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Abstract

Persistence diagrams, an important summary in topological data analysis, consist
of a set of ordered pairs, each with positive multiplicity. Persistence diagrams are
obtained via Mobius inversion and may be compared using a one-parameter family of
metrics called Wasserstein distances. In certain cases, Mdbius inversion produces sets
of ordered pairs which may have negative multiplicity. We call these virtual persistence
diagrams. Divol and Lacombe recently showed that there is a Wasserstein distance for
Radon measures on the half plane of ordered pairs that generalizes both the Wasserstein
distance for persistence diagrams and the classical Wasserstein distance from optimal
transport theory. Following this work, we define compatible Wasserstein distances
for persistence diagrams and Radon measures on arbitrary metric spaces. We show
that the 1-Wasserstein distance extends to virtual persistence diagrams and to signed
measures. In addition, we characterize the Cauchy completion of persistence diagrams
with respect to the Wasserstein distances. We also give a universal construction of a
Banach space with a 1-Wasserstein norm. Persistence diagrams with the 1-Wasserstein
distance isometrically embed into this Banach space.
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1 Introduction

In computational settings, one-parameter persistent homology returns a finite indexed
set of ordered pairs (Edelsbrunner et al. 2000), called a persistence diagram. The col-
lection of persistence diagrams has a one-parameter family of metrics for p € [1, o]
called Wasserstein distances (Cohen-Steiner et al. 2007, 2010). The resulting metric
spaces have a Cauchy completion (Mileyko et al. 2011; Blumberg et al. 2014). Persis-
tence diagrams and their Wasserstein distances are central to large parts of topological
data analysis (Munch 2017; Robinson and Turner 2017; Seversky et al. 2016).

More recently, our understanding of persistence diagrams and Wasserstein distance
has been extended in the following ways. Persistence diagrams may be derived from
the more elementary rank function via Mobius inversion (Patel 2018). The Wasserstein
distance above may be extended to Radon measures on RZ = {(x,y) € R?|x < y}in
a way that is compatible with the classical Wasserstein distance for probability mea-
sures (Divol and Lacombe 2021). By interpreting the collection of persistence diagrams
algebraically as a free commutative monoid, the Wasserstein distances may be obtained
in a functorial way, which implies that they have corresponding universal properties
(Bubenik and Elchesen 2021). The same construction may be applied to intervals,
obtaining Wasserstein distances for barcodes (Collins et al. 2004), or to invariants of
multiparameter persistence (Bubenik and Elchesen 2021). If one applies Mobius inver-
sion to the graded rank function one obtains a variant of a persistence diagram in which
the multiplicity of the ordered pairs is allowed to be negative (Betthauser et al. 2021).
Generalized persistence diagrams which take on negative values have also arise natu-
rally in several other places (Kim and Mémoli 2021; Botnan et al. 2021; Asashiba et al.
2019; McCleary and Patel 2020). These “virtual” persistence diagrams can be viewed
as signed measures and are closely related to the K-theory of spaces of persistence
modules (Grady and Schenfisch 2021). Several extensions of the Wasserstein distance
to the setting of signed measures have been introduced and studied (Mainini 2012).

The main goal of our work is to give various larger formal settings for general-
ized persistence diagrams (arising in one-parameter, multi-parameter, and generalized
persistence) and their Wasserstein distances, which will be useful for new algorithms
and theory in computational topology and the development of analytic tools for topo-
logical data analysis. As an example of the former, some of our results were used to
define a stable Wasserstein distance for graded persistence diagrams (Betthauser et al.
2021). Our secondary goal is to help connect topological data analysis with optimal
transportation.

1.1 Our contributions

We develop a number of constructions that unify and extend the results discussed above
in various ways. All of our constructions are universal. That is, they are functorial
constructions satisfying certain universal properties. They may be interpreted as the
existence of certain adjoint functors. Inspired by Divol and Lacombe (2021), instead
of restricting ourselves to the usual setting, R2<, we work in the general setting of
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metric spaces, to facilitate interactions with optimal transport theory and to permit
applications to metric spaces of invariants for multiparameter persistent homology.
Let (X, d) be a metric space and A C X. We call (X, d, A) a metric pair (see
Sect. 2.1). Formal sums on (X, d, A) are (generalized) persistence diagrams (Bubenik
and Elchesen 2021). The following examples arise from persistent homology: consider
(Ré,d,A), where Ri = {(x,y) € R? | x < y}, d is some metric on Rzg, and
A ={(x,y) € R? | x = y}; replacing real numbers with extended real numbers, we

have (@i, d,A); and (Int(R), d,{0}), where Int(R) denotes the set of intervals in R,
d is some metric on this set, and () denotes the empty interval. Persistence diagrams
and barcodes are formal sums on these metric pairs (see Sect. 2.3). More generally, we
have (Int(P), d,{0}), where P is some poset. In particular, multiparameter persistent
homology has P = R9 with the coordinatewise partial order. In this case, we can take
d to be Hausdorff distance or the volume (i.e. Lebesgue measure) of the symmetric
difference (Bubenik et al. 2018). Most computational approaches to multiparameter
persistent homology reduce to one-dimensional ‘slices’. Let £ be a set of lines (or, more
generally, curves) in R9 that are images of order preserving maps (R, <) — (R4, ).
Let d’ be a metric on R2< and {c,}pcc, be a set of nonnegative scaling constants. If L
is finite, a set of persisteﬁce diagrams indexed by L is a formal sum in the metric pair
(Rzg x L,d, A x L), where the metric d is given by d((a, ¢), (b’,£’)) = c,d’(a,a’)
if £ = £’ and co otherwise. If L is finite or infinite, then given two sets of persistence
diagrams indexed by £ we may compute the Wasserstein distance for each £ € L and
then compute the p-norm of the resulting function on £ by summing or integrating
with respect to an appropriate measure on L.
We now list our main results.

1.1.1 Virtual persistence diagrams on metric pairs

Motivated by the growing number of settings in which signed persistence diagrams
and signed barcodes arise (Betthauser et al. 2021; Kim and Mémoli 2021; Botnan et al.
2021; Asashiba et al. 2019; McCleary and Patel 2020; Grady and Schenfisch 2021)
and with the goal of systematically extending the Wasserstein distances to this setting,
we develop a general framework for studying distances in the signed setting. Given a
set X, let K(X) denote the free abelian group on X. Let (X, d, A) be a metric pair. Let
K(X, A) denote the quotient group K(X)/K(A), which is isomorphic to K(X\ A). We
call the elements of K(X, A) virtual persistence diagrams on (X, A). We prove there
is a universal construction of the abelian group (K(X, A),+) together with a metric
W given by

Wi(am —a Bt =B ) =Wi(at + BB +a7)

(see Definition 4.10). We show that this metric is 1-subadditive and translation invari-
ant. That is, Wi(a +v,B +v) = Wi(«, B) (see Corollary 4.9). We also consider
the corresponding constructions for the p-Wasserstein distances, which are £P ver-
sions of the 1-Wasserstein distance and which are widely studied in optimal transport
theory. We give the analogous constructions for W;,, p € (1, 00], but they require
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d to be a p-metric. That is, d(x,y) < ||(d(x,z), d(z,y))”p for all x,y,z € X (see
Theorem 4.8).

We note that the form of this metric was already introduced by Mainini in the
context of studying extensions of the classical Wasserstein distances to the setting
of signed Radon measures (Mainini 2012). Our contribution here is that we derive
this metric as the universal extension of a translation invariant metric compatible
with the monoid structure of the space of persistence diagrams. More generally, we
consider commutative metric monoids (M, d, 4+, 0) and state conditions to ensure that
the metric p on the Grothendieck group G(M) given by p(m+* —m~,n* —n7) =
d(m™ +n7,n" + m™) is the canonical extension to the signed setting.

1.1.2 Measures on metric pairs

Given a metric space (X, d), let M (X) denote the commutative monoid of all Radon
measures on X. Let (X,d, A) be a metric pair, with A C X a Borel subset, and
let p € [1,00]. We define Mt (X, A) to be the quotient monoid M™ (X)/M™(A),
which is isomorphic to M™T (X \ A). We call the elements of M+ (X, A) Radon
measures on (X, A) (Definition 5.11). Let J\/[;r (X, A) denote the submonoid of mea-
sures that are p-finite. That is, IX\A d(x,A)P dp < oo. There is a p-subadditive

metric W, on (M]Jg (X,A),+) (Definition 5.15) which we call the p-Wasserstein
distance. We also show that this metric agrees with that introduced in Divol and
Lacombe (2021) for measures on R2< (Corollary 5.20). By taking A = 0, we
recover the classical Wasserstein distances between measures of equal mass. If we
consider persistence diagrams to be discrete measures on (X, A), then we obtain an
inclusion (D(X,A), +) — (M]JOr (X,A),+) and corresponding isometric embedding
(D(X,A),Wp) — (M (X,A), Wy,) (Proposition 5.24).

1.1.3 Signed measures

Given a metric space (X, d), let M;{n (X) and M, (X) denote the commutative monoid
of finite Radon measures on X and the abelian group of finite signed Radon measures on
X, respectively. We show that the metric W extends from Man (X) to its Grothendieck
group Mgy, (X) (Proposition 5.7 and Definition 5.8). We use the transshipment formu-
lation of the 1-Wasserstein distance (Definition 5.6) to show that W on Mg, (X) is a
solution to the signed transportation problem (Definition 5.9 and Theorem 5.10).

Let (X, d, A) be a metric pair, with A C X a Borel subset. Let Mg, (X, A) denote
the quotient group M, (X)/Mgn (A ), which is isomorphic to Mg, (X \ A). We call
the elements of Mgy, (X, A) finite signed Radon measures on (X, A) (Definition 5.11).
We show that Mg, (X, A) is the Grothendieck group of M;{n( X, A) (Proposition 5.12).
Moreover, we show that W is translation invariant for the pair (Rz, R>) and hence
extends to a metric between finite signed measures on R whose positive and negative
parts are 1-finite (Corollary 5.23).
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1.1.4 Cauchy completion of persistence diagrams on metric pairs

Given a set X, let D(X) denote the commutative monoid of all formal countable
sums in X. Let (X, d, A) be a metric pair and p € [1,00]. Let D(X, A) denote the
quotient D(X)/D(A), which is isomorphic to D(X\ A). We call elements of D (X, A)
countable persistence diagrams in (X,A) (Definition 6.12). Let Dy, (X, A) denote
the submonoid of D(X, A) consisting of those countable persistence diagrams that,
after removing at most finitely many summands, have finite W),-distance to the zero
persistence diagram, i.e., the p-finite diagrams (Definition 6.14). We show that there
is a universal construction of the commutative monoid (D, (X, A), +) together with
the metric Wy, such that (D, (X, A), W, ) is a complete metric space and Wy, is
p-subadditive (Theorems 6.20 and 6.21).

1.1.5 Free Banach spaces on metric pairs

Given a set X there is a universal (real) vector space, V/(X), consisting of formal linear
sums on X. Let (X, d, A) be ametric pair. Let V(X, A) denote the quotient V(X) /V(A).
We constructa universal normed vector space (V(X, A), || ||y, ) (Theorem 7.4). Taking
the Cauchy completion of this vector space, we obtain the free Banach space on the
pair (X, d, A)) (Theorem 7.8).

1.1.6 Isometric embeddings

Given a pointed metric space (X, d, xg) we have constructed a sequence of isometric
embeddings (Theorem 7.9)

(X, d) = (D(X,x0), W1) = (K(X,x0), W1) = (V(X,x0), W1) = (V(X,x0), W1)

into metric free commutative monoid, a metric free abelian group, a normed vec-
tor space, and a Banach space, where each of the latter are canonically constructed.
Given a metric pair (X, d, A) we have constructed a sequence of isometric embeddings
(Corollary 7.10)

(D(X,A),W1) = (K(X,A),W;) < (V(X,A),W;) = (V(X,A),W)).

1.2 Remark on our constructions

Our constructions are universal. That is, they arise as adjoints to certain forgetful
functors. Benefits of having such constructions include the following. (1) We may be
confident that our constructions are, in some sense, the right ones, rather than being
ad-hoc. (2) Our constructions have corresponding universal properties. (3) Our con-
structions are functorial. Not only do we have various spaces of persistence diagrams
but given any Lipschitz map between metric pairs we have a corresponding morphism
between the resulting spaces of persistence diagrams. This may useful for metric pairs
arising from multi-parameter and generalized persistence.
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1.3 Related work

The Wasserstein distance has been thoroughly studied in the context of measures
(Rachev et al. 1998; Villani 2003). Persistence diagrams on (R2<, A) and their Wasser-
stein distances were introduced in Cohen-Steiner et al. (2067, 2010). Persistence
diagrams on (Int(R), ) are called barcodes and were introduced in Collins et al.
(2004). Divol and Lacombe (2021), connected the Wasserstein distances for mea-
sures and persistence diagrams on (Ri, A). Turner and Skraba have given stability

results for persistence diagrams on (R2<, A) and their Wasserstein distances Skraba
and Turner (2020). -

The prequel to this paper (Bubenik and Elchesen 2021) introduces persistence
diagrams on metric pairs and their Wasserstein distances. It shows that these arise
from an adjoint functor on metric pairs and have corresponding universal properties.
Furthermore, it is shown that the canonical inclusion of a metric pair into its space of
persistence diagrams with the p-Wasserstein distance is 1-Lipschitz and is an isometric
embedding if p = 1. In addition, it is shown that the 1-Wasserstein distance satisfies
Kantorovich—Rubenstein duality.

The free Banach space has been constructed and studied independently several times
(Arens and Eells 1956; Flood 1984; Pestov 1986; Godefroy and Kalton 2003; Weaver
2018). Giusti and Lee (2021) have independently arrived at the connection between
the Wasserstein distances and free Banach spaces (see Sect. 7). The topological and
metric properties of spaces of persistence diagrams have been studied by Che et al.
(2021) and Bubenik and Hartsock (2021). Grady and Schenfisch (2021) have studied
the K-theory of generalized zigzag modules and related the Ky group of persistence
modules to the group of virtual persistence diagrams.

1.4 Organization of the paper

In Sect. 2, we review background used throughout and establish notation. In Sect. 3, we
introduce a general theory of the Grothendieck group completion of monoids equipped
with metric structures compatible with the monoid operation. We give sufficient con-
ditions to guarantee that the metric extends from the monoid to its Grothendieck group
completion in a compatible way. In Sect. 4, we give a necessary and sufficient condition
for the p-Wasserstein distance to be translation invariant, which may be of indepen-
dent interest. We then introduce virtual persistence diagrams on metric pairs and define
corresponding Wasserstein distances. In Sect. 5, we extend our constructions to Radon
measures defined on metric pairs. In Sect. 6, we extend our constructions to countably
infinite persistence diagrams defined on metric pairs, and prove a universal property.
In Sect. 7, we study universal constructions of vector spaces and Banach spaces.

2 Background and notation

In this section we summarize background material and corresponding notation that
will be used throughout.
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2.1 Metric spaces and Lipschitz maps

Burago et al. (2001). A metric space (X, d) consists of a set X and a function d :
Xx X — [0, oo] such that d(x, x) = 0 forall x € X (point equality), d(x,y) = d(y, x)
forallx,y € X (symmetry),and d(x,y) < d(x,z)+d(z,y)forallx,y,z € X(triangle
inequality). Note that it is usually also assumed that a d satisfies d(x,x’) = 0 =
x = x’ (separation) and im(d) C [0, co) (finiteness), but we will only make these
assumptions in Sect. 7. With our definition, the g-norm for q € [1, oo] induces not

only a metric on the plane R? but also on the extended plane Ez, where one doesn’t
have finiteness. Also, Int(R) with either the Hausdorff distance or the length of the
symmetric difference is a metric space which does not satisfy separation or finiteness.

A function f : X — Y between metric spaces (X, dx) and (Y, dy) is Lipschitz if
there exists a constant C > Osuch that dy (f(x), f(x’)) < Cdx(x,x’)forallx,x’ € X.
In this case, f is said to be C-Lipschitz and C is called a Lipschitz constant for f. For
f : X — Y Lipschitz, the Lipschitz norm of f, denoted ||f||Lip, is defined to be the
infimum of all such C. This infimum is in fact a minimum so that dy (f(x), f(x')) <
[fllLipdx (x,x") for all x,x" € X. If f : X — Y, g : Y — Z are Lipschitz then
llg o fllLip < [IfllLipllgllLip- The collection of metric spaces together with Lipschitz
maps forms a category denoted Lip. Metrics d, p defined on the same set X are said to be
equivalent if there are constants C, K > 0 such that Cp(x,x’) < d(x,x’) < Kp(x,x')
forall x,x’ € X.

A pair is a tuple (X, A) where X is a set and A C X. A metric pair is a tuple
(X, d, A) where (X, d) is a metric space and A C X. When A = {x¢} is a point then
a pair (X, {xp}) is also called a pointed set and is denoted by (X, x¢). Similarly, the
metric pair (X, d, {xg}) is called a pointed metric space and is denoted (X, d, xg). The
distinguished point xq is called the basepoint. A map of pairs f : (X,A) — (Y,B)
isamap f : X — Y such that f(A) C B. If A = {x¢} and B = {yg} then f is
a basepoint-preserving (or pointed) map. Metric pairs together with Lipschitz maps
between metric pairs form a category which we denote by Lip . By Lip, we denote
the full subcategory whose objects are pointed metric spaces. Let X be a set, (Y, d) a
metric space, and f : X — Y any function. The pullback of d through f is a metric
on X defined by f*d(x,x’) = d(f(x),f(x’)) for all x,x” € X. A Lipschitz map of
pairs f : (X,dx,A) — (Y,dy,B) is an isomorphism in Lipp; if and only if f is
bijective, f(A) = B, and dx and f*dy are equivalent metrics on X. In particular, if
d, p are equivalent metrics on the metric pair (X, A) then (X, d, A) and (X, p, A) are
isomorphic objects in Lipyairs. We denote the one-point metric space, viewed as a
pointed metric space, by . It is straightforward to check that * is the terminal object
in Lipyir, 1.€., for every metric pair (X, dx, A) there exists precisely one Lipschitz
map of pairs f : X — . * is also the terminal object of the subcategory Lip,.

Let (X, d, A) be a metric pair and let X/A = (X\ A) U{A} denote the quotient set
obtained by collapsing A to a point. For p € [1, co], we define a metric Ep on X/A
by

dp (x.y) = min (d(x.yl.[|(d0x. A). dly. AN, )
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The proof that each ap is indeed a metric can be found in Bubenik and Elchesen (2021).
Moreover, Ep metrizes the quotient topology on X/A and satisfies the following
universal property. Fix p € [1,00], let (Y,dy,yo) € Lip,, and let ¢ : (X,dx,A) —
(Y, dy,yo) be a morphism in Lipp,irs- Then there is a unique basepoint preserving
Lipschitz map & : (X/A, dp,A) — (Y, dy,yo) satisfying Pom=d¢,wherem: X —
X/A denotes the quotient map.

Definition 2.1 (Bubenik and Elchesen 2021) Let X = (X,dx) and Y = (Y, dy) be
metric spaces. For each p € [1,00] let d x;, d : X x Y — [0, 00] be the function
defined by

d xp d((y) (") = [[(dx (e x) dy (wu )|, -

forall x,x" € X, y,y’ € Y. We refer to d Xy, d as the p-product metric on X x Y.

We will also denote d x| d more simply by d + d. It follows from the Minkowski
inequality that d x d is a metric on X x Y for each p € [1, c0], with d x;, d and
d x ¢ d being equivalent for any p, . Since d X d metrizes the product topology
on X x Y, it follows from metric equivalence that d X, d also metrizes the product
topology on X x Y for all 1 < p < oo (Bubenik and Elchesen 2021). Note that a
metric d : X X X — R is Lipschitz with respect to the p-product metric.

For any choice of p € [1,c0], the canonical projections 7tx : X X Y — X and
7y : X X Y — Y are Lipschitz whenever X x Y is equipped with d x;, d. When
considering the product of a space X with itself, we will denote the projections more
simply by 711 and 715.

Proposition 2.2 Let X = (X,dx, A), Y = (Y, dy, B) be metric pairs viewed as objects
in Lippyirs. For any choice of p € [1, 00l, the categorical product of X and Y in Lippairs
is given (up to isomorphism in Lippairs) by (XxY,dxpd A xB).

2.2 Monoids

Hungerford (1980, 1.1) A monoid is a tuple (M, +,0), where M is a set, + : M x
M — M is an associative binary operation, and 0 € M is an identity element
satisfying 0 + m = m 4+ 0 = m for all m € M. A monoid is commutative if
m+n =mn+ mforal m,n € M and is cancellative if m+p =n+p —
m = n for all m,n,p € M. Submonoids are defined in the obvious way. Groups
are monoids in which every element has a two-sided inverse and are automatically
cancellative. A monoid homomorphism between monoids M = (M, +p,0p ) and
N = (N, +n,0n ) isafunction f : M — N such that f(m+yn) = f(m)+n f(n) for
allm,n € Nand f(Opq) = On. We remark that, unlike for group homomorphisms, the
requirement that f(Opq ) = On does not follow automatically from the first condition.
The free commutative monoid on a nonempty set X, denoted D (X), is defined by

D(X) ={f: X — N | f(x) = 0 for all but finitely many x € X},

with the monoid operation being addition of functions. We also set D()) = 0, the
zero monoid. The indicator for x € X is defined by 1x(x’) = 1if x’ = x and is 0
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otherwise. Note that every element of D (X) can be written uniquely as a finite sum of
such indicators. By identifying the indicator 15 with x, we identify elements of D (X)
with (finite) formal sums of elements of X, with addition of functions corresponding
to addition of formal sums. Since N is cancellative, so is D(X). If A C X then D(A)
can be identified as a submonoid of D(X) in the obvious way. For a given set X, there
is a canonical map 1 = ix : X — D(X) given by i(x) = x (the right-hand-side being
a formal sum with just one summand). The free commutative monoid together with
this canonical map satisfy the following universal property.

Proposition 2.3 For any commutative monoid M and map ¢ : X — M, there exists a
unique monoid homomorphism ¢ : D(X) — M such that & = b o 1.

If h : X — Yis any function then we define Dh: D(X) — D(Y) by Dh(x;+---+
xn) = h(x1) + - - - + h(xn ). Equivalently, viewing elements of D(X) as functions,
for f : X — N with finite support, we have Dh(f) = h,(f) where fory € Y,
ha(f)(Y) = 2 yen-t (v) f(x). Then Dh is a monoid homomorphism. Moreover, the
assignments X +— D(X), h — Dh specify a functor D : Set — CMon, where
Set denotes the category of sets and functions and CMon denotes the category of
commutative monoids and monoid homomorphisms. Letting U : CMon — Set denote
the forgetful functor, Proposition 2.3 is equivalent to the statement that D is left adjoint
to U.

An equivalence relation ~ on a monoid M is called a congruence if a ~ b and
¢ ~ dimplies a+ ¢ ~ b+ d. If ~ is a congruence then there is a well-defined monoid
structure on the set of equivalence classes M/ ~ defined by [a] + [b] = [a + b]. Let
M be a commutative monoid and let N C M be any submonoid. Define a relation ~
on M by a ~ biff 3x,y € N such that a + x = b +y. It is easily verified that ~ is a
congruence. We denote the commutative monoid M/ ~ by M /N and refer to it as the
quotient of M by N and the equivalence class of a € M under the congruence ~ is
denoted a 4+ N. We will denote the congruence of elements a and b under the above
congruence relation by a =b (mod N) and say that a equals b mod N. Note that if
M is cancellative then so is M /N.

Of particular importance for us is the quotient D(X)/D(A), where A C X. In this
case,f = g (mod D(A))ifandonlyif fx\ o = glx\ a-Equivalently, x|+ - -+xm =
X{+---+xp, (mod D(A))iffx;+---+xm+a;+---+as =x{+---+x+af+
.-+ ay, for some ay,...,as,af,...a; € A. Hence, D(X)/D(A) = D(X\ A). If
f:(X,A) — (Y, B) is a map of pairs then the induced map Df : D(X,A) — D(Y, B)
is defined by x| + - -+ + xn + D(A) — f(x1) + - - - + f(xn) + D(B).

2.3 Persistence diagrams

Bubenik and Elchesen (2021). Let (X, A) be a pair. A persistence diagram on (X, A)
is an element of the commutative monoid D(X,A) = D(X)/D(A). The monoid
D(R2, Ré) =D (Ré, A) is the monoid of classical persistence diagrams with finitely
many points. The monoid D (Int(R), @) is the monoid of barcodes.
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We remark that other terminology may be preferable for some readers. Persistence
diagrams on a metric pair could instead be referred to as formal sums on a metric pair
or discrete measures on a metric pair.

2.4 Wasserstein distance

Bubenik and Elchesen (2021). Let (X, d, A) be a metric pair and let o, 3 € D(X, A).
Let 7,7 : X x X — X denote the canonical projections. We call 0 = (x1,x{) +
<o+ (xr,xL) € D(X x X) amatching between ocand B if (711)«0 = & (mod D(A))
and (73)«0 = 3 (mod D(A)). Letp € [1, 00]. The p-cost of o (with respect to d) is
defined by

Costp[d](0) = H(d(m,x{))Lal :

Let (X, d, A) be a metric pair. For each p € [1, co] the p-Wasserstein distance Wy [d] :
D(X,A) x D(X,A) — [0, 00] is defined as follows. Given «, B € D(X, A), we set

Wpldl(e, B) = ir(ljf Costp [d] (o),

the infimum being taken over all matchings between « and f3.

Remark 2.4 For p € [1,00), we could equivalently define the p-Wasserstein dis-
tance by defining Costp,[d](0) = > {_; d(x{,x{)P and then setting Wy, [d] (e, B) =
(inf & Costy, [d]((r))]/ P This is the convention often used in the optimal transport
literature (Villani 2003). We will stick to the convention introduced above for persis-
tence diagrams as it includes the p = oo case as well, but use the optimal transport
convention later when we work with measures (see Definitions 5.1, 5.15, and 5.17).

Consider the metric pair (Ré, d, A) where d is the metric induced by the co-norm
and the monoid D(Ré, A) of classical persistence diagrams. Let o« = (0, 1) + (2,4)
andlet 3 = (3,5). Theno = ((0, 1), (1/2,1/2))4((2,4), (3,5)) is matching between
ocand B with Cp [d] (o) = 3/2. Thus Wy, [d](«, B) < 3/2, and it is not too hard to see
that this matching is optimal.

Let p € [1, 00]. A metric d on a monoid (M, +) is called p-subadditive (Bubenik
etal. 2018) if

d(a+b,a’+b') <[ (dla,a"), d(b, "),

for all a,a’,b,b’ € M. The metric W}, [d] is p-subadditive for any metric pair
(X,d,A) and p € [1, oo] (Bubenik and Elchesen 2021, Lemma 4.17).

2.5 The Grothendieck group completion

Weibel (2013, II.1). Monoids can be completed into groups in a universal way. Given
a commutative monoid M = (M, +), the Grothendieck group completion of M (or
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just the Grothendieck group of M), denoted K(M ), is defined as follows. Let ~ denote
the equivalence relation on M x M given by (a, b) ~ (c, d) if and only if there exists
k € M such that a + d + k = b 4 ¢ + k. As a set, we define K(M) = (M x M)/ ~,
the set of equivalence classes of M x M under ~. We denote the equivalence class of
(a,b) by a — b. The binary operation on K(M) (also denoted +) is given by

(a—b)+(c—d)=(a+c)—(b+d).

It is straightforward to check that this operation is well-defined and makes K(M) into
an abelian group with identity 0 = 0 — 0 and with inverses —(a — b) = b — a for
all a — b € K(M). We caution that a — b = ¢ — d does not necessarily imply that
a+d = b+c. However, if M is cancellative thena—b = c—diffa+d = b+ c. For
example, the Grothendieck group of the monoid N of natural numbers is isomorphic
to the group Z of integers.

The canonical map u : M — K(M) is the monoid homomorphism given by
u(a) = a—0. If we use the notation a = a— 0 in K(M) then the canonical map takes
the form u(a) = a for all a € M. Again, we must caution that with this notation,
a = b in K(M) if and only if there exists some k € M such that a + k = b + k in
M, but that when M is cancellative we have a = b in K(M) iff a = b in M. Since
all of the monoids we encounter in this paper will be cancellative, this convention
should cause no confusion. The Grothendieck group together with the canonical map
u satisfy the following universal property.

Proposition 2.5 For any abelian group H and monoid homomorphism v : M — H,
there exists a unique group homomorphism ¢ : K(M) — H such that d ou = v.

For a monoid homomorphism f : M — N between commutative monoids M, N,
the function Kf : K(M) — K(N) given by a — b — f(a) — f(b) is a well-defined
group homomorphism, and this assignment makes G into a functor K : CMon — Ab.
LetU : Ab — CMon denote the inclusion functor of abelian groups into commutative
monoids. Then Proposition 2.5 is equivalent to the statement that K is left adjoint to
L.

For cancellative monoids, the description of the Grothendieck group of a quotient
monoid is particularly simple.

Proposition 2.6 Let M be a cancellative commutative monoid and let N be a sub-
monoid of M. Then K(M/N) = K(M)/K(N).

Proof First, note that since M is cancellative, K(N) can be identified naturally as
a subgroup of K(M). Now define ¢ : K(M) — K(M/N)by m —m’ — (m +
N) — (m’ + N). Clearly ¢ is surjective, and since M /N is cancellative, m — m’ €
ker(¢p) <= m+N=m'+N < m+n=m'+n’forsomen,n’ € N. But
nowm+n=m’'+n’ & m-—m’=n-—n’ec K(N) so that ker(¢) = K(N),
and the result now follows from the first isomorphism theorem. |
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2.6 Universal constructions

Riehl (2016, Sections 2.3, 2.4, 4.2, 4.6). Many of our main results are stated in terms
of the existence of an object with a property called a universal property. Equivalently,
they may be stated as the existence of a certain adjoint functor. For a discussion of
universal properties and adjunctions including the example of a free commutative
monoid, see Bubenik and Elchesen (2021, Section 2.5).

3 Grothendieck groups of Lipschitz monoids

Many objects carry both the structure of a metric and of a commutative monoid.
Persistence diagrams, which motivate this work, are an example, as we will see. It is
natural to ask whether or not the metric structure of a given monoid can be extended
to its Grothendieck group in a natural way. The purpose of this section is to describe
sufficient conditions on the metric that guarantee this is possible.

3.1 Lipschitz monoids and Lipschitz groups

A commutative Lipschitz monoid (CL monoid) is a commutative monoid internal to
Lip. Explicitly, this is a metric space (M, d) equipped with a binary operation + and
anidentity element 0 so that (M, +, 0) is acommutative monoidand + : MxM — M
is Lipschitz, where M x M is the categorical product in Lip (see Proposition 2.2).
Using the metric d xp d on M x M, the latter condition means that

dix +y,x" +y") < ||+ lLip(dxx,") + dly,y"),

for all x,x",y,y’ € M. A morphism between CL monoids is a Lipschitz monoid
homomorphism. CL monoids together with these morphisms form the category
CMon(Lip).

An abelian Lipschitz group (AL group) is an abelian group internal to Lip. This
requires, in addition to the requirements for a CL monoid, that the map —: M — M
taking a group element to its inverse be Lipschitz. AL groups together with Lipschitz
group homomorphisms form the category Ab(Lip).

We will also consider the category CMon (Lipy,;y) of metric pairs with compatible
monoid structures, the morphisms being Lipschitz maps of pairs which are also monoid
homomorphisms. Similarly, we have the category CMon(Lip, ) of pointed metric
spaces with compatible monoid structures, whose morphisms are basepoint-preserving
Lipschitz monoid homomorphisms.

3.2 Translation invariant metrics on monoids

A metric d on a commutative monoid (M, +) is translation invariant if d(m+p,n+
p) = d(m,n) forall m,n,p € M.
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Proposition 3.1 Let (M, +) be a commutative monoid equipped with a translation
invariant metric d. Then

1. (M, d,+)isa CLmonoid with ||+ ||ip = 1, unless d = 0 in which case ||+ ||Lip =
0; and
2. If M is a group then (M, d, +) is an AL group.

Proof (1) If d = O then the conclusion is immediate, so suppose that d # 0. By the
triangle inequality and translation invariance for d we have

dix+y,x"+y') <dlx+y.x" +y) +dx" +y,x" +y’) = d(x,x") + d(y,y").

Thus the monoid operation is Lipschitz with || + [|lLijp < 1. On the other hand, if
a,b € M are such that d(a,b) # 0 and ¢ € M is any other element then we have
d(a+c,b+c) =d(a,b) = d(a,b)+d(c,c), from which it follows that || + [|rip > 1
as well.

(2) By part (1), + is Lipschitz. By translation invariance of d we have d(—a, —b) =
d(a, b). Thus the inversion operation is an isometry, and hence Lipschitz. O

We will also consider the following weakening of the cancellative property.

Definition 3.2 A commutative monoid M equipped with a metric d is said to be weakly
cancellativeifa+c=b+c¢ = d(a,b) =0forall a,b,c € M.

Lemma 3.3 [fM is a commutative monoid equipped with a translation invariant metric
d then M is weakly cancellative. Moreover, if d satisfies the separation axiom then
M is cancellative.

Proof If a,b,c € Maresuchthata+c =b+cthen0=d(a+c,b+c) =d(a,b)
so that M is weakly cancellative. If d satisfies the separation axiom then d(a,b) =
0 = a = b so that M is cancellative. a

Corollary 3.4 If M is a commutative monoid equipped with a translation invariant
metricdand a —b = a’ — b’ in K(M) then d(a +b’,a’ +b) = 0. In particular, if
a=DbinK(M) then d(a,b) =0.

Proof Since a —b = a’ — b’ in K(M), there exists some ¢ € M such that a +
b’ +c = a’+b+cin M. By Lemma 3.3, M is weakly cancellative and hence
d(a+b’,a’ + b) = 0. The second statement follows by letting a’ = b’ = 0. a

If M is only weakly cancellative then the canonical map u : M — K(M) need
not be injective. However, by also weakening the definition of injectivity we obtain
something analogous.

Definition 3.5 Let (X, d) be a metric space and Y any set. A map f : X — Y is weakly
injective if f(x) = f(x') = d(x,x’) =0.

Proposition 3.6 Let M be a commutative monoid equipped with a metric d and let
K(M) be the Grothendieck group of M. Then M is weakly cancellative if and only if
the canonical map w : M — K(M) is weakly injective.
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Proof Let a,b,c € M. If M is weakly cancellative and u(a) = u(b) then a + k =
b + k for some k € M. Hence d(a,b) = 0 by weak cancellation so that w is
weakly injective. Conversely, if u is weakly injective and a + ¢ = b 4 ¢ in M then
u(a) +u(c) =u(a+c¢) =u(b+c) =u(b) +u(c) so that u(a) = u(b). Hence
d(a,b) = 0 by weak injectivity so that M is weakly cancellative. O

We will denote the full subcategories of CMon(Lip) and Ab(Lip) whose objects are
translation invariant commutative Lipschitz monoids (TICL monoids) and translation
invariant abelian Lipschitz groups (TIAL groups) by CMon(Lip)% and Ab(Lip)Y,
respectively.

3.3 The Grothendieck Lipschitz group

There is an obvious inclusion functor U : Ab(Lip)% — CMon(Lip)%. Our goal is to
show that a metric can be put on the Grothendieck group of a TICL monoid so as to
define a functor K : CMon(Lip)% — Ab(Lip)" that is left adjoint to U.

Definition 3.7 Given a TICL monoid (M, d, +), let (K(M), +) be the corresponding
Grothendieck group completion of (M, +). We define a function p : K(M) xK(M) —
[0, co] by

pla—b,c—e)=d(a+e,c+Db). 3.1

We will show that (3.1) is a metric which makes K(M) into a TIAL group.

Proposition 3.8 Let K(M) be the Grothendieck group of a TICL monoid (M, d, +).
Then the function p given by (3.1) defines a translation invariant metric on K(M).

Proof First, we verify that p is well-defined. Suppose that a — b = a’ — b’ and
c—e =c¢’ —e’in K(M). Then d(a + b’,a’ +b) = 0 = d(c +e’,c’ + e)
by Corollary 3.4. Hence, by translation invariance and the triangle inequality for d,
pla—b,c—e) =d(a+e,c+b)=d(ate+b’,c+b+b’) < d(ate+b’,a’+b+
e)+d(a’+b+e,c+b+b’) = d(a+b’,a’+b)+d(a’+e,c+b’) = d(a’+e,c+b’),
and furthermore, d(a’+e,c+b’) =d(a’+e+e’,c+b’+e’) < d(a’+e+e’,c’'+
b’ +e)+d(c’+b ' +ec+b +e’)=d(a’+e’,c’+b')=p(a’—b’,c’' —¢),
since d(c’+b’ +e,c+b’+e')=d(c’+e,c+e’)=0.Thus p(a —b,c —e) <
p(a’ —b’,c’ — e’). The reverse inequality is obtained symmetrically, which shows
that p is well-defined.

To see that the point equality holds for p, note thatif a —b = a’ — b’ then, since d
is translation invariant, p(a —b,a’ —b’) = d(a+b’,a’ +b) = 0 by Corollary 3.4.
Symmetry of p follows immediately from the symmetry of d. To verify the triangle
inequality for p, let a — b,c — e,x —y € K(M). Then by the triangle inequality
ford, pla—b,x —y)+p(x—y,c—e) =dla+y,x+b)+dx+ec+y) =
dla+y+ex+b+e)+dx+b+ec+b+y) >dla+y+ec+b+uy)
=d(a+ec+b)=p(a—Db,c—e). Thus pis a metric on K(M).

Lastly, by translation invariance of d we have p((a—b)+(x—y), (c—e)+(x—y)) =
p(la+x)—(b+y)(c+x)—(e+y)) =dla+x+e+y,c+x+b+y)
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=d(a+ec+b)=pla—Db,c— e), which shows that p is translation invariant as
well. a

Corollary 3.9 (K(M), p, +) is a TIAL group, i.e., an object of Ab(Lip)Y.

Proof By Proposition 3.8, p is translation invariant and so by Proposition 3.1,
(K(M), p,+) is an AL group. O

Definition 3.10 When the canonical map u : M — K(M) is weakly injective, we say
that a metric p on K(M) extends d if u*p = d.

Proposition 3.11 Let (M, d, +) be a TICL monoid and let K(M) be its Grothendieck
group. The metric p defined by (3.1) is the unique translation invariant metric extending
d ro K(M).

Proof Since d is translation invariant, u is weakly injective by Lemma 3.3 and
Proposition 3.6. Furthermore, p is translation invariant by Proposition 3.8 and
p(u(a),u(b)) = p(a—0,b—0) = d(a,b). Thus p is a translation invariant metric
on K(M) extending d. Moreover, if 1 is any such metric then n(a — b,c — d) =
N(a=b)+(b+d),(c—d)+(b+d)) =n(a+d,b+c) =n(u(a+d),u(b+c))
=d(a+d,b+c)=pla—b,c—d). O

Definition 3.12 Given a TICL monoid M = (M, d,+), we call the TIAL group
(K(M), p, +) the Grothendieck Lipschitz group of M.

Proposition 3.13 Let (M, d, +) be a TICL monoid.

(1) The canonical map w : (M, d,+) — (K(M), p,+) is Lipschitz with ||u||Ljp = 1
if d # 0 and ||ul|Lj, = O otherwise.
@ [+xm) llzip = T +m [lzip-

Proof (1) Clearly if d = 0 then |[u|Lj; = 0. Suppose that d # 0. Since
p(u(a),u(b)) = d(a,b) for all a,b € M, |[uf|Lip < 1. On the other hand, given
a,b € M with d(a’,b’) # 0, we have p(u(a),u(b))/d(a,b) = 1 and hence
lullLip > 1 as well.

(2) Note that p = 0 <= d = 0. It follows then from Proposition 3.1 that
| +xm) llLip = [ +m llLip = 0if d = O and || +(m) llLip = | +™m llLip =1
otherwise. a

The Grothendieck Lipschitz group satisfies the following universal property.

Theorem 3.14 Let M = (M, d, +) be a TICL monoid and let K(M) = (K(M), p, +)
denote its Grothendieck Lipschitz group.

(1) For any TIAL group H and any Lipschitz monoid homomorphism ¢ : M — H,
there exists a unique Lipschitz group homomorphism & : K(M) — H such that
bou=d.

@) Pllzip = lIPllzip-
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Proof (1) By the universal property of the Grothendieck group, there is a unique group
homomorphism ¢ : K(M) — H such that ¢ o uw = ¢. It remains only to check that ¢
is Lipschitz. Let dyy denote the metric on H. Then

dn(d(a—Db), d)( ')) dn(d(a) = d(b), d(a’) — b(b")

= du(d(a) + b(b), d(a’) + (b)) = du(b(a+b"), b(a’ +b))

= du(d(ula+1b), d)( (a’+b))) = dn(dla+b),¢(a’+b))
< [ $lLipd(a+b’.a’+b) = ||d[lLipp(a — b.a’ = b").

Thus ¢ is Lipschitz with || $||Lip < ||||Lip-

(2) By Proposition 3.13(1), [[u|lLip = 1 Hence [|$|lLip = ||d) o ullLp <
||(1)||L1p|\u,||Llp = ||(1>||1Jp < [|$||Lip and the result follows.
O

Consider again the Grothendieck group completion functor K : CMon — Ab.
Given TICL monoids (M, dm, +), (N, dn, +), consider their corresponding TIAL
groups (K(M), pm, +), (K(N), pn,+), and let f : M — N be a Lipschitz monoid
homomorphism. Then for a — b, a’ — b’ € K(M) we have

N(Kf(a—b),Kf(a’=b")) = pn(f(a) — f(b), f(a") — f(b"))
= dn(f(a) +f(b"),f(a’) + (b))
=dn(fla+b’),f(a’ +1))
< |Iflluipdm(a+1b’,a’ +b)

= |[fllippm(a —b,a" = b").

Thus Kf is a Lipschitz group homomorphism with ||Kf||ri, < ||f||Lip. Hence we obtain
a functor K : CMon(Lip)% — Ab(Lip)4. Then Theorem 3.14 implies the following.

Corollary 3.15 K is left adjoint to the inclusion functor U : Ab(Lip)i —
CMon (Lip)t.

Example 3.16 Continuing with the example of the natural numbers (Sect. 2.5), the
absolute value norm on N induces a translation invariant metric dy given by

dy(n, m) = m — m| = max(n, m) — min(n, m).

By Proposition 3.11, dy extends to a unique translation invariant metric pz on Z given
by

pz(a—b,c—d) =dn(a+d,b+c) =max(a+d,b+c) —min(a+d,b+c).
This is of course the usual metric on Z induced by absolute value, more readily seen

by using the absolute value notation: pz(a —b,c —d) = la+d— (b+¢)| =
l(a—=1b) —(c—d)l.
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4 Virtual persistence diagrams

In this section, we define virtual persistence diagrams on metric pairs and define
Wasserstein distances between these objects.

4.1 Translation invariance of the Wasserstein distances

Since we are interested in translation invariant metrics, we would like to determine
for which p and for what conditions on d we are assured that W/, [d] is translation
invariant.

Definition 4.1 For p € [1,00], a metric d on X is called a p-metric if d(x,y) <
H (d(x,z),d(z,y)) Hp forall x,y,z € X.

Note that a 1-metric is just a metric while an oo-metric is an ultrametric (also
known as a non-Archimedean metric). Since the £P norms are decreasing in p, we
see that a g-metric is also a p-metric whenever 1 < p < ¢ < oo. By induction, a
p-metric satisfies d(x,y) < ||(d(x,z1), d(z1,22),-..,d(zn,y forany n € Nand
X, Yy Z1ye-sZn € X,

Ny

Definition 4.2 (Bubenik and Elchesen 2021, Definition 3.12) Let (X, d, A) be a metric
pair. For each p € [1, oo], we define a new metric dp on X according to

dp (x, x') = min (d(x,x’),

(d(x,A),d(x",A)) ||]D ) 4.1)

for all x,x” € X. We refer to dy, as the p-strengthening of d with respect to A.

It is an easy observation that d, = q*dp, where d, is the p-quotient metric
and q : X — X/A is the quotient map (see Sect. 2.1). Thus dy, is indeed a metric.
Moreover, it is clear from the definition that d;, < d. The following proposition shows
that passing from d to d,, leaves the Wasserstein distance unchanged.

Proposition 4.3 Foranyp € [1, co] we have Wy, [d] = W [dpp] and Wy [d](1(x), (y))
= dp(x,y), where L : X — D(X, A) is the composition X — D(X) — D(X,A) of
the inclusion map with the quotient map.

Proof To prove the first statement, note that since dp < d, it follows immedi-
ately from the definition of the Wasserstein distances that Wy, [d,] < Wy, [d]. To
prove the reverse inequality, let &, € D(X,A), let € > 0 be given, and let
o = (x1,x]) + -+ (xr,x1) € D(X x X) be a matching between o and {3 with
Costy, [dp]( o) < Wp [dp](oc B)+e. Deﬁne o' e D(X X X) as follows. For each 1, if
dp (xi,x{) # d(xi,x{), so that dp (x4,%x]) = H (xi,A),d(x{,A)) p,then replace

the term (xi,x{) in o with (x{,a;) + (al,xl), where a;,a/ € A are chosen such
that H(d(xi, ai),d(al,x]) Hp < dp(x4,%{) 4 €/r. Otherwise do nothing. Note that
making such a substitution still retains a matching between « and (3. Moreover, we

have

Costp[d](0”) < || (dp (xi.%{) + €/7);_, Hp < Costp[dpl(0) + [[(e/T,....e/T),,
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< Costp[dpl(0) + €,

from which the result follows.

To prove the second statement, note that (x,y) and (x, a) + (a’,y) are matchings
between t(x) and t(y) for any choice of a, a’ € A.Ttfollows that Wy, [d](t(x), L(y)) <
dp (x,y). On the other hand, any matching between ((x) and ((y) contains a term of
one of these two forms and hence has cost at least dp,(x,y), proving the reverse
inequality. g

The following is known for the classical Wasserstein distances (Mainini 2012). We
give a direct proof for persistence diagrams here.

Lemma 4.4 (Translation Subinvariance) For any metric pair (X,d,A), p € [1, o0],
and o, B,y € D(X,A), we have Wy [d](oc + v, B +v) < Wpldl(e, B).

Proof Let x = x|+ +xn, p=%x] + -+ %,y =x]'+ - +x// € D(X,A).
Let € > 0 be given. Then there exists a matching o € D(X x X) between « and 3
with Costp (0) < Wpldl(«, B) + €. Let & = o+ (x]".x{") 4+ -+ + (x/,x/). Then
(711)+6 = o« +v (mod D(A)), (72)« =P +7v (mod D(A)), and

Wopldl(x+ v, B +v) < Costy, (&) = Costp (0) < Wpldl(«, B) + €,

which gives the result. g
We can now state the main result of this section.

Theorem 4.5 Let (X, d, A) be a metric pair and let p € [1,00]. Then the following
are equivalent.

1. Wy [d] is translation invariant;
2. dp : X x X — [0, 00] is a p-metric.

Proof (1 = 2) Suppose that W/, [d] is translation invariant and let x,y,z € X. Let
t : X — D(X, A) denote the composition X — D(X) — D(X, A) of the inclusion
map and quotient map. Then by Proposition 4.3 and p-subadditivity of W}, [d] we
have

dp (6, Y) = Wp[dI(L(x), L)) = Wpldl(1(x) + t(z), t(z) + 1y)
< [ (Wp [l (1), 12)), Wy [l 1(2), 1lw)) |
= (@) dplz )],

P

and so dy, is a p-metric.

(2 = 1) Assume that d;, is a p-metric. By Lemma 4.4, Wy [d](x + v, +v) <
Wy [d] (e, B). So it remains to show that Wy, [d](«, B) < Wp[d](x +v, B + V). By
Proposition 4.3, we may instead show that Wy, [dp](a, B) < Wpldpl(x+v, B +7v).

Let ¢ > 0. Then there is a matching ¢ € D(X x X) between o« +y and B + 7y
such that Costy, [dp](0) < Wpldpl(x + v, +v) + €. Now, consider (7t1).0 and
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(72) 40 as sets, where we use indices to avoid higher multiplicities. Then o may be
viewed as bipartite perfect matching between these two sets. Next, add edges to this
bipartite graph between all corresponding (indexed) elements of y. We now have a
bipartite graph such that vertices in 'y have degree 2 and all other vertices have degree
1. Let n. be the number of connected components of this graph. Then the connected
components of the graph produce a partition of o,

o=01+-+o0on, 0f=X,LYi1) ++ XimeYimg)s i=1...,m,

where fori =1,...,m, xi1 € a+ A, Yim, € B+ A, and all other terms in o; lie
iny.Let o/ = (x1,1,Y1,m,) + - + (X1, Yn,mn )- Then (711)50’ = & mod A and
(m2)+0" =B mod A. Thatis, o’ is a matching of « and 3. Since dp (Xi,1, Yim,) <
H(dp (X1, Ui1)s s dp(xi,mi,yi,mi))ﬂp fori=1,...,n, it follows that

n

Costp [dpl(a’) = ||(dp(xi,1,yi,mi))?:1”p < H <H(dp(xi,)”yi,j))?§1Hp)

= Costyp[dp](0).

i=1llp

Therefore Wy [dp](x, B) < Wy ldpl(x+y, B+7v)+ ¢, which gives the desired result.
O

Corollary 4.6 For any metric pair (X, d, A), the metric W1 [d] is translation invariant.

Example4.7 1. Let G = (V,E, w) be a (possibly directed) weighted graph, where
w : E — [0,00] defines the edge weights For a path y = (ef,...,en) in G
and p € [1,00], the p-cost of v is Cp = H w(eq))in 1” Define a metric

Pp 1 V x V — [0, 00] by setting
pp(v,v") =min {Cp(y) | vy a path fromv tov'},

if this set is non-empty, and by setting p, (v,v') = oo otherwise. Then py, is a
p-metric on V. It follows from Theorem 4.5 that W/, [pp] is translation invariant
for any choice of A C V.

2. The p-reflection distance (Elchesen and Mémoli 2019) is a p-metric on the col-
lection of (equivalence classes of) zigzag modules of a fixed length. This can be
seen as a special case of the previous example by defining a directed weighted
graph whose vertices are equivalence classes of zigzag modules of fixed length n
for which there is a directed edge between two vertices if there one of the corre-
sponding zigzag modules can be obtain from the other via a reflection, and with
all edge weights set to 1.

3. (Metrics on length spaces cannot be p-metrics for p > 1). Let (X,d) be a
length space, i.e., for any x,y € X, we have d(x,y) = inf{é(p) [p : I —
X a path from x to y}, where £(p) denotes the length of the path p. To avoid triv-
ialities, assume that there exists x,y € X with d(x,y) > 0. In a length space,
we always have approximate midpoints, i.e., for all x,y € X and € > 0 there is a
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z € Xsuchthat0 < d(x,z)—

7d(x,y) < e/2and0 < d(y,z)—%d(x,y) < €/2.
If d is a p-metric for some p € [1

,00], then for all € > 0 we have

d(x,y) < ||(d(x,z),d(z,y))||p < |[(d(x,y)/2+ €/2,d(x,y)/2 + e/2)||p

= dGxy) + ) (1L 1], =277 dx,y) + €.

Hence d(x,y) < 2'/P~1d(x,y) which is only possible if p < 1.

4. (Classical persistence diagrams). Consider the pair (R2, R2> ). Note that R? is a
length space (and in fact a geodesic metric space) whenever the metric d is induced
by a d-norm, 1 < ¢ < oo, and this is still true when we replace d with dy,. Thus
by the preceding example, Wy, [d] is translation invariant if and only if p = 1.

4.2 Grothedieck group completion

Having described persistence diagrams of metric pairs, we now apply the the general
results of Sect. 3 to define virtual persistence diagrams.

Theorem 4.8 Let (X, d, A) be a metric pair, let p € [1, 00, and suppose that dy, is a
p-metric. Then (D (X, A), Wy, [dl, +) is a TICL monoid and Wy, [d] extends to a metric
on the Grothendieck group of D(X, A) so as to obtain a TIAL group.

Proof By Theorem 4.5, W [d] is translation invariant and hence by Proposition 3.1,
(D(X,A),W,[d], +) is a TICL monoid. Then by Proposition 3.8 and Corollary 3.9,
W), [d] extends to a metric on the Grothendieck group of D(X, A) so as to obtain a
TIAL group. ad

Corollary 4.9 Letr (X,d,A) be a metric pair. Then (D(X,A),W;ld],+) is a TICL
monoid and W, [d] extends to a metric on the Grothendieck group of D(X, A) so as
to obtain a TIAL group.

Definition 4.10 The corresponding Grothendieck Lipschitz group in Theorem 4.8 is
denoted (K(X,A), Wp[d], +) and is called the group of virtual persistence diagrams.
Elements of K(X, A) are called virtual persistence diagrams.

It is straightforward to see that K(X, A) is the quotient F(X)/F(A), where F(S)
denotes the free abelian group generated by a set S. Hence elements of K(X, A) can
be viewed as Z-linear combinations of elements of X, with elements of A acting as
the identity. By the results of Sect. 3, the Wasserstein distances extend to this space in
a natural way that is compatible with the group operation, at least when the distance
is translation invariant to begin with.

Virtual persistence diagrams appear in Betthauser et al. (2021) where they arise as
the Mobius inversion of the kth graded rank function. In that work the authors prove a
stability result for the distance W [d], where d is the metric obtained from the 1-norm
on R
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Example 4.11 Consider the metric pair (Ré, d,A), where d denotes the Euclidean
distance. We can visualize virtual persistence diagrams in this setting by graphing
points in Rzg together with a multiplicity which is allowed to be negative.

5 Wasserstein distance for signed measures

The Wasserstein distance studied in the present paper is related to a more general
distance defined between Radon measures supported on a metric space. This connec-
tion has been made precise (Divol and Lacombe 2021), with the Wasserstein distance
between persistence diagrams being a special case of a “partial” Wasserstein distance.
In this section, we apply the tools developed in the previous sections to the notions
of Wasserstein and partial Wasserstein distance. When applied to the monoid of finite
Radon measures on a metric space, we obtain a metric of the form introduced in
Mainini (2012).

5.1 The monoid of Radon measures

Let (X, d) be a metric space and let p be a measure on the Borel o-algebra of X.
We say that W is inner regular if for any open set U C X, u(U) = sup{u(K) | K C
X compact, K C U}; outer regular if for any Borel set B, u(B) = inf{p(U) | U C
X open, B C U}; and locally finite if every point of X has a neighborhood U for which
pn(U) is finite. A Radon measure is a measure which is inner regular, outer regular,
and locally finite. We will denote the set of all Radon measures by M (X) and the set
of all finite Radon measures on X by M:{n (X). M:{n (X) is a cancellative monoid with
the monoid operation taken to be addition of measures, the zero measure being the
monoid identity. Recall that for a measurable function f : (X1, X1, u) — (X3, X5) from
a measure space to a measurable space, the pushforward measure f 1L is a measure on
(X2, L) defined by (f,p)(E) = u(f~1(E)) forall E € Z,.

5.2 The transportation problem and the Wasserstein distance between measures

In this section, we describe the namesake of the Wasserstein distances between per-
sistence diagrams described in previous sections. This is a classical notion of distance
between probability measures, or more generally, between measures of equal mass,
and is related to the transportation problem for measures. While the similarity between
the two notions is evident, the more general notion of partial transportation and the
corresponding partial Wasserstein distance, described in Sect. 5.4, are needed to make
the connection precise (Divol and Lacombe 2021). The classical Wasserstein distance
arises from the transportation problem between measures of equal mass supported on
a metric space (X, d).

Definition 5.1 (The Transportation Problem) Let (X, d) be a metric space and let
i, v € M™(X) be two positive Radon measures supported on X. A coupling between |
and v is a Radon measure 7t on X x X for which 7t(E x X) = u(E)and (X< E) = v(E)
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for all Borel sets E C X. The set of all couplings between (t and v is denoted TT(,v).
For p € [1, 00), the p-cost of a coupling is defined by

Cp(m) = JX . d(x,y)Pdn(x,y). (5.1)

The transportation problem is to find a coupling between L and v of minimum cost.
The p-Wasserstein distance between p and v is given by

1/p
wp[duu,v)—( inf cp(m> ,

el (p,v)

if TT(,v) # 0, and is set to oo otherwise.

Remark 5.2 The p-Wasserstein distance is typically viewed as a partial metric in the
sense that it is only defined between measures of equal mass. Note that with our
definition, the p-Wasserstein distance is an (extended) metric on the space of all
measures, with the distance between measures of unequal mass always being infinite.
Indeed, if 7T € TT(w,v) # 0 then |u| = u(X) = (X x X) = v(X) = v|. Hence if
lul # v| then TT(w,v) = @) and thus Wy, [d](p,v) = .

The following duality result applies in the p = 1 case.

Theorem 5.3 (Kantorovich—Rubinstein Duality, Kantorovich and Rubinstein 1958;
Kellerer 1985; Edwards 2011, Theorem 4.1) Let p, v e M+ (X ) be Radon measures on
(X, d) which satisfy the finiteness conditions [, d(x,xo)du(x), [y d(x,xo)dv(x) <
oo for some xg € X. Then

Wildl(w,v) =sup { [y fdu— [y fdv | f: X > R, |[f]Lp < 1}

Remark 5.4 1t is usually assumed in the statement of the previous theorem that || =
[v|. This is not necessary with our definition of Wasserstein distance. For if || > |v|
then, for any ¢ € R we have [, cdp — [y cdv = c(lp| —v|]) — o0 as ¢ — oo.
Since the constant function ¢ : X — R is 1-Lipschitz, the right hand side is infinite.
On the other hand, the left hand side is infinite by definition, since TT(w,v) = 0 (see
Remark 5.2).

It follows immediately from Kantorovich-Rubinstein duality that the 1-Wasserstein
distance is translation invariant with respect to addition of measures. This fact together
with Proposition 3.1 immediately implies the following.

Corollary 5.5 Let (X,d) be a metric space. Then (M;{H(X),Wl[d],—l—) is a TICL
monoid.

In the next section, we will also make use of a generally weaker formulation of the
mass transportation problem for p = 1, called the transshipment problem (Edwards
2011; Rachev et al. 1998), Chapter 6).
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Definition 5.6 (The Transshipment Problem) Let (X, d) be a metric space and let p,v
be two Radon measures supported on X with finite first moments. A weak coupling
between p and v is a Radon measure 7t on X x X for which 7t(E x X) + v(E) =
(X x E) + w(E) for all E C X Borel. Denote by I'(,v) the set of all weak couplings
between p and v. The p-cost of 7t is defined as for couplings (Definition 5.1).

When the cost is defined by (5.1) and p = 1, the transshipment problem and the
transportation problem are equivalent (Edwards 2011, Theorem 4.5), i.e.

inf  Cy(m)= inf Cy(m). 5.2)
e (w,v) el (w,v)

This is no longer true if d is replaced by a more general function, but we will not
consider more general cost functions here.

5.3 Extending the Wasserstein distance to signed measures

Since the 1-Wasserstein distance is translation invariant on the monoid M:{n(X) of
finite Radon measures supported on (X, d), it follows from the results of Sect. 3 that
the 1-Wasserstein distance extends to the corresponding Grothendieck group. In this
section, we describe the Grothendieck group of M;{n( X) and describe a transportation
formulation of the resulting metric on this group.

The following proposition is essentially the Jordan decomposition theorem.

Proposition 5.7 The Grothendieck group of M;{II(X) is the group Mgn(X) of finite
signed Radon measures.

Proof By the Jordan decomposition theorem, every signed measure 1 € Mgy (X)
can be written uniquely as a difference @ = u™ — pu™, where u*, u= are mutually
singular positive measures. Define the map ¢ : Mgy (X) — K(M;{H(X)) by u =
ut —pu~ — ut —u~ (here, the expression on the left hand side denotes elementwise
subtraction of positive measures, while the expression on the right hand side represents
an equivalence class in K(M;{n (X))). The verification that ¢ is an isomorphism is now
straightforward. O

Since (Mgrn (X), Wi[d], +) is a TICL monoid by Corollary 5.5, by Proposition 3.11,
Wi [d] extends to a unique metric on Mgy, (X).

Definition 5.8 Let u = u™ —p~ andv = v —v~ be finite signed measures, written
in their Jordan decompositions. The 1-Wasserstein distance between L and v is defined
by

Wildl(,v) = Wildl(w" +v7,u +v7F).
Note that the above formula is precisely the global cost extension of the 1-

Wasserstein distance (Mainini 2012). Next, we describe a transportation formulation
of the Wasserstein distance between signed measures.
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Definition 5.9 (The Signed Transportation Problem) Let A : X — X x X be the
map x — (x,x). For w,v € Mg,(X), let Z(u,v) denote the collection of all ¢ €
Mn (X x X) of the form

o=m— Ay
for some 7t € M (X x X) andy € M, (X) which satisfy
o(ExX)=u(E) and o(XxE)=~v(E)

for all Borel subsets E C X. The cost of 0 € X(,v) is
Clo)=| dixy)dotx)
XxX

The signed transportation problem for ,v € Mg, (X) is to find an element of £, V)
of minimum cost.

The relationship between the signed transportation problem and the Wasserstein
distance between signed measures is the following.

Theorem 5.10 For w,v € Mg, (X) we have W1[d](u,v) = inf 55 () C(0).

v

Proof By definition, W1 [d] (1, V) = inf eyt 4v— i 4v+) Ci(7m). Leto € Z(w,v)
with 0 =t — A,y for some t € M, (X x X) and vy € M, (X). Then

WE)—v(E) =0(Ex X) —o(X x E) =7(E x X) — (X x E).

Therefore, w € T(u+ +~v—, vt +pu™). By change of variables,
[ dtevianyixu = | dviameyix = | drxdvix=o
XxX X X

and hence we have Ci(7) = [y y d(x,y)dn(x,y) = [y, xd(x,y)do(x,y) =
C(0). Thus, using the transshipment formulation of the 1-Wasserstein distance (Equa-
tion (5.2)), we see that

Wildl(n,v) < inf C(o).
oeX(wv)

On the other hand, let t € TI(p" +~v~,vT + ). Then o = 7w — A (™ +v7)
satisfies

O(ExX) =7(ExX)—A*" (W +v ) ExX)=7n(Ex X)—u (E) —v (E)

=u"(B)+v (E) —p (E) —v (E) = u(E),

inf  C(o) < Wild](p,v). o
oeX (V)
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5.4 The partial transportation problem and partial Wasserstein distances

Let (X,d,A) be a metric pair with A C X Borel. The partial transport problem is
concerned with measures supported on X \ A. Informally, the problem is to find the
most efficient way to transport the mass of one measure to another, allowing mass to
be borrowed from or pushed to the subspace A. Expanding upon work of Figalli and
Gigli (2010), Divol and Lacombe (2021) defined the problem for the case that X is
some Euclidean space and A is a closed subset of X. Motivated by their work, and by
adopting the perspective taken in the present paper on the Wasserstein distance between
persistence diagrams, we generalize their definition of the partial transport problem
and the resulting metrics. By taking A = (), we recover the classical Wasserstein
distances as well.

Instead of working with measures on X \ A directly, we will instead mimic the
algebraic setup we established for persistence diagrams in Sect. 4 and consider the
quotient M*(X)/M™(A). Here, we are viewing measures | supported on A as also
being measures on X according to u(E) = w(E N A) for all E C X Borel.

Definition 5.11 We define the commutative monoid of Radon measures on X relative to
Aby MT(X,A) = MT(X)/M™(A). Similarly, we define the commutative monoids
M;{H(X,A) = Mﬁtl(X)/Mgrn(A) of finite Radon measures on X relative to A and
Min (X, A) = Mga(X)/Mgn(A) of finite signed Radon measures on X relative to A.

Elements of M™*(X,A) are cosets of the form w + M™*(A), and similarly for
Min (X, A) and Marn(X, A).Note that p =v (mod MT(A)) <= p+a=v+9p
for some «, 3 € M™(A), and similarly for Mg, (X, A) and Mﬁﬁl(X, A).

Proposition 5.12 Let (X, d, A) be a metric pair with A Borel. Then K(MF{H(X, A)) =
Min (X, A).

Proof By Proposition 5.7, K(MEFH(X)) = Mjsn(X) and K(Mﬁtl(A)) = Mjsn(A). Since
the monoid of measures is cancellative, it follows from Proposition 2.6 that

K(Mg, (X, A)) = KM, (X)) /K(Mg, (A)) = Men (X)/Min(A) = Mein (X, A).

g

Lemma5.13 Let A C X Borel and u € M (X). Then there exists unique measures
ua € MT(A) and uc € M (X\ A) such that w = pa + 1c. Analogous statements
hold for Mg, (X) and M;{n(X).

Proof For E C A Borel, define ua (E) = w(E), and for E/ € X \ A Borel, define
uc(E’) = n(E’). View pa as ameasure on X by defining pa (E”) = pua (E”"NA) for
E” c XBorel, and similarly for c. Then pa (E”)+uc(E”) = w(E”"NA)+u(E"N
(X\ A)) = uw(E”) for all E” C X Borel. To see that this decomposition is unique,
suppose that i = ph +p forsome phy € M*(A)and u- € M*H(X\A).ForE C A
Borel, we have pa (E) = pa(E) + uc(E) = w(E) = uu (B) + ne(E) = pi (E),
since e (E) = pi(E) = 0, and hence pa = pjy. A similar argument shows that
nc = pe.The proofs for My (X) and J\/[aLn(X) are identical. O
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Proposition 5.14 Let (X,d,A) be a metric pair with A C X Borel. There are
monoid isomorphisms M* (X, A) = M*T(X\ A), M (X, A) = ML (X\ A), and
Min (X, A) = Mgn (X \ A).

Proof Define @ : MT(X\ A) — M+ (X)/MT(A) by v = v+ MT(A). Clearly @
is a monoid homomorphism. To see that @ is surjective, let © € M ™ (X) be given. By
Lemma 5.13, there exists unique measures pa € M (A) and pc € MFT(X\ A) such
that @ = pa + pc. Thus p = pe (mod M™T(A)) and hence @ (pc) = p+MT(A).
To see that @ is injective, suppose that ®(v) = @(v’). Then there are measures
o, B € MT(A) such that v + o« = v/ + B. Since v,v/ € MT(X\ A) and «, B €
MT(A), by the uniqueness statement of Lemma 5.13 we have v = v/, as desired.
The second isomorphism is proven similarly. The last isomorphism then follows from
the second and Propositions 5.7 and 5.12. a

We now introduce a generalization of the Wasserstein distances, of which the clas-
sical Wasserstein distances can be seen as a special case.

Definition 5.15 Let p € [1,00) and let w,v € M (X). We say that p,v are p-finite
with respect to A if

J d(x, A)Pdp(x) < oo, J d(x, A)Pdv(x) < oo. (5.3)
X X

Let Mg’ A (X) denote the submonoid of M™(X) consisting of all measures that are
p-finite with respect to A. For p,v € M; A (X), we denote by TTa (1, v) the subset
of M (X x X) of all Radon measures o supported on X x X which satisfy

(m)so=p (mod M¥(A)), (m).o=~v (modM*(A)).

The p-cost of 0 € TTA (K, V), denoted Cé‘ (o), is defined as in the ordinary transporta-
tion cost (5.1). The partial optimal transportation distance between L and v with
respect to A is then defined on M;r A(X) by

l/p
‘»A d ll, V) = ']lf CA ()

when TT4 (1,v) # ), and we set Wé(u,v) = oo otherwise.

Let M,J (X,A) = J\/[;;A(X)/J\/[Jr (A). Wé[d] is zero on M (A) and thus induces
a distance on M{; (X, A) which we denote by W, [d].

Remark 5.16 1. The p-finite conditions are analogous to the finiteness conditions
in Theorem 5.3 and guarantee that the partial optimal transport distance is finite
between measures satisfying this condition.

2. Cé\ can also be defined as an integral over (X x X) \ (A x A) without changing
the Wasserstein distance, since measures are only considered modulo measures on
A.
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3. By Proposition 5.14, we can alternatively view W, [d] as a metric between Radon
measures supported on X \ A that are p-finite with respect to A.

Divol and Lacombe define the partial optimal transport distance slightly differently
for measures supported on an open subset 8 C RY. This distance was originally
introduced by Figalli and Gigli for bounded subsets of Euclidean spaces (Figalli and
Gigli 2010).

Definition 5.17 (Divol and Lacombe, Figalli and Gigli Divol and Lacombe 2021;
Figalli and Gigli 2010) Let p € [1,00), let § C R4 be open, and let 1, v be Radon
measures supported on 8§ which satisfy

J d(x,98)Pdu(x) < co, J d(x,88)Pdv(x) < co. (5.4)
S S

Let Adm(p,v) denote the set of all Radon measures o on 8§ x § which satisfy

o(Ex8)=u(E), o(SxE)=~(E"),

for all E, E’ C 8 Borel. The p-cost of 0 € Adm(u,v) is defined by

(o) =J§ _dix.y)7dofx.y).

Then define

or 1/p
OTp (1, v) = inf  C%(c .
p(Y) <0€A<1121(u,w vl )>

Lemma5.18 For A C R9 and x ¢ A we have d(x, A) = d(x, dA).

Proof Since A = int(A) U dA is closed and d(x,A) = d(x, A), there exists a € A
such that d(x,A) = d(x,a). Suppose that a € int(A). Let € > 0 be such that
Be(a) Cint(A) andlet a’ = a+ eX=4r. Then a’ € Be(a) C Aand d(x,a’) =
d(x,a) — e < d(x, A), a contradiction. O

Recall that a retraction of a topological space X onto a subspace A C X is a
continuous map 7 : X — A such that r(a) = a forall a € A.

Proposition 5.19 Let 8 C RY be an open subset and let \,v be Radon measures
supported on 8 which satisfy (5.4). Let X = R4 and A = X\ 8. Suppose also that
there is a 1-Lipschitz retraction v : X — 8 with v(A) C dA. Then

Wé[d](u‘s’v) = OTD(H?‘V)s

where on the left-hand-side, we view W and v as measures supported on X in the usual
way.
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Proof By Lemma 5.18 and the fact that d(x, A) = 0 for all x € A, we have

J d(x, A)Pdu(x) :J d(x, A)Pdp(x)
X 8

:J' d(x, dA)Pdu(x) :J d(x, 98)Pdu(x),
8 8

and similarly for v. Thus p,v satisfy (5.3) if and only if they satisfy (5.4). Now let
0 € Adm(,Vv). View o as anelement of M+ (X x X) by setting o(U) = o(UN(Sx§))
for all U C X x X Borel. Then, for the projection 7t : X X X — X, we have

(E x X) (ExX)N(8x8))=0((ENS) x3)

(7'[1)*0-(1:—) = =0
(EN8) x8)+0o((ENd8) x8) =w(ENS)+o((EN3IS) x §)

o
o

for E C X Borel. It follows that (711 )+0(E) + p((ENA) = w(ENS) + n(ENA) +
o((ENa8) x 8) = u(E) +o((ENaS) x §). Now let &, p € M+ (A) be defined by
o(F) :== w(FN A) and B(F) := o((FN 38) x §) for all F C A Borel. View o as a
measure on X by defining o(E’) = o(E’ N A) for E/ C X Borel, and similarly for 3.
Then we have

(m1)0+(E) + &(E) = (m1).0(E) + w(ENA) = w(E) + o((EN38) x §)
= u(E) + B(E),

for all E C X Borel. Thus (711)x0 = p (mod MT(A)). Similarly, we have
(m)s0 = v (mod M*(A)). Now, since o is supported on 8§ x S, we have
Jxxx dx,y)Pdo(x,y) = [5,gd(x,y)Pdo(x,y) so that Cp(0) = CST(O'). It fol-
lows that Wé[d](p,v) < OTp (1, v).

To prove the reverse inequality, let o € TT(u,v) be given. Define ¢’ = (r x 1),0.
Then o’ is supported on § x 8. To see that ¢/ € Adm(p,v), let E C 8 be a Borel set.
Theno’(Ex8) = o((rx1)"HExS8)) = o(r~1(E)xr~1(8)).Sincer(A) C dA = 38
and 8 C RY is open by assumption, we have r—!(E) = E. Thus, ¢/(E x §) =
o(r~1(E) x 17 1(8)) = o(E x X). Since o € TI(,v), there are &, p € M*(A) such
that o(E x X) + o(E) = w(E) + B(E). Since E C 8, o(E) = B(E) = 0 so that
o/(E x 8§) = u(E). Similarly, ¢/(8 x E) =v(E) and thus ¢’ € Adm(p,v). Now, by
the change of variables formula together with the fact that r is 1-Lipschitz, we have

COT(¢") = Jg _dixy)do’(x.y)

:J d(r(X),r(y))pdcr(x,yKJ d(x,y)Pdo(x,y) = Cp (o).
XxX XxX

Thus OTp (1, v) < WQ [d](u,v). O

Corollary 5.20 W} [d] = OTy, for § = RZL C R? and A = R*\8 = R,
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Proof Let X = R?and A = X\ 8§ = R2 Themapr: X — 8§ = R2 given by 1(x) = x
forx € Rzg and v((x,y)) = (X5, X"Ly) for (x,y) € RZ isa I- L1psch1tz retraction
of X onto § with r(A) C 9A = A. The result then follows from Proposition 5.19. O

The classical transportation problem can be seen as the special case of the partial
transportation problem in which the subset A is taken to be empty. The Wasserstein
distance is then just the partial optimal transportation distance for the metric pair
(X,d, ). In this case, Adm(p,v) reduces to the set of all measures 7t supported on
X x X which satisfy 7t(E x X) = u(E) and 7t(X x E) = v(E) for all Borel sets E C X,
ie. Adm(w,v) =TT(w,v).

In the case that X is R? equipped with a Euclidean distance and A = R2 , Divol
and Lacombe have observed conversely that the partial optimal transport distance can
be formulated in terms of the classical Wasserstein distance.

Proposition 5.21 (Divol and Lacombe 2021, Proposition 3.7) Let W,V be finite Radon
measures supported on R: which satisfy (5.4). Let t > w(RZ) + v(R2). Define
measures on the quotient space R? /A by fL = p+ (t — w(R2 )84 and v =v + (t —
V(R2< ))O A (here, we are viewing W and v as measures on the quotient space). Then
Denote by M;r A fin(X) the submonoid of finite measures in M; A(X), and
let M; in(X,A) = M;’ Afin /M (A). The preceding proposition together with
Kantorovich-Rubinstein duality imply the following.
R?).

RZ
Corollary 5.22 OT, and hence W, 2[d), is translation invariant on M7 N R2 hn(

Proof Let ,v, k be finite measures supported on R2< which satisfy (5.4), which we
identify as elements of Ml B2 6 (Rz). Letr > 2(u(R2<) + V(Ri) + K(Ri)), let

A =Ry, and let it = p+ (r/2 — u(R2))OA, ¥V =V + (r/2 — v(R2))d A, and
K= K+(r/2—K(R2<))6A.Thenby Proposition 5.21, OT | (u+«k, v+k) = W [d] (fi+
K,V + &). By Kantorovich-Rubinstein duality, W1[d](jt + K, ¥ + k) = W [d]({t, V)
and again by Proposmon 5.21, Wi [d](f1,¥) = OTy(u,v), and thus OT] is translation

invariant. Then W Z[d] is translation invariant by Corollary 5.20. O

Corollary 5.23 W, [d] extends to a unique metric on the Grothendieck group
K(M{ g, (R, R3)).

Proof By Corollary 5.22, W[d] is translation invariant on Miﬁn(Rz,Ré). Hence,

by Proposition 3.1, (Mffﬁn(Rz, Ré ), Wq[d], +) is a TICL monoid and result follows
from Proposition 3.11. a

5.5 Persistence diagrams as Radon measures

Let (X, d, A) be a metric pair. Recall that there is a canonical embedding from X —
D(X) given by sending x € X to the indicator function on X. Similarly, there is a
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canonical embedding from X — M;l (X) given by sending x € X to the Dirac measure
on x. This embedding extends by linearity to a canonical embedding D (X) — Mﬁ+n (X).
This embedding induces a canonical embedding D(X,A) — M;l:](X, A). That is,
persistence diagrams may be viewed as special cases of Radon measures. Similarly,
there is an embedding K(X) — Mg, (X) of virtual persistence diagrams into the
space of finite signed Radon measures, and this induces an embedding K(X,A) —
Min(X, A).

Proposition5.24 Let «,3 € D(X). Under the canonical embedding D(X) —
Mgn(X), we may view o and 3 as measures. Then Wp[d](«, B) = Wpldl(«, B).

Therefore, we have a canonical isometric embedding (D (X, A), Wy, [d] )—>(M;$n (X,A),
WQ‘ [d]). Similarly, there is anisometric embedding (K(X, A)), Wi[d]) — (Mg (X, A),
Wi [d]).

il

Proof By the fundamental theorem of linear programming together with the Birkhoft-
von Neumann theorem, there is a solution to the transportation problem for « and f3
(viewed as measures) given by amatching of cand {3 (viewed as persistence diagrams).
The last statement then follows immediately from the definition of the extension to
the Grothendieck group (Definition 3.7). O

6 Infinite persistence diagrams: the Cauchy completion of D(X, A)

As we saw in Sect. 4, the space of finite persistence diagrams has a nice description in
terms of the free commutative monoid. While persistence diagrams arising in practice
are finite, these are sometimes finite approximations of infinite persistence diagrams.
Following the works of Mileyko et al. (2011) and Blumberg et al. (2014), in this sec-
tion we describe a family of infinite persistence diagrams satisfying a certain finiteness
condition in terms of the Cauchy completion of the Lipschitz monoid of finite per-
sistence diagrams. The main contribution of the work in this section is threefold: we
generalize the results of those papers to pairs of metric spaces, show that the monoid
operation of the space of finite diagrams extends to the Cauchy completion, and state
a corresponding universal property for the resulting space.

6.1 Cauchy completion of spaces of diagrams

Let (X,d,A) be a metric pair, let p € [I,00], and consider the CL monoid
(D(X,A),Wy(d],+). We will describe the Cauchy completion of the metric space
(D(X,A),W,;[d]) and show that the above monoid operation extends to this comple-
tion so as to again obtain a CL monoid. We will first introduce a definition.

Definition 6.1 For a metric space (X, d), let ~¢ denote the equivalence relation on X
given by x ~ y <= d(x,y) = 0. The corresponding quotient space is denoted
(X/~0,d).

If (M, d, +) is a CL monoid, then addition descends to the quotient (M /~, d) so
as to obtain a CL monoid. Indeed, define [x]+[y] = [x +y]. This is well-defined since

@ Springer



Virtual persistence diagrams, signed measures... 459

if [x] = [x]and [y] = [y'] then d(x+y,x"+y") < ||+ ||ip(d(x,x")+d(y,y")) = 0.
Moreover, it is easily verified that ||+ ||Lip = || + [|Lip-

Definition 6.2 Let (X, d) be a metric space. Let X denote the set of Cauchy sequences
in X. Define an equivalence relation ~ on X by declaring that (xn) ~ (yn) <

limn—oo d(Xxn,yn) = 0. Let X = X/ ~ and let [xn] denote the equivalence
class of (xn) under ~. We define a metric d on X by setting d([xn], [x]) =

limn o0 d(xn, Xy, ). The metric space (X, d) is the Cauchy completion of (X, d).
The Cauchy completion of a metric pair (X, d, A) is defined to be (X, d, A/~¢).

The Cauchy completion (X, d) is complete and contains a dense isometric copy of
(X/~o, d), the image of the map i : X — X which sends x € X to the equivalence class
of the constant sequence at x. If X satisfies the separation axiom then 1i is an isometric
embedding of X into X.

We record the following lemma for later reference.

Lemma 6.3 The canonical map i: X — X is an epimorphism in Lip.

Proof Let f,g : X — Z be Lipschitz and hence continuous. Since i(X) is dense, f and
g are completely determined by their values on i(X). Hence, if foi = goithenf =g
and thus 1 is an epimorphism. g

We note, however, that i is a monomorphism if and only if X satisfies the separation
axiom. When X does satisfy the separation axiom, i is an example of a morphism which
is both monic and epic but is not necessarily an isomorphism unless X is complete to
begin with. The following lemma shows that elements of the Cauchy completion can
be obtained as limits of constant sequences approximating them.

Lemma 6.4 Let (X, d) be ametric space with Cauchy completion (X,d)andleti: X —
X be the canonical map. For an element [x,] € X we have [xn] = limm o 1(Xm ).

Proof Given [xn] € X, we have limm—oo d(i(Xm), Xn]) = liMm—co liMn—oo
d(xm,xn) = 0, since (xy, ) is a Cauchy sequence, and hence limm — oo 1(xm ) = [xnl.
O

The Cauchy completion, together with the canonical inclusion i : X — X, satisfies
the following “enriched” universal property.

Theorem 6.5 Let (X, d) be a metric space. Let Lipcp) sep denote the full subcategory of
Lip whose objects are complete metric spaces satisfying the separation axiom. Then

(1) For any (N,p) € Lipeplgsep and Lipschitz map ¢ : X — N, there is a unique
Lipschitz map ¢ : X — N such that  oi = ¢; and
@ [ dllip = l|llzip-

Proof (1) Let ¢ : X — N be a given Lipschitz map and define ¢ : X — Nby
d([xn]) = limn o ¢(xn). Since ¢ is Lipschitz, Cauchy sequences are sent to
Cauchy sequences. Since N is complete, the limit defining ¢ exists and is unique

since N satisfies the separation axiom. Moreover, ¢ (i(x)) = limn o $(x) = Pp(x)
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for all x € X sothat ¢ o1 = ¢. Suppose 1 : X — N is Lipschitz and  oi = ¢. Then
by Lemma 6.4, we have

Blbend) = (lim i(xm)) = tim $(ilxn)) = Bim ¢lom),

m—00

so that \p = &.
(2) We have

P@(bxn). B(bxi))) = o (Jim b(xn), lim b(xh)) = lim p((xn). lx,))

n—oo

< ”d)”Lip nlgnoo d(xn, Xil) = Hd)HLipa([xn], [Xil]),
so that ¢ is Lipschitz with || ||Lip < || ||Lip- On the other hand, || ||Lip = [|poi||Lip <

I lLipllillLip = I llLip. since [[il|Lip = 1, and thus [|d[lLip = [P ][Lip- O

_ The analogous result holds for metric pairs (X, d, A) and its Cauchy completion
(X, d, A/~p), with Lipschitz maps replaced with Lipschitz maps of pairs.

Corollary 6.6 If (X, d) together with a Lipschitz map u : X — X satisfy both conclu-
sions of Theorem 6.5, then (X, d) and (X, d) are isometric.

Proof Since i : X — X is Lipschitz, there exists a unique Lipschitz map 1 : X — X

such that i o uw = 1, and ||i||Lip = ||i/|Lip = 1. Similarly, there is a unique Lipschitz
map U : X — X such that Wo i = w, with |||y = |[uLip. Since idg is the
unique Lipschitz map such that idg o u = u, we have ||u||Lip = [lidg[|Lip = 1. Thus

[llip = [[ulleip = llidg [[Lip = 1.
Now, again by uniqueness, lol = idyy and W o i= idg. Since 1 1 and T are both
1-Lipschitz, they give the desired isometry. g

Corollary 6.7 The Cauchy completion of (X x X, d+ d) is (up to isometry) (X x X, d +
d).

Proof Let i : X — X be the canonical inclusion. Then i x i : X x X — X x X
is easily seen to satisfy both conclusions of Theorem 6.5. Hence by Corollary 6.6,
(X x X, d + d) is (up to isometry) the Cauchy completion of (X x X, d + d). O

We can now see formally that addition on a Lipschitz monoid extends to its Cauchy
completion.

Proposition 6.8 Let (M, d, +) be a CL monoid. Then the Cauchy completion (M, d)
admits a CL monoid structure which restricts to that of M /~y on the isometric embed-
ding of M/~q in M. Moreover, the canonical inclusion i : M — M is a monoid
homomorphism, and if d is translation invariant then so is d.

Proof Since M is a CL monoid, the map + : M x M. — M is Lipschitz. By Corol-
lary 6.7, the Cauchy completion of (M x M, d + d) is (M x M, d + d), and by
the universal property of the Cauchy completion, there is a unique Lipschitz map
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+:M x M — M such that + o (i x i) = i o + (here, we denote the operations on M
and M both by +). The fact that + makes (M, d, +) a CL monoid is easily verified.
Moreover, the equality + o (i X 1) = i o + means exactly that i(x) +i(y) = i(x +y)
and so 1 is an embedding of M/~ as a submonoid of M. We can then compute
addition in M explicitly as follows. For [xn], [yn] € M we have [xn] + [yn] =
limp i(xn) 4+ limp i(yn) = limp i(xn) + 1(Un) = limp i(xn + Un) [Xn +Ynl.
Now to see that d is translation invariant on M, if [xn], [ynl, [zn] € X then we have
d([xnl+(znl, lynl+lzal) = limn oo d(Xn+2zn, Yn+zn) = limn o d(Xn,Yn) =
d([xnl, ynl). o

The next proposition shows that the unique Lipschitz map provided by universality
of the Cauchy completion is a monoid homomorphism when the given Lipschitz map
is a monoid homomorphism between CL monoids.

Proposition 6.9 Let (M, d, +) be a given CL monoid. Suppose that (N, p,+) is any
other CL monoid and that  : M — N is a Lipschitz monoid homomorphism. Then
the unique Lipschitzmap ¢ : M — N provided by Theorem 6.5 is a monoid homomor-
phism when M is equipped with the CL monoid structure provided by Proposition 6.8.

Proof Consider the following diagram in Lip.

M x M Xd)f s N x N
\ /
x M
+Mm l+ﬂ +N
! /' \ |

The outer square commutes since ¢ is a monoid homomorphism, the upper and lower
triangles commute by universality of the Cauchy completion, and the left trapezoid
commutes by construction (Proposition 6.8). It follows that +x o (¢ x ¢)o (i x 1) =
Po +x10(ix1). Since i x 1is an epimorphism, it follows that +n o (PxP) = o v
which is precisely the statement that ¢ respects the monoid operations. Moreover,

$(0) = $(i(0)) = ¢(0) = 0 and thus ¢ is a monoid homomorphism. ]

The following lemma shows that formal sums of Cauchy sequences are Cauchy
sequences in the space of persistence diagrams.

Lemma6.10 Ler (X, d, A) be a metric pair and let (xil)n be Cauchy sequences in X
for1 <A < k. Then the sequence (x\ +- - -+xX ), is a Cauchy sequence in D(X, A).

Proof Since the inclusion (X, d) — (D(X, A), Wj[d]) is Lipschitz, each (x; nisa
Cauchy sequence in D (X, A), and since additionin D (X, A) is Lipschitz, the term-wise
sum of these sequences is also a Cauchy sequence in D (X, A). a
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We now consider an extension of the space of finite persistence diagram considered
earlier to a space of persistence diagrams allowing possibly countably infinitely many
summands.

Definition 6.11 For a set X, let D(X) = {f : X — N| f(x) = 0 for all but countably
many x € X}.

Clearly D(X) is a commutative monoid with monoid operation given by pointwise
addition of functions and identity the zero function. Moreover, if A C X then we can
identify D(A) with a submonoid of D(X). Elements of D(X) can also be viewed as
countable formal sums of elements of X. There is a canonical map i : X — D(X)
which, when elements of D(X) are viewed as formal sums, is given by x — x.

Definition 6.12 Let (X, d, A) be a metric pair. Define the space of countable persis-
tence diagrams on X relative to A by D(X, A) = D(X)/D(A). We will also refer to
elements of D(X, A) as countable persistence diagrams on (X, A).

As with finite persistence diagrams, we have a monoid isomorphism D(X, A) =
D(X\ A). Effectively, the existence of this isomorphism shows that every element of
the quotient D(X)/D(A) has a unique representative which takes value zero on all of
A, i.e., a formal sum with values in X \ A. We identify D(X, A) as a submonoid of
D(X, A) in the obvious way.

The Wasserstein distances are easily extended to D(X, A).

Definition 6.13 Let , 3 € 5(X A). Wecall o € 5(X x X) a matching between «
and B if ) ,cxo(x,z) = a(x) and } -y o(z,x) = [:’)( ) for all x € X\A. For
p € [1, 00], the p-cost of o is deﬁned by ﬁ(d(xl, , where I is a countable

set such that 0 = Y ; 1 (x4, x{). The p-Wasserstein dzstance between x and f3 is then
defined to be

Wpldl(x, B) = iI(le Costp[d](0),

the infimum being taken over all matchings between « and f3.

Like the finite Wasserstein distance, W), is p-subadditive and translation sub-
invariant, the proofs being essentially identical to those given in the finite case [see
Bubenik and Elchesen (2021, Lemma 4.17) and Lemma 4.4 for the respective proofs
in the finite case].

In order to understand the Cauchy completion of the space of finite persistence
diagrams in our framework, we will consider the following subspace of D(X, A).
First, we need a preliminary definition. For « € D(X,A), let «x — D(X,A) = {B €
D(X,A) |« = p 4y for some y € D(X, A)}. In words, « — D (X, A) is the set of all
countable persistence diagrams on (X, A) which differ from « by a finite persistence
diagram on (X, A).

Definition 6.14 Let (X, d, A) be a metric pair and let p € [1, co). We define

Dp(X,A) ={ax € D(X,A) | Wp[d](B,0) < oo for some B € x — D(X,A)}.
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6.1)

Foreach € > Olet Ue = {x € X|d(x,A) > €}. For p = co we define

Doo(X,A) ={ a e D(X,A) Zoc ) < ooforalle >0 . (6.2)
xeUe

For p € [1, 00), elements of ﬁp (X, A) should be thought of as those countable
persistence diagrams on (X, A)) which, after removing at most finitely many summands,
have finite Wasserstein distance to the zero diagram. Elements of D, (X, A) are those
diagrams for which there are only finitely many summands at a given positive distance
away from A. Evidently, ﬁp (X, A) is a submonoid of D(X, A) forall p € [1, co]. The
inclusion of D(X, A) into D(X, A) is in fact an inclusion D(X, A) C D} (X, A). The
following lemma shows that Dy, (X, A) C Do (X, A) forall p > 1.

Lemma6.15 Let (X,d,A) be a metric pair and let p € [1,00]. Then ﬁp (X,A) C
Doo (X, A).

Proof Letp € [1,00) and let o« € Dy (X, A). Then there is some p € « — D(X, A)
such thatW (B,0) < oo. Let ¢ > 0. Since Wy, (f3,0) (2 xeu, B(x))e )

erue B(x) < c0.Since p € a—D(X, A), thereis somey 6 D(X A) suchthat o« =
3 + y. Since erX\A Y(x) < oo, erue v(x) < oo. Therefore erue a(x) =
> xeu. B(x)+ 2 yeu, v(x) < ooand thus o € Do (X, A). O

The following result was first proved for classical persistence diagrams for p €
[1,00) (Mileyko et al. 2011) and for bar codes for p = co (Blumberg et al. 2014).
With a few changes, these proofs generalize to metric pairs (Bubenik and Hartsock
2021).

Proposition 6.16 (Bubenik and Hartsock 2021) Lez (X, d, A) be a metric pair and fix
p € [1,00]. Then (Dy, (X, A), W [d]) is complete if and only if the quotient space
(X/A, dy) is complete.

This result will allow us to completely describe the Cauchy completion of the space
of persistence diagrams on a metric pair (X, d, A). We will need the following lemmas.

Lemma6.17 Let (X,d,A) be a metric pair, with Cauchy completion (X, d, A/~o).
Let p € [1,00]. Consider the spaces (D(X, A), Wp[d]) and (Dy, (X, A/~g), Wp[d]).
Then for Z;’ozl [xh], Zfo:) [unl € Dy (X, A/~p), we have

oo o0

N N
Wold | 3 []. Y [uh] | = Jim  tim Wold {3 . 3 v

j=1 j=1 j=1 j=1
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Proof Let Z?il[x%},zg’il[yil] € Dp(X,A/ ~p) be given. By translation sub-
invariance, we have

00 N 00

Wold [ S ALY ) <ol [ 3 .o

j=1 j=1 j=N+1

o

By the definition of Dy, (X, A/ ~p), there is some B € S0 ] — DX, A/ ~o)
such that W, [d](B,0) < oco. Hence we have that W, [d](Z;XLM[x’n] 0) < oo for
sufficiently large M. Therefore, for each € > 0, W, [d](z]:N +1[xn] 0) < € for
sufficiently large N and hence W;, [d]( N [x}],0) — 0 as N — oo. Therefore
YN xh] — Y52 [xh] as N — oo,

Now note that the canonical map i : X — X induces a distance preserving map

(D(X,A),W,;[d]) — (D(X,A/~p), Wp[d]). Moreover, limm 00 i(x1n) = [xh] for
allj € N (Lemma 6.4). Then

j j
i i Wo d]{ 3 xhe 3 vl
j=
N N
:Nlinoo‘rrlinoowr)[d Zl le
j= i=

= d 1 )
] CERES WENNERER S
]_

MCARNTA

j=1 j=1

the second equality coming from the continuity of the metric. This completes the
proof. O

For « € Dp(X,A) and € > 0, let Ue(x) be given by Ue(ox)(x) = o(x) if
d(x,A) > € and Uc(a)(x) = 0 otherwise. That is, U¢ () = erue «(x). By
Lemma 6.15, U () € D(X,A). Let Le () € 5p(X,A) be given by L (a)(x) =
a(x)if d(x,A) < eand L (a)(x) = O otherwise.

Note that o = Le (et) + U (). Moreover, by definition of Dy, (X, A), we have that
W (Le(or),0) — 0 as € — 0. Thus, by translation subinvariance, W, (¢, Ue () =
Whp (Le(o) + Ue(a), Ue(ax)) < Wp(Le(a),0) and hence Wy (o, Ue(x)) — 0 as
€ — 0. Moreover, it is straightforward to see that for &, B € Dy, (X, A), ox = B if and
only if Ue () = U () forall € > 0.

Lemma6.18 Let (X, d,A) be a separable metric pair and let p € [1,00]. The CL
monoid (D (X, A), Wy, [d]) satisfies the separation axiom.
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Proof Let «, 3 € Dy (X, A) and suppose that Wy, (, B) = 0. Then

W (Ue(a), Ue(B)) < Wy (Ue(a), &) + Wy (o, B) + Wi (B, Ue (B))
=Wp (Ue(a), o) + Wp (B, Ue(B))

and hence Wy, (Ue (o), Ue(B)) — 0 as € — 0. Suppose that U, (o) 7# Ue, () for
some €( > 0. Then there is exists an x € X with d(x, A) > €¢ such that x(x) # B(x).
Suppose without loss of generality that «(x) > (3(x). For simplicity, assume «(x) = 1
and 3(x) = 0. The general argument is similar. Let 6 = min(min{d(x,y) |y #
x, B(y) # 0}, d(x,A) — €p). We claim that Wy, (cx, 3) > 6. To see this, suppose
that Wy (o, ) < 8, and let 0 € D(X x X) be a matching between o and 3 with
Costeo (0) < 8. Then, since d(x,A) > 6 + €g > b, there exists y € X with B(y) >0
and o(x,y) > 0. Therefore d(x,y) < 6. But no such point can exist by definition of
b, and we have reached a contradiction. Thus Wp (&, B) > W (o, ) > 6 > 0. But
now this contradicts our assumption that Wy, (o, ) = 0. Hence U () = U (B) for
all € > 0 and thus o = 3. a

Corollary 6.19 Let ()& d, A) be a metric pair and let p € [1, 0o]. Then the CL monoid
(Dp (X, A/~0), Wy [d]) satisfies the separation axiom.

Proof By the definition of the Cauchy completion, (X, d, A /~¢) satisfies the separation
axiom, and so the result follows from Lemma 6.18. O

Theorem 6.20 Letp € [1,00]. Then (Dp (X, A/~0), Wy, [d]) is the Cauchy completion

Proof We will use Corollary 6.6 to establish the result. Let i : X — X denote the canon-
ical map and define j : D(X,A) — Dy, (X, A/~) by Z{z/l:l xK - Z]Q/lzl i(xk). We
will verify that (Dy, (X, A/ ~0), Wy [d]) together with j satisfy the universal prop-
erty of the Cauchy completion (Theorem 6.5). Since X is complete, so is X/(A/~q).
Thus, by Proposition 6.16, (Dp, (X, A/ ~), Wp[d]) is complete. By Lemma 6.19,
(Dp (X, A/~0), Wy [d]) satisfies the separation axiom as well.

Let (N, p) be a complete metric space satisfying the separation axiom and let
¢ : D(X,A) — N be Lipschitz. Define ¢ : (D (X, A/~0), Wp[d]) — N by setting

0 M
¢(z [xm) ~ i im (z)
k=1

k=1

To see that ¢ is well-defined, first note that, by Lemma 6.10, since each (x]fl)n isa
Cauchy sequence in X, for each M we have that (Z]’X{: 1 xh)n is a Cauchy sequence
in D(X, A). Since ¢ is Lipschitz, (cb(zlrz/l:] x‘T‘L))Tl is a Cauchy sequence in N and
hence converges by completeness of N. Further, suppose that, for each k, [xX] = [yX].
Then limn — d(xh, y]fl) = 0 for all k, and for all M we have,

M M
) ( lim ¢ (th) , lim ¢ (Zy‘ri))
n—oo = n—oo v
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o (o( )0 (Zt))

M
< [6lhip Tim Wpld (z mz) i tim z oy =0
k=1

Since (N, p) satisfies the separation axiom, we thus have limy 49(21]2/[: 1 xh) =
limn — oo d)(Z]EA: | yX). Finally, consider the sequence (limnqoo 43(21’24:1 xK)

M
in N. For an ordered pair M < K we have

M K
o ( lim ¢ (th) lim ¢ (lei))
M K
-mofo(E9)o(£)
k=1 k=1

M K
H k k . k K
< bl Jim Wy ld] (kzl xn,klen> < Dbl Jim[[(d0k ANy

Since Y 3> [xK] € Dy (X, A/~0).
Hence

(A(xK, AL LH < oo for sufficiently large L.

K
( lim d(x A))
n—oo k=M+1]|,,

lim H
n—oo

e, -]

— H(a([xﬁ],A/NO))E:MH Hp -0,

as M, K — oo. Thus (limn_,OO ¢(Z1724:1 x‘ﬁ)) " is a Cauchy sequence in (N, p) and

hence converges, which shows that 5 is well-defined.
Now G(j(x1+-+-+xn)) = d(i(x1)+- - +1ilxn)) = d(x1+- - - +xn ) since each
i(x) is just the constant Cauchy sequence on x. Thus ¢ o j = ¢. To see that ¢ is
unique, suppose that : (D, (X,A/ ~¢) — Nis a Lipschitz map such that \ oj = ¢.
Then

w(3641) o (3 ) = v (3 4]

k=1 k=1 k=1
M
=t (3] = (3
M M
= pm,, Jim, ( (Zn>) = i, Jim, & (Z n>
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-5 (¥ ml).
i=1
and thus \ = ¢.

Lastly, we will show that ||$/||Lip = [|$]|Lip- We have

9(6 (Z[Xi]n> ,6 <Z[Ui]n>
i=1 i=1

=0 ( lim nlg)nood) (Z

N

- nlgnoo ngloo o ( <g

N
< [[¢]lp Jim lim Wyl (Z x;,zy;>

11m nhmoo(b (Zgn>)
i=1

i=1 i=1
= | llLipWy [d) (Z ) [yl )
i=1 i=1

the last equality coming from Lemma 6.17. Thus ||¢||ip < [/$[|Lip- On the other

hand, we have [|¢||Lip = || oj[lLip < |dlLipllillLip = Il dllLip since [[j|[Lip = 1. Thus
| ®]lLip = ||®]/Lip, completing the proof. O

6.2 Universal property for the Cauchy completion of diagrams

In this section we extend the universality result of Bubenik and Elchesen (2021) to
the Cauchy completion of the space of persistence diagrams.

Theorem 6.21 (Universal Property for (Dy, (X, A),W;,[d),+)) Let (X,d,A) be a
metric pair and let p € [1,00]. Let (N, p,+,0) be a complete CL monoid satisfying
the separation axiom, and let & : X — N be Lipschitz and satisfy (A) = {0}. Then

(1) There is a unique Lipschitz monoid homomorphism ¢ : (D (Y A),Wp [d) —
(N, p) such that ¢ = ib o, where L : X — Dp(X,A) denotes the composition
X~*> D(X,A) — Dp(X,A); and

@ [ llip = l|bllzip-

Proof Let 6 : X — D(X,A) denote the canonical inclusion of X to its space of
persistence diagrams and let i : D(X,A) — ﬁp (X, A) denote the canonical map of
D (X, A) toits Cauchy completion. By the universal property of the space of persistence
diagrams (Bubenik and Elchesen 2021), there is a unique monoid homomorphism
¢’ :D(X,A) — N with ¢p’(A) = {0} and such that ¢’ 06 = ¢. Then by the universal
property of the Cauchy completion (Theorem 6.5), there is a unique map Lipschitz
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map ¢ : Dp(X,A) — Nsuchthat poi=¢’. Thenpoi=doiod=¢'0d=¢
and ||$|lLip = [|[¢/[|Lip = [|P||Lip- Moreover, by Proposition 6.9, ¢ is a monoid
homomorphism, completing the proof. g

7 Universal Banach spaces

We will show that every pointed metric space has a canonical embedding into a Banach
space. This universal Banach space has been constructed independently many times
(Arens and Eells 1956; Flood 1984; Pestov 1986; Godefroy and Kalton 2003; Weaver
2018). It is sometimes referred to as the Arens-Eells space (Weaver 2018) or the
Lipschitz-free Banach space (Godefroy and Kalton 2003). We present a construction
based on the partial optimal transport problem, which we formulate in the language
of linear programming.

In this section we restrict to metric spaces (X, d) that satisfy the separation and
finiteness conditions. That is, our notion of metric spaces agrees with the usual one.
In particular, Lip. will denote the category whose objects are pointed metric spaces
satisfying the separation and finiteness conditions and whose morphisms are pointed
Lipschitz maps. Also, all vector spaces will be real vector spaces.

7.1 Normed vector spaces

Let NVS denote the category whose objects are normed vector spaces (V, | ||) and
whose morphisms are bounded linear operators, T : (V, ||[|y/) — (W, || |[\y/).i.e.linear
maps T : V. — W such that there exists a K for which || Tv||\y, < K||v||y, forallv € V.
For a bounded linear operator T : V — W, let || T||,, denote the operator norm of T,
which equals the infimum of all K such that || Tv||\,, < K|[v||y, forallv € V. There
is a forgetful functor U : NVS — Lip. given by U(V, || [|) = (V,d; ,0), where
d” ”(V,W) = ||V—W||, and U(T : (V, || HV) — (W, || ”W)) =T:(V, d” ”v,O) —
(W, d” llw 0). Note that HTHLip = HTHop'

Given a set X, let V(X) denote the free vector space on X of formal R-linear
combinations of elements of X. That is, V(X) is the set of functions from X to R
with finite support, together with pointwise addition and scalar multiplication. By
identifying x € X with the indicator function on x, we may write each 1 € V(X)
as L = > I" | Wixq for some n > 0, uy € R\ 0, and distinct x; € X. For a
pointed set (X, xg), let V(X,xq) = V(X)/V(xo). Define p : V(X) — V(X \ xg)
by p(1) = Hlx\x,» Or equivalently, p(> "o pixi) = Y ;- pixi. Then p induces
a well-defined map p : V(X,xg) — V(X \ xg). Define v : V(X \ x9) — V(X)
by (X" Hixi) = > i% o Hixi, where g = — > I | py. Then t induces a map
T: V(X \ xg) — V(X,x0) and p and T are inverse maps. Define v : V(X, xg) — V(X)
by v = top. Then for 1 € V(X, xg), r chooses a canonical representative Z?:o HiXi
with ) 1" i = 0. Aset map f : X — Y extends to a linear map f : V(X) — V(Y)
by (>, mixi) = X i~ mif(xi). Furthermore, a pointed set map f : (X,xo) —
(Y,yo) extends to a linear map T : V(X,x9) — V(Y,yo).
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Definition 7.1 Given (X, d, xg) € Lip«, we define the Wasserstein norm on V(X, xg)
as follows. For i € V(X, x), consider r(p) = Y " mixq with ) ;" py = 0. Define
[/l [ay to be the solution of the linear programming problem

n n
minimize Z Z 75 d (x4, %5)
i=0j=0
n (7.1)
subject to Z(mk — Ti) = Ki,1=0,...,m
k=0
T = 0,1,j=0,...,n.

Calmt=)1", Z]TL:O i3 (xi,%5) € V(X x X) that satisfies the constraint of (7.1)
a coupling for pand call 3" 5 3% 7ijd(xi, x;) the cost of the coupling, denote
Costy [d] (7).

Proposition 7.2 For (X, d,xo) € Lips, the Wasserstein norm || le[d] is a norm on
V(X, X()).

Proof For subadditivity, consider p,p’ € V(X,xo) with r(p) = Y " nix; and

!/ !

T(p') = Y1 nix/, where x} = x. Let v = w+ /. Then r(v) = Y ™ vixy,
; ; / / /

where fori=1,...,n,vi =y, fori=1,...,n", vy =y and x4 = x4, and

Vo = Mo+ 1. Let (735 )1'j—o be a coupling for a solution to (7.1) for .. Let (71{]- )T5-0
be a coupling for a solution to (7.1) for p’. Define

B / !/ / T
o + oo o1 Ton Tt Ty
ush) M . Tn 0 . 0
T= Ttn0 Tn 1 coo Tnn 0 0
/ / /
T 0 0 T 7-[1n/
!/ / !/
L ﬂn’O 0 0 T 0 T

Then T is a coupling for v and its cost is the sum of the costs of 7t and 7t’. Therefore
I+ 1w, a) < Rl a) + IR lw, (-

Let u € V(X,x0) and a > 0. Then 7t is a coupling for u if and only if a7t is a
coupling for ap. Furthermore 7t is a coupling for  if and only if 7t ", the transpose of
7, is a coupling for —u. Since Cost;[d](amt) = a Cost;[d](7t) and Cost [d(n") =
Cost; [d](7r), it follows that for all b € R, [[by[lyy, 4 = bl |1/l [a)-

Finally, let p € V(X,xo) with r(p) = Y 1 tix; and || #llw,a) = 0. Then there
is a coupling 7t for p with zero cost. Thus, by the objective function in (7.1), 7t3; = 0
for all i # j. Therefore, by the constraint in (7.1), u; = 0 for all i and hence = 0. O

Theorem 7.3 Let (X,d,xg) € Lips. The canonical map i : (X,d,xg) —

(V(X,x0), d lw, (a® 0) is an isometric embedding.
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Proof We need to verify that for all x;,x; € X, if pis the equivalence class of x; —x»
in V(X,xg), then Hu||Wl[d] = d(x1,%x2). To start, T(p) = Oxg + 1x + (—1)x,. Let 7t
be a coupling for p. Since the terms 7ti; have no impact on (7.1), we will assume they
equal 0. The constraints in (7.1) give us the following.

o1 + Tlop — 710 — 720 =0 (7.2)
T + T2 — Tor — 71 = 1
o + 71 — o2 — T2 = —1 (7.3)

Rearranging (7.2), we obtain
0 = 7001 + T2 — T020. (7.4)
Substituting (7.4) in (7.3), we obtain
o = 1 + 1M1 + 20 — TT02. (7.5)
The cost of 7t is given by
(712 4+ m21)d(x1,x2) + (7001 + 710) A (X1, X0) + (7T02 + Tr20) A (X2, %0)-
Substituting (7.5) and (7.4), we get

(1 + 271 + 1m0 — 702 ) d (X1, X2) + (27101 + Tr02 — T20) d (X1, X0)
+ (702 + T20) d (X2, X0).

Rearranging we obtain

d(x1,x2) + 211 d(x1,x2) + m20ld(x1, X2) — d(x1,%0) + d(x2,%0)]
+2mo1d(x1,%0) + mo2[d(x1,%0) + d(x2,%0) — d(x1,%2)]. (7.6)

By the triangle inequality, the two sums inside the square brackets are both nonnegative.
It follows that the cost is minimized by setting 7o = 70 = o1 = 792 = 0. By (7.4)
and (7.5), 9 = 0 and 7ty = 1, respectively. Furthermore, by (7.6), the cost of this
optimal coupling is d(xy,x2). O

Theorem 7.4 Let (X,d,xo) € Lip.. For any (W, | ||) € NVSand ¢ : (X,d,x9) —
(W.d) |,0) € Lips, there exists a unique map @ : (V(X,xo), I HWl[d}) —
(W, [[]]) € NVS such that Up o i = @. Furthermore, [[U||;;, = |¢||Lip-

Proof Let p € V(X,xo) with r(p) = > i*  wixi. Since @ is a linear map, we must
have that (pt) = Y | ni@(xi) (since @ is a pointed map, @(xg) = 0).

Let 7t be a coupling for n which is a solution to the linear program (7.1). Then
W) =Y, Z?:o(”ij —TGi)X = ) i Z)Tl:o 705 (X1 — ;). Therefore @ (p) =
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D it02 o ®xi—x) = X1 2o i (@(xi) —@(x;)). By the subadditivity
of the norm || ||,

Il <D Y mijfloxi) — o0x)
1=0j=0

n n
<llollp Y Y miyd(xix;)

1=03=0

= ll@llip Ikl -

Therefore @ is a bounded linear map. Furthermore [U®||;, = [|@ o, = [[@[lLip- O

Corollary 7.5 The forgetful functor U : NVS — Lip. has a left adjoint V :
Lip. — NVS which sends (X,d,xo) to (V(X,xo), || HW.[d]) and sends f
(X,d,x0) — (Y,d’,yo) to the induced linear map f : (V(X,xo), || ||W1[d]) —
(V(Y,v0), | lw,ran)- Furthermore, |[f||o, = [[f]lL;p-

7.2 Banach spaces

Recall that a Banach space is a complete normed vector space. Let Ban denote the
full subcategory of NVS consisting of Banach spaces. Every normed vector space
V isometrically embeds as a dense vector subspace into its Cauchy completion V.
This defines a functor C : NVS — Ban that is left adjoint to the inclusion functor
Ban — NVS.

Combining this with Theorem 7.3, we have the following.

Corollary7.6 Let (X,d,xg) € Lips. The canonical map i : (X,d,xg) —
(V(X,x0), dy ,0) is an isometric embedding.
4% [d]
Since adjoint functors compose we have the following.
Corollary 7.7 The forgetful functor U : Ban — Lips has a left adjoint V
Lip. — Ban which sends (X,d,xg) to (V(X,xg), ||W.[d]) and sends f
(X,d,xo) — (Y.d’,yo) to the induced linear map t : (V(X,xo), || lw,ta)) —

f||0p = Hf”Lip'

(V(Y,y0), | lw,(ar)- Furthermore,

Restating this as a universal property we have the following.

Theorem 7.8 Let (X,d,xp) € Lips. For any (W, | ||) € Ban and ¢ : (X, d,xo)
— (W, d)|,0) € Lipy, there exists a unique map ¢ : (V(X,x), | HW.[d]) —
(W, [ I) € Ban such that U o i = @. Furthermore [[U®|| i, = [[@|[Lip-

7.3 Isometric embeddings

We summarize the embeddings we have constructed as follows.
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Theorem 7.9 Let (X, d, xq) be a pointed metric space. We have the following sequence
of isometric embeddings of pointed metric spaces, where we omit the basepoint O from
the notation,

(X. d.x0) == (D(X. x0), Wild]) == (K(X,x0), Wi[d]) = (V(X.x0). dj |, )
— (V(X,x0), d llw (a) )

and (D1 (X, x0), Wildl) < (V(X,x0), dj 1y, o) )-
Proof The first map is an isometric embedding by Bubenik and Elchesen (2021,
Lemma 4.18). The second map is an isometric embedding by Corollary 4.9. It is
well known that the last map is an isometric embedding. We prove that the third map
is an isometric embedding.

Let «, 3,v,0 € D(X,xg). Then

d ||W|[d](0<— By —8)=|la—B— (v —08)llwa) = llc+8—=(B+Y)llw,a -

From (7.1), we see that the latter equals the cost of the solution to the transshipment
problem (Definition 5.6) from o+ 6 to 3 +y. Since p = 1, this equals the cost of the
solution to the transportation problem (Definition 5.1) from & + & to 3 4 <. That is,
[oc+8 — (B +¥)llw,(a) = Wildl(ax + 8, B +7v) = Wildl(ax — B,y —8).

Since (D(X,x0), Wi[d]) isometrically embeds in (V(X, xo), d lhw, ra ), it follows
that the Cauchy completion of the former isometrically embeds in the Cauchy com-
pletion of the latter. g

As aresult, we may refer to each of the metrics in Theorem 7.9 as W/ [d].
Given a metric pair (X, d, A), define V(X,A) = V(X)/V(A). By (Bubenik and
Elchesen 2021, Remark 4.14), for a metric pair (X, d, A), we have and isometric

isomorphism (D(X, A), Wi[d],+,0) = (D(X/A,A), W;[d]). Combining this with
Theorem 7.9, we obtain the following.

Corollary 7.10 Let (X, d, A) be a metric pair. We have the following sequence of iso-
metric embeddings of pointed metric spaces, where we omit the basepoint 0 from the
notation,

and (D1 (X, A),Wi[d]) <= (V(X,A), d lw, @ )

Example 7.11 Consider the metric pair (Ré,d,A). We have isometric embed-
dings of the spaces of classical persistence diagrams (D(Ré,A),Wl [d]) and
(61(R2<,A),W1 [d]) into the Banach space (V(R2, A), || Iw,1a))-
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