption that Y is a local
minimum no off d1agona1 point in any Z; is paired with the d1agonal inY.

Let (a b ) be the coefficients of the vector from y; to z in the ba51s of R? given
by (= f f) and (— f f) This basis has the advantage that when z/ z; is the diagonal

then a =0and bj =d(yj, A). From our assumption that ¥ is a local minimum we
know that >, a/ = 0and X7, bij = 0 for all j and

F(Y) =

J m
ZZ (aj)2+(b1 )

j=1i=l

I~

For the moment fix j. Without loss of generality reorder the Z; so that the first k (with
1 <k <m)ofthe z{ are off the diagonal and the remained are copies of the diagonal.
Let y;‘ be the point in R? given by

v+ (et e o) (G ) (2 (- )

By construction this y;? is the weighted arithmetic mean of the zlj where we have

weighted by the &; taking into account that when i > k then z{ is the diagonal.
Under our assumption that |§ — %| < 8’% foralli = 1,2,...,m and using

>k val =0=3", bij we know that
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k

! VN

lyj — ||2 PR +$k)2(2glaj) +n_2(;€ibi])
= ! - ny jve, 1 " N 2
= (sl+$2+,,,+é§k)2(izl‘,(éi—n—1)ai) +n_2(2(&__) )

1 e2n? (&
() 322 ()
2
(m—E)Z( Z(a])2+(bj)2)

Set Y, to be the diagram with off-diagonal points { y}? } ]J.zl . Using the pairing between
Y and Y, where we pair y; with y;' we conclude that

M\

Ay, Y,) <> Ny = YiI?

1

~.
~ |

g2

< me ( (al)? + whﬁ
(11— )2 \m Z

~
Il

m82

(1_8)2FY

=

Setd =mexp (— 2827") and solve for &. This provides the bound that with probability
greater than 1 — §

2

d. vt < ™ED (ﬁ) L
2n (1 —¢)?

For ¢ € [0, .25] it holds that (1 —&)~2 <2 and n > 8mIn T implies & < .25.

We want to show that Y, is a local minimum for sufficiently small ¢. Indeed it will
be the output of Algorithm 1 given the initializing diagram of Y. Since Y is a local
minimum, Proposition 3.2 implies that there is a ball around Y, B(Y, r), such that
for every diagram in B(Y, r) there is a unique optimal pairing with each Z; which
corresponds to the unique optimal pairing between Y and Z;. That is ¢>)Z(" = ¢§, o qbg i

forall X € B(Y, r).Fore > Osuch that % < r*wehave?, € B(Y, r).Plugging
in for ¢ results in @ In (%) < r?.

This implies that gbg; = ¢;’n o qbf" is the unique optimal pairing between Y, and Z;
for all i and hence ¢§n b= ¢§,’n o d);( * for each of the sample diagrams X;. If X, = Z;
then

Sr ) = Bl 0 $F () = dF () = 2.
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By construction y7 is the weighted arithmetic mean of the le (weighted by the &;),

and hence y? is the arithmetic mean of the x,f. By Theorem 3.3 Y, is local minimum.
O

The above theorem provides a (weak) law of large numbers results for the local
minima computed from n persistence diagrams but it does not ensure that the number
of local minima is bounded as n goes to infinity. The utility of such a convergence
result would be limited if the number of local minima could not be bounded. The
following lemma states that the number of local minima is bounded.

Lemma 4.2 Let p = % > 8z, as before. Let p, = % > i_10x, be the empirical
measure of n points drawn iid from p and F, is the corresponding Fréchet function.
The number of local minima of F,, is bounded by [ |7, (ki + Dkitkatkn)  Here k; is
the number of off-diagonal points in the i-th diagram. This bound is independent of n.

Proof Set Y, as alocal minimum of F},. This implies there are unique optimal pairings
¢; between Y, and X; for each i and that any point y in Y}, is the arithmetic mean of
{¢:(y)}. Since the optimal pairing is unique, if X; = X; then ¢ = ¢;. This in turn
means that the ¢; are determined by which of Z; are in the set X ; (with multiplicity).
This implies that the number of local minima is bounded by the number of different
partitions into subsets of the points in the UX; so that each subset has exactly one
point from each of the X ;. The number of subsets is bounded by k1 + kz + - - - + ky,
and for each subset there is a bound of [/, (k; 4+ 1) on the choices of which element

to take from each of the X;. Thus the number of different partitions is bounded by
Hzm—l(ki + 1)kitkatethn) O

We would like to discuss not only the convergence of local minima but also the
convergence of the Fréchet means. We can do this in the case when there is a unique
Fréchet mean.

Lemma 4.3 Let p = % > 8z as before. Suppose further that the corresponding
Fréchet function F has a unique minimum. Let p, = },ZZ:l dx, be the empirical
measure of n points drawn iid from p and F, is the corresponding Fréchet function.
LetY be the Fréchet mean of F and Y, the set of Fréchet means of F,,. With probability
1 the Hausdorff distance between Y, and Y goes to zero as n goes to infinity.

Proof 1t is sufficient for us to show for each r > 0 that with probability 1 there is
some N, such that Y,, C B(Y,r) foralln > N,.

Fix r > 0. Suppose there does not exist some N, such that Y, C B(Y,r) for
all n > N,. Then there is some sequence of W,, € Y, such that d(W,,,Y) > r.
The set {W,, } is clearly bounded, off-diagonally birth—death bounded and uniform
and hence precompact. This implies that (W, ) has a convergent subsequence (Wy, ).
Let W denote the limit of this sequence. Since d (Wnkj, Y) > r for all j we have
dW,Y) >r.

By the arguments in Proposition 2.6 there is some K independent of n such that
Fy is K-Lipschitz in B(W, 1) and hence |F,, ,(Wy, ;) — Fn; (W)| = Kd(Wy,;, W)
for large j. Hence, for all ¢ > 0 we can say that Fnk,- w) < Fnkj(Wnkj) + & for
sufficiently large ;.
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The law of large numbers tells us that F,,(W) — F(W) and F,,(Y) — F(Y) as
n — oo with probability 1. Hence for all ¢ > 0 we know that with probability 1 both
F(W) < F,(W)+ ¢ and F,(Y) < F(Y) + ¢ for sufficiently large n.

From our assumption that Wnkj is a Fréchet mean of Fnk,- we know that
Fary(Way) < Fu, (Y) for all j.

Let ¢ > 0. Combining the inequalities above we conclude that with probability 1

F(W) < Foy (W) + ¢ < Fyy (Wy, ) + 26 < Fyy (Y) +2¢ < F(Y) + 3¢,

for j sufficiently large. Since ¢ > 0 was arbitrary we obtain F(W) < F(Y) which
contradicts the uniqueness assumption about the Fréchet mean. O

5 Persistence Diagrams of Random Gaussian Fields

We illustrate the utility of our algorithm in computing means and variances of persis-
tence diagrams in this section via simulation. The idea will be to show that persistence
diagrams generated from a random Gaussian field will concentrate around the diago-
nal with the mean diagram moving closer to the diagonal as the number of diagrams
averaged increases.

The persistence diagrams were computed from random Gaussian field over the unit
square using the procedure outlined in Sect. 3 in [1]. The field generated is a stationary,
isotropic, and infinitely differentiable random field. The Gaussian was set to be mean
zero and the covariance function was R(p) = exp(—a| p||?) where @ = 100. A few
hundred levels in the range of the realization of the field were taken for each level a
simplicial complex was constructed. This was done by taking a fine grid on the unit
square and including any vertex, edge or square in the complex if and only if the
values of the field at the vertex or set of vertices (for the edge and square cases) were
higher than the level. The complex increases as the level decreases which provides
the filtering and from which birth—death values of the diagram were computed. We
obtained from Subag 10,000 such random persistence diagrams generated as described
above. These diagrams contain points with infinite persistence, we ignore these points.
Using extended persistence in computing the diagrams would address this issue.

In Fig. 1 we display the mean diagram of sets of 2, 4, 8, 16, 32, 64, 128 diagrams
randomly drawn from the 10,000 diagrams. This is done for both dimensions zero
and one. We wanted to see that as the number of diagrams being averaged increases
the Fréchet means converged. To quantify this concentration we took ten draws of
2,4,8,16, 32, 64, 128 diagrams from the 10,000 diagrams and considered the distri-
bution % Z}gl dx; where X; where the Fréchet means of each of the sets of samples.
We then computed the variance of these distributions as documented in Table 1.

6 Discussion
In this paper we introduce an algorithm for computing estimates of Fréchet means

of a set of persistence diagrams. We demonstrate local convergence of this algorithm
and provide a law of large numbers for the Fréchet mean computed on this set when
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Fig. 1 The top two rows plot the mean persistence diagram for dimension zero. Each figure contains four
means computed from the number of diagrams specified in the figure title. Each mean is computed from a

different random sample of diagrams and is plotted in a different color. The bottom two rows are the sample
plots for dimension one

the underlying measure has the form p = m™! >, 8x;, where X; are persistence

diagrams. We believe that generically there is a unique global minimum to the Fréchet
function and hence a unique Fréchet mean but this needs to be shown.
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Table 1 Variance of the sample

Fréchet means i\;lrlrrlr;l);r of Ho H

0.8353 0.9058

0.6295 0.6741
8 0.4429 0.5608
16 0.4356 0.4618
32 0.3165 0.3742
64 0.3362 0.2965
128 0.3127 0.2233

The work in this paper is a first step and several obvious extensions are needed.
A law of large numbers result when the underlying measure is not restricted to a
combination of Dirac functions is obviously important. The results in our paper are
strongly dependent on the L>-Wasserstein metric; generalizing these results to the
Wasserstein metrics used in computational topology is of central interest. The proofs
and problem formulation in this paper are very constructive—the proofs and algorithms
are developed for the specific examples and constructions we propose and are not meant
to generalize to other metrics or variants on the algorithm. It would be of great interest
to provide a presentation of the core ideas in the algorithm and theory we developed in
a more general framework using properties of abstract metric spaces and probability
theory on these spaces.
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Appendix

In order to prove Proposition 2.3 we need to give some conditions for a subset of
Dy to be relatively compact. We will use Theorem 21 in [16] which requires a few
definitions.

Definition 6.1 (Birth—death bounded) A set S C D, is called birth-death bounded,
if there is a constant C > 0 such that for all Z € S and for all A # x € Z
max{|b(x)|, |d(x)|} < C, where b(x) and d(x) are the births and deaths respectively.

For o > 0 and diagram Z € D> we define the maps

Uy : Dy2 — Dy2 suchthat A #x € uy(Z) < x € Z &pers(x) > «
lo : Dp2 — Dyo suchthat A # x € [y (Z2) < x € Z &pers(x) < «,
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where uy (Z) is the oc-upper part of Z (the points in Z with persistence at least ) and
1y (Z) is the a-lower part of Z (the points in Z with persistence less than «).

Definition 6.2 (Off-diagonally birth—death bounded) A set S C D is called off-
diagonally birth—death bounded if for all € > 0, u.(S) is birth—death bounded.

Definition 6.3 (Uniform) A set S C D> is called uniform if for all ¢ > 0 there exists
o > Osuchthatd(l,(Z), A) <eforall Z € S.

Theorem 21 in [16] states that a subset of Dy, is relatively compact if and only if it
is bounded, off-diagonally birth—death bounded and uniform. This also holds for D, »
due to the equivalence in norms stated in (2). We finally are ready to prove Proposition
2.3.

Proof of Proposition 2.3 Fix two diagrams X and Y. Let ® be the set of bijections ¢
between points in X and points in Y with the further condition that

Ix — o) < llx — AI* + ¢ (x) — Al

for all x € X. Recall that by ||[x — A|| we mean the perpendicular distance from x
to the diagonal which can thought of as pairing x with the closest point to x on the
diagonal. By the above condition we are requiring that we never pair an off diagonal
point x € X with an off diagonal point in ¥ when pairing both with the diagonal
would be more efficient.

By considering only the bijections in & we are only removing bijections ¢ for
which there exists some ¢ € ® such that 3"y X — ¢ (X)[> < >,y lIx — d(0)|I%.
This means that (1) is equal to inf{>" _y [lx — G| : ¢ € ). We will show this
infimum is a minimum.

For each bijection ¢ € ® we can construct a path yy : [0, 1] — D, by setting
¥y (1) to be the diagram with points {(1 —#)x; +1¢(x;)|x; € X}. Let S = {yp(t) : t €
[0, 1], ¢ € @} which contains all the images of the paths y,. We want to show that S
is relatively compact. To do this we will show that S is bounded, off-diagonally birth—
death bounded and uniform which are sufficient conditions for relative compactness
by Theorem 21 in [16].

Firstly observe that for any bijection ¢ and any ¢ € [0, 1] we know

d(yp(0), A <d(X, A +d(Y, A)?

which is finite and independent of ¢ and ¢. This implies that the set S is bounded.

We now wish to show that S is off-diagonally bounded. For each ¢ > 0 there can
only be finitely many points in X and Y whose distance from the diagonal is at least
. This implies that there is some C’g such that all x € u (X) and x € u.(Y) satisfy
max{|b(x)|, |d(x)|} < Ce.Let M := max{d(x, A) : x € X orx € Y}. We will show
that if p € u.(Z) for some Z € S then max{|b(p)|, |d(p)|} < Ce +2M.
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Consider p € Z for some Z € S. This means p € y4(¢) with¢p € @ andr € [0, 1]
and hence p = (1 — t)x + t¢(x) for some x € X. We have

b(p) € [min{b(x), b(¢(x))}, max{b(x), b(¢(x))}]
d(p) € [min{d(x), d(¢(x))}, max{d(x), d(¢(x))}]
d(p, A) € [min{d(x, A), d(¢(x), A)}, max{d(x, A),d(¢(x), A)}]

In order for d(p, A) > ¢ either d(x, A) > ¢ or d(¢3(x), A) > & and hence
min{[b(x)|, [b(¢(x)|} < C¢ and min{|d(x)|, |[d(¢ ()|} < Ce.

The condition for ¢ to be in ® is that |x — A2+ [|¢(x) — A]|> > ||lx — ¢ (x)||* and
hence [|x —¢ (x)|| < v/2M. Since |b(x) —b(¢ (x))| < |lx —¢ (x)|| we can conclude that

max{|b(x)], [b(@ (x)[} < min{|b(x)|, [b(¢ (X[} + vV2M < C; +V2M.

Similarly we get max{|d(x)|, |d(¢ (x)|} < C. +2M.

We now will show that S is uniform. Recall that § is uniform if for all & > O there
exists an & > 0 such that d(l,(Z), A) < ¢ forall Z € S. For any diagram Z € D;»
denote My (Z) as the number of points in Z whose distance to the diagonal is in
[27%, 27k+1y for k > 1 and let My(Z) be the number points with distance in [1, 00).
Let Ny (Z) denote the number of points in Z whose distance from the diagonal is at
least 2= (in other words the number of off diagonal points in u,-« (Z)).

Let X UY be the diagram whose off diagonal points are the union of the off diagonal
points in X and Y. Consider the following sum

00 9] J
S Nxun2 =y (Z M (X U Y))Z‘zf
=0 J=0 k=0
i M;(X U Y)(Zz—”‘)
Jj=0 k=j
_

- Z H(XUY)2TY

-bw

< -d(XUY, A)? < oco.

w

Let ¢ > 0. Since Z?io N;j(XUY )22 converges there is some L such that
0 .
Z Nj(XUY)2™H <¢/4.
j=L
Let ¢ € ® be a bijection between X and Y. Consider the path y : [0, 1] — D;»

where y,(t) is the diagram with points {(1 — )x + t¢(x) : x € X}. For the point
(1—1)x+1¢(x) to lie a distance at least 2 ¥ from the diagonal at least one of x or ¢ (x)
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must lie at least 27 from the diagonal. This implies that Ni(yp(t)) < N (X UY) for
all bijections ¢ and ¢ € [0, 1]. In other words N¢(Z) < Ny (X UY) forall Z € S.
Now for any Z € S we have

o0 [o/0]
d(l,-1(Z), A)? < Z M;(2)2752 <4 Z N;j(Z)2™%
j=L j=L

o
<4D N;(XUY2TY <e.
j=L

Since the choice of @ = 271 was made independently of Z € S we conclude that §
is uniform.

We now know that S (the closure of S) is compact. Every path t > Ve(t) is a
K 4-Lipschitz map from [0, 1] into S with 1(425 = ex Ix — @)

Set K =d(X,Y)+ 1 and let A be the set of K-Lipschitz maps from [0, 1] into S.
Since S is compact, we know by the Arzela—Ascoli theorem that A is compact. By the
definition of the infimum, there exists a sequence of bijections {¢;} such that Ky, < K
forall j and K, is a sequence converging to K. The corresponding sequence of paths

{yj = v} 1s a sequence of K-Lipschitz maps from [0, 1] to S and hence lie in the
compact set A. This means there must be a convergent subsequence of paths {yx; }
with some limit y which exists and lies in A as A is compact.

Since y, ; (0) = X and y, ; (1) = Y for all j (as they are all paths from X to Y)
we know that y(0) = X and y (1) = Y. From d(ynj (1), Yn; (5)) < K¢nj |s — t| for all
s,t € [0, 1] and all j and the limit K¢"1 — K as j — oo we can infer

d(y (1), y(s)) = K|s —1]

forall s, t € [0, 1]. If we follow along the path y where each point x € X goestoin Y
we can construct a bijection ¢ from points in X to points in Y. This bijection achieves
the infimum in (1).
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