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Abstract

In this paper, we study how basis-independent partial matchings induced by morphisms
between persistence modules (also called ladder modules) can be defined. Besides, we extend
the notion of basis-independent partial matchings to the situation of a pair of morphisms
with same target persistence module. The relation with the state-of-the-art methods is also
given. Apart form the basis-independent property, another important property that makes
our partial matchings different to the state-of-the-art ones is their linearity with respect to
ladder modules.

1 Introduction

Persistent homology [9] is one of the main tools of topological data analysis. The algebraic struc-
ture associated to persitent homology is persistence module [7, 12]. There are still many open
questions about persistence modules, specially multidimensional ones. Ladder modules [11] (that
is, morphisms between 1-dimensional persistence modules) are concrete cases of multidimensional
modules and therefore interesting objects of study. In this section we will introduce such con-
cept together with previous works that motivated our study. Unless stated otherwise, “persistence
modules” will refer to “l1-dimensional persistence modules”.

Partial matchings induced by morphisms between persistence modules are needed to answer
questions that arise in topological data analysis. For example, consider a finite filtration K, of
simplicial complexes obtained from a given dataset:

Kl K2 Kn

The original dataset may vary, for example if it depends on time or if it is modified as part of
an experiment. Then, a new filtration L, may arise. In some cases, there exists a simplicial map
k; : K; — L; between each pair of simplicial complexes (K, L;) making the following diagram
commutative:

L Lo . Ly
HIT 54 HJ (1)
K, Ko . K,

Nevertheless, these simplicial maps cannot always be defined. Partial simplicial maps [10] (that is,
partially defined maps which are simplicial isomorphisms in their domains) are used to model such
situations. Let us denote a partial simplicial map between a pair of simplicial complexes (K;, L;)
by w; : K; » L;. Actually, u; can be expressed using simplicial maps. Consider the filtration:

K., Up, L,=K,U L*/ adTe

where x ~,, yify = p. (z). Notice that there exists trivial injections between K, L, and K, Up, L.



We obtain the following commutative diagram:

Ly Ly L,
KiUy Ly —— KyUy, Ly —— ... —— K, U, L, (2)
K, Ko K,

When applying the homology functor with coefficients in a field to Diagrams (1) and (2), we obtain,
respectively, the commutative diagram:

U Us .. U,
‘”T “QT “”T (3)
Vi Vs .. Vi

that can be seen as a morphism « : V — U between the persistence modules V and U of length

n, and
Uy Us . U,
P |+
Wi W, . W, (4)
ol o]
|4 Vs . v,

that can be seen as a pair of morphisms V —— W & U between the persistence modules V, W
and U.

Since V and U are characterized up to isomorphism by their respective barcodes B(V) and B(U)
(this is a consequence of Gabriel’s Theorem [13], see [12]), the following question arises: How can
Diagrams (3) and (4) induce partial matchings between the multisets B(V) and B(U)?

It is proven in [11] that ladder modules with n < 4 (which can be seen as morphisms between
persistence modules of length n) are finite decomposable. Such decomposition characterizes up
to isomorphism the ladder module (Diagram (3)) and, in particular, the morphism involved when
n < 4. Nevertheless, ladder modules are infinite decomposable for n > 4.

A technique for computing partial matchings induced by morphisms between persistence mod-
ules of any length is introduced in [3] and extended recently in [4]. Despite being very useful
for theoretical purposes, such techniques factorizes through the image of the given morphism and
sometimes produces a different partial matching than the expected from the ladder module de-
composition.

Moreover, computing a partial matching induced by Diagram (4) is not straightforward. Once
we have the matching induced by Diagram (3), we could try to create the new one composing the
partial matching between B(V) and B(W), and the partial matching between B(W) and B(U).

Nevertheless, it is proven in [3] that there does not exist any functor from the category of
persistence modules to the category of multisets with partial matchings as morphisms. In other
words, composing partial matchings force us to make arbitrary basis choices. In [16], continuing
previous work [10], a persistence module K C W is defined and interpreted as the “common
persistence” between V and U. Nevertheless no explicit relation of the persistence module K to
the persistence modules V and U is given.

In this paper we will define basis-independent partial matchings such that:

e They are induced by morphisms between persistence modules (Diagram (3)).

e They are linear with respect to the direct sum of ladder modules (then, they do not factorize
through the image of the given morphism.)

Besides, we also extend the definition to basis-independent partial matchings induced by Diagram
(4) and describe their relation with the persistence module K defined in [16] thanks to the new
concept of enriched partial matchings presented here.



2 Background

In this section, we briefly recall the concept of persistence modules and all the other concepts
mentioned in the introduction section. Notice that some of the classical definitions presented here
have been slightly modified to suit our situation. Please, pay attention to the remarks in this
section, they will be used later in the proofs of the main results of the paper. In addition, some
minor lemmas that may be needed later have also been added to this section. We have omitted
categorical or quiver concepts when possible to keep the paper readable by the widest audience.

2.1 Vector spaces and linear maps

From now on, we will consider vector spaces to be finite dimensional, and scalars in a fixed field
F. The following elementary remarks about vector spaces will be used later.

Remark 2.1. Given three vector spaces A, B, C, with B C A, we have:
dimA/B=dimA—dimB>dimANC —-dimBNC=dimANC/BnNnC
where dim V' denotes the dimension of the vector space V.

Remark 2.2. Given a linear map « : A — B between two vector spaces A and B, we have that:
dim A = dim [o(A)] + dim [ (0)],
dim B = dim [a~"(B)] — dim [a~"(0)],
B=aa"'(B) and ACa 'a(A),

where a~1(0) denotes the kernel of a.

2.2 Zigzag, persistence and interval modules
Let us briefly introduce now the concept of zigzag, persistence and interval modules. See [5].

Definition 2.3. A zigzag module V is a sequence of vector spaces V; together with linear maps
¢} (called structure morphisms):

v

\! \
Y1 @éf anl

Wi Va V-

If the linear map ¢, goes from V; to V;41 then ) is denoted by £, and, if the linear map ¢, goes
from V;41 to V; then gpy is denoted by g}’, that is,

=0l Vi — Vi and g =) :Vigr — Vi

This way, the sequence of symbols f and g will determine the type of V. For example, the
structure of a zigzag module V of type 73 = f fg will be:

v v A%
VARESI VS L BN VAN S V)

Definition 2.4. A persistence module V of length n is a zigzag module of type 7, =
(n—1)-times

frool f, that is,

v v v
V: ‘/1 fl ‘/2 f2 L n—1 Vn

Remark 2.5. For the sake of clarity, the composition f," ;o fy ,o0...0 f7 ;o f) will be denoted
by f};b. In particular, observe that fY will also be denoted by fX ag1 and fX . 18 the identity map
on V.

Remark 2.6. We sometimes add the trivial spaces V) = 0 and V,,41 = 0 to a given persistence
module V of length n, together with zero maps fy : 0 — V4 and £, : V,, — 0. Then, given a,b € Z,
with 0 < a < b < n, we have that be(Va)zoifb:n—i—lora:O.

Zigzag modules can be decomposed in simple parts.



Definition 2.7. Given two zigzag modules U,V of type 7, it is said U to be a submodule of V|
denoted U C V, if U; CV; and, ¢} (U;) C Uisq if o) = fY or o) (U;) C U1 if o) = g}, for all 4.
In particular, ¢Y is defined as ¢ |y,.

In addition, U is said to be a summand of V if there exists another submodule W of V such
that V; = U; ® W; for all 7. In that case, we say V is the direct sum of U, W, denoted V=U&W.

Indecomposable modules are zigzag modules that cannot be expressed as a direct sum (except
themselves with the zero module). Indecomposable modules have the structure of interval modules
[5] which are defined as follows.

Definition 2.8. Given a,b,n € Z, 1 < a < b < n, an interval module I[a,b] of type 7, is the
following zigzag module of type 7,:

a,b] T[a,b] (pl[ 1’17]

Il ¥ I2 2 Ll In

where, for 1 <i <n,

[ F, ifi € [a,b],
*7 1 0, otherwise,

and
Ila,p) _ | the identity map if i € [a,b— 1],
i { the zero map, otherwise.
Notice that, in topological data analysis, intervals are sometimes consider to be semi-open. If
the reader is used to that notation, please recall that in this paper [a,b+ 1) will be written as [a, b].
Zigzag modules can be expressed as direct sums of interval modules.

Theorem 2.9 (Interval Decomposition Theorem [5]). Let V be a zigzag module of type 7, then:
Ve @ I,
1<a<b<n

where m, , is the multiplicity of the interval module T[a, b).

2.3 Persistence diagrams and barcodes

Zigzag modules are unambiguously described (up to isomorphism) by interval modules I[a, b] and
their multiplicities. This information is usually represented in two equivalent ways: persistence
barcodes and persistence diagrams. Please, notice that the word “diagram” in “persistence diagram”
does not have any categorical meaning.

Definition 2.10. Let V ~ @, p<n H[a,b]mi,b be a zigzag modules decomposed in interval

modules. The persistence diagram of V is the function
DV AL — Z>o
(a,b) — mz’b

where A = {(a,b) € 2220 such that a < b}.

Definition 2.11. Let V. ~ @, .-, ]I[a,b]m:iﬁ be a zigzag modules decomposed in interval

modules. The persistence barcode of V is a multiset' formed by the intervals whose associated
interval modules have no null multiplicity, mathematically:

BV = {([a7b]7m§;b) : mg,b > O}

The collection of all persistence barcodes will be denoted by B. Although we will use the
concept of persistence diagrams along the paper, the concept of persistence barcodes will be useful
when defining enriched partial matchings in Section 4.

Before finishing this subsection, let us recall the formula for computing multilplicities of the
interval modules in the decomposition of a given persistence module. Let (a,b) € A, then:

D (a,b) = dim [f, (Vo) Nker f)] — dim [,/ ,(Vaz1) Nker f]. (5)

This expression is well-defined taking into account Remark 2.6. This formula for persistence
modules and analogous formulas for zigzag modules can be found in [5].

LA multiset is a set where each element has associated a multiplicity.



2.4 Ladder modules and morphisms between zigzag modules

In this subsection, morphisms between zigzag modules (also called 2-dimensional modules and
ladder modules [11]) are recalled.

Definition 2.12. A morphism « : V — U between zigzag modules of type 7, is a set of linear
maps

a; 2 Vi = U;
such that the following diagram is commutative:
U U U
U1 ¥ U2 23 Pn—1 Un
CYIT (XQT (X'VLT
@Y Wg ¢X—l
i Vo v%

When all «; are injective (resp., surjective), we say « is injective (resp., surjective). Such diagrams
are called ladder modules of type 7,.

Observe that ladder modules and morphisms between zigzag modules are different point of
views of the same concept as shown in [1].

Remark 2.13. Consider a morphism between two interval modules
Ia,b] - T[a’, b'].
Then, all linear maps «; must be zero unless a’ < a < b <b.

Definition 2.14. The image of a morphism « : V — U is the submodule of U whose vector
spaces are a;(V;) for i € Z>g.

There is a decomposition theorem for ladder modules of type 7, in indecomposable ladder
module when n < 4. Nevertheless, when n > 4, ladder modules are, in general, representation-
infinite, that is, they can not be expressed as a finite direct sum of indecomposable ladder modules.

Theorem 2.15. [11] Let A be a ladder module of type T, with n < 4. Then,

A~ @ i

IeTy

where m]lA is the multiplicity of the indecomposable ladder module 1. The set of indecomposable

ladder modules of type 7, with n < 4 corresponds to the finite set of vertices I'g of the Auslander-
Reiten quiver [2] (To,T'1) of ladder modules of type 7, with n < 4.

In this paper, we will not define the Auslander-Reiten quiver (I'g,T'1) since it is not needed for
the understanding of our main results. Besides, the only decomposable ladder modules appearing
in this paper are the ones of type m, = f, 7 = ff and 73 = ff f since we only deal with morphisms
between persistence modules. To illustrate Theorem 2.15, let us describe the indecomposable ladder
modules of type 5 = ff (that will be represented by integer 2 x 3 matrices) and give an example.

If an indecomposable ladder module I of type 7o = f f is represented by an integer 2 x 3 matrix
with all entries being 0 or 1, then the linear maps «; of I are the identity map when possible and
the zero map otherwise. For example, {1 represents the following indecomposable ladder module

of type o = ff:

0——F -, F
[
0 — 0 ——F.

There are another 28 indecomposable ladder modules of type 7 = ff (see [11]), but only two of

them, represented by the matrices § %1 and {19, are not made up of only 0 and 1. Concretely,

such two matrices respectively represent the following indecomposable ladder modules:

F—"s@F —5F F—14 . F 0
d

[oowp W e wl T ]

0 F—1 ., F F —2 @,F F



Example 2.16. The ladder module

F

2
S N 11/ I
[669]

0 —— @&3F 0ot @2 F

of type 75 = ff, has the following decomposition in indecomposable ladder modules:
A~§i1@519906%0

Recall that the ladder module A can also be interpreted as a morphism « : V — U between two
persistence modules U and V where

a0 — @F, agz[égg]l@gF%@gF and agz[lo]l@gF—)F,

and V, U have the following decomposition in interval modules:

V ~1[2,2] ©1[2, 3] and U ~1[1,2* ©1[2,3].

2.5 Partial matchings

In this subsection, we recall how persistence barcodes are related to each other via “partial match-
ings”.

Definition 2.17. A partial matching between sets A and C is a partial bijection o : A — C or,
in other words, a bijection ¢ between the domain of o, domo C A, and the image of ¢, imo C C.

Given a map o : A — C between two sets of points, the codomain and the coimage of o are
defined, respectively, as follows:

codo = A\ domo and coimo =C'\ imo.

Remark 2.18. A representation set of the multiset A, denoted by s(A), is a set obtained by
enumerating the elements of A.

Let us see an example.

Example 2.19. Consider the following two persistence barcodes:
B ={(12,3],2), ([3.3],2)} and B = {([1,2], 1), (12,3],2),(13,3].2)}.

Then,
S(BV) = {[2’ 3]17 [27 3]27 [35 3]17 [373]2}

and
S(BU) = {[L 2]17 [2»3]17 [2’3]27 [3’3]17 [37 3]2}'

A partial matching between s(B") and s(BV) can be, for example, o ([2,3]2) = [3, 3];.

By abuse of language, we will say “partial matchings between persistence modules V, U” when
we mean “partial matchings between sets s(B") and s(BY)".
2.5.1 Bauer-Lesnick induced partial matching

A method for computing a partial matching induced by a morphism between persistence modules
is given in [3]. Such method is introduced in this subsection to show similarities and differences
with our approach. First, we have to give more notations.



Notation 2.20. Given a,b € N, consider the sets
{[-,0«} = {[z,b]n : z,neN}

and
{la, -1s} ={la,yln : y,n € N},

For z,2',y,vy',n,m € N, we write:

/ . z < x',or
(2,0)n < (&, b)m i { x=21a"and n < m.
and, respectively,
y>y', or

’ .
(a7y)n < (a’y )7” if { Y= yl and n < m.

To compute a partial matching induced by an injective morphism between persistence modules
a:V — U, fix b € N and consider the ordered sets A = {[-,b],} C s(BY) and B = {[-,b].} C
s(BY). It is proven in [3] that the number of elements of A is less or equal than the number of
elements of B, that is, #A < #B, so a partial matching between the two sets can be defined by
matching the i-th element of A with the i-th element of B, for 1 < i < #A. Putting together the
partial matchings obtained for all b € N, we obtain a new partial matching between s(B") and
s(BY) denote by 14.

A similar procedure is followed in [3] when « is surjective. In this case, fix a € N and consider
the sets A = {[a, -]} C s(BY) and B = {[a, - ]+} C s(BY). We have that #B < #A. Again, a
partial matching between the two sets can be defined by matching the i-th element of B with the
i-th element of A, for 1 < i < #B. Putting together the partial matchings obtained for all a € N,
we obtain a new partial matching between s(B") and s(BY) denoted by .

Finally, since any morphism « between persistence modules can be decomposed in a surjective
and an injective morphism between persistence modules, a partial matching induced by « can
always be computed.

Definition 2.21. Given a morphism between persistence modules «a : V — U, and its deocompo-
sition o = 7y o B where [ is surjective and =y is injective:

V2 ima 25U,

the Bauer-Lesnick partial matching (or BL-matching) induced by « is the partial matching
0 = Ay 015 obtained by the composition of partial matchings ¢ and A,:

A : 2
s(BY) =5 s(B™me) 2 5(BY).
Let us see a very simple example of a BL-matching.

Example 2.22. Let us consider the ladder module o : V — U where V = I[a, b] and U = I[a’, V'],
being a,b,a’,b' €N, a < a’ <b <V and o; = Id when i € [a/,b]. Then,

Tja,b] - ima = I[d’,b] - T[a’, ]

and

s(BY) = {[a, b1} 22 s(B™*) = {[a/, ]} 2> s(B") = {[a, )1}

where
As([a,b]1) = [a’,b]1 and iy ([a',b]1) = [/, 01

Therefore, the BL-matching ¢ = ¢, o Ag satisfies that:
o([a,b]1) = [a’,b']1.

and it is zero otherwise.



Notice that fixed two persistence modules, the BL-matchings induced by morphisms between
them coincide if the images of such morphisms coincide. In other words, consider two different
morphisms 7 and s between the same persistence modules. If the persistence modules im aq
and im oy coincide then the BL-matching induced by a; and the BL-matching induced by as
coincide. As we will see later, this is not always the case when we compute basis-independent
partial matchings following our approach.

Example 2.23. Let us consider the following ladder module o : V — U of type 75 = ff:

ki
00
01

Then, o = v o 8 where
\% i) ima — U,
B is surjective and +y is injective. The persistence module im « is:

[10] F

0 G F
and its decomposition in interval modules is:
ima ~1[2,3] @ 12, 2].

To construct the BL-matching between V and U, recall that V ~ I[2,2] ©1[2,3]? and U ~ I[1,2]*®
]2, 3] (see Example 2.16 in page 6). Then:

s(BY) ={[2,3]1,[2,3]2, [2, 21},
s(B™) ={[2,3]1,[2,2]:} and
S(BU) = {[172}1a [172}% [273}1}’

Therefore,
/\ﬂ([2’3]1) - [2’3]17 )‘B([273]2) = [272]1’ /\,3([2,2]331) =0,

L’Y([272]1) =[1,2]s, and L’Y([2’3]1) =[2,3):.
Finally, the composition o of Ag and ¢, produces the BL-matching ¢ induced by a:

U([273]1) = [273}1a U([273]2) = [172}15 U([272}1) =0.

. 10
Observe that replacing oy = [(1) 0

—OO
[E—

by, for example, g = [é § (8)}’ will not change o since both

(oW

im « and the decomposition of V do not change.

3 Basis-independent partial matchings

Observe that when we transform a multiset into a set using the map s, we are making arbitrary
basis choices. If we want to define a basis-independent partial matching we should not perform
such operation. As an alternative, we can define the partial matching using multiplicities instead
of pairings. Let us define what basis-independent partial matchings mean in this paper.

Definition 3.1. A basis-independent partial matching between two persistence modules
V, U of length n is a function
M%}ZA+XA+—)ZZO

such that:
S MY(a,ba ) < DY(a,h) and
1<b/'<n 1<a’<b’

> > Mi(a,b,d,b) <DV, Y).

1<b<n 1<a<b



Notice that a partial matching o between s(B") and s(BY) always induces a basis-independent
partial matching between the persistence modules V and U as follows. Assume that a partial
matching ¢ between s(B") and s(BV) exists. Define

My (a,b,d’,b") = #{[a,b], € s(B”) | Ty € N such that o([a,b],) = [/, V], }.

Then,
Y > Mi(ab,d,¥) = #{[a,b], | [a,b], € dom o} < D(a,b)
1<t/ <n 1<a/<b’
and
S>> Mi(a,b,d V) = #{[d V], | o, b], € imo} < DY(d, V).
1<b<n 1<a<b
In particular, given a a BL-matching, we can always compute its corresponding basis-independent
partial matching that will be denoted by M%; .

Example 3.2. Consider the ladder module o : V — U of type 7o = ff described in Example 2.16
and the BL-matching o between s(BY) = {[2, 3], [2,3]2,[2,2]1} and s(BY) = {[1,2]1, [1,2]2, [2,3]1}
given in Example 2.23 and detailed below:

o([2,31) = [2,3]1, o([2,3])2) = [1,2]1, o([2,2]x) = 0.
Then
%.(2,3,2,3) =1, %0(2,3,1,2) =1 and M%;(a,b,a’,b") = 0 otherwise.

Besides, due to the properties of the function Mg given in Definition 3.1, we always can
obtain a (non-unique) partial matching between persistence modules starting from a concrete
basis-independent partial matching. Nevertheless, contrary to what happens with composition
of partial matchings, the composition of basis-independent partial matchings is not well-defined.
Specifically, it has been proven in [3] that no functor from the category of peristence modules
to the category of multisets with partial matchings as morphisms can exist. Nevertheless, using
basis-independent partial matchings, we do not need any arbitrary choice of the elements of the
multisets BY and BY, that is, any choice of the basis of V and U, gaining in versatility.

3.1 Basis-independent partial matchings induced by ladder modules

In this subsection, we will define a basis-independent partial matching with the following charac-
teristics (already mentioned in the introduction):

e It is induced by a given morphism between persistence modules.

e It is a linear map with respect to the direct sum of ladder modules and then it does not
factorize through the image of the given morphism.

The following subspaces will play a very important role in this subsection.

Notation 3.3. Let V be a persistence module of length n. Let a,b € Z>¢. Then, SXb denotes the
following subspace:
v _ fop(Va) Nker fy)if1<a<b<mn,
ab 0 otherwise.

Observe that S(Yb can be seen as the subspace of V,, which “persists” in V;, through be. Now,
observe that Expression (5) in page 4 can be written as

DY(a,b) = dim S, , — dim S}_, . (6)

Therefore, the multiplicity DV (a,b) can be seen as the dimension of the subspace of V, which is
not a subspace of V,_; and “persists” in V}, through f;f’,b . This interpretation is usually called as
“the elder rule” in the literature [9].



The following diagram can help us to figure out how we can define a basis-independent partial
matching between two persistent modules U and V induced by a morphism o : V — U:

£y b
Uy —5 Up — Uy
O‘b’T (7)
f:f b’ f;]l’ b f;V
Va : VE)’ : Vb VE?+1-

But before giving such definition, we need to introduce a new notation.
Definition 3.4. Let a: V — U be a morphism between persistence modules of length n. Then,
X : 280 = Zxo
is defined as follows:
dim [SY, N fiy 0 (SY )]

X*(a,b,ad’, V) = —dim [SY, N fy 0,1 (0)] i <b<m,
0 otherwise.

For the sake of simplicity, we sometimes denote X®(a,b,a’,b’') by LX?, if there is no need to
explicitly mention the morphism a.

Looking at Diagram (7), we can interpret X'* as the dimension of the subspace of Sg,b, that

“persists” in Sz’ p “through” a~!. In the context of zigzag homology, observe that X is the value

DJ2,6] of the f(;llowing zigzag module:

Iy
Uy i1 ¢ forpp(Uar) = Upy

ch/T
o, v

Vi [y (Va) ==V RELER T

Remark 3.5. Since Uy = Vo = Vj,41 = Upq1 = 0, then SXZ/, = 0 if any of the variables a, b, a’, b’
is 0 or n + 1. Besides, by definition of S we have that (ZL’X”, 0Oifb<a, b <d.

a’

To define the basis-independent partial matching induced by «, the function X' will play a
similar role to dim S in the definition of D in Expression (6) of page 9. This way, we will also make
use of an “elder rule operator” defined as follows.

Definition 3.6. Given a function F : Z™ — Z, let us define F;(F) as follows:
Ei(F) (@1, y@n) =F(T1y. ey @i, Tiy Tig 1y« -+, Ty
— .7:(3517. ey Lj—1,L5 — 1,1’i+1,. .. ,SUn)
where E denotes the elder rule operator. We will write E;(E;(F)) as E; ;(F).

For example, let V be a persistence module. Consider the function dim SV : (a,b) — dim SXb.
Then, Expression (6) in page 9 can be written as:

D(a,b) = E1(dim SV)(a, b).

Definition 3.7. Let o : V — U be a morphism between persistence modules. Define M :
A+ X A+ — ZZQ as:

M = Eq 3(X9)
or, equivalently,

a 1 b yb byb  bb b b’
M (a7b7a 7b> - aXa’ _afl‘Xa’ - aXa’fl +a71Xa’71'

The non-negative integer M%(a,b,a’,b") can be interpreted as the amount of interval modules
I[a, b] in the decomposition of V that are “sent” by « to interval modules I[a’, '] in the decomposition
of U. Before proving that M is, in fact, a basis-independent partial matching, let us introduce
some technical results.
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Lemma 3.8. Ifa < d then bXb b)c'b for any ¢ € Z>¢ such thata < c < da'.

a’ T
Proof. Note that, by definition,
oo — o X = dim [, 0 fyl 0y (S5 40)] = dim [}, 0 £ 03t (SE,)]-
Since ¢ < o’ then f,, (Ue) C fy 4 (Ua). Therefore, S7,, C Sy, then
C= Sff,b N fly,b sz;l(sc p) CA = S(Y,b N sz,b O‘EI(SE,M)

Let us see that A’ € C. Consider x € A’. Then, in particular, there exists y € V, such that

o« »(y) = = and there exists z € a;l(SE’b,) such that f,/ ,(z) = 2. Then, necessarily, f,, (y) = z

and oy be,( )€ SY = E/,b'(Ua/) N ker fly’b,ﬂ. Since a < ¢ < a’ <V then

Qpy be/(y) = Qpy be/ fy,c(y) :fgb/ acfi’,c( ) € chb'( )ﬂkerfb/ W1 = Sgb/-
Therefore, z € 57, N fy) , a;,' (SY,) = C, concluding the proof. 0O 0O
Lemma 3.9. IfV < a then abXZ/, = ZXZ/, for any ¢ € Zx¢ such that b/ < c < a.

Proof. Similar to the proof of Lemma 3.8, since ¥’ < ¢ < a, then SXb - S(Yb and therefore

Y% \% —1/qU
C= Sc,b N fb’,b ab’ (Sa’

w) CA= SXb N leJ) al;l(sg‘g,)b,).

Let us prove that AC C. Note that f,/, oyt (SY w) =T foe ay 1(sY ), then
fob (S ) € fe(Ve)-

Then,

S(Y,b N le,b a;l(SE,’b,) C ker szbH N le,b a;l(Sg’b,) - fzj{c(Vc)
concluding that A C C. O O

The following lemma is deduced directly from the definition of the elder rule operator.

Lemma 3.10. Ifi # j then
Y m@-n( X
a<z;<b a<z;<b

Another useful lemmas are the following.

Lemma 3.11. If1 <i <n then:

Z Ez(]:)(zl, ey Lj—1, T4, Tj41 - - - 71‘n) :.F(xl, . ,l‘i_l,b, Lit1,-- .,.Iin)
a+1<x;<b

7./—"(931,...,Ii_l,a,llii_;,_l,...,xn).

Proof. Writing down the sum we have

> E(F)mi ) =F( b )= F(b=1,)

a+1<z;<b
+F(..0—1,..)=F(..,b—2,...)
+F(..,a+1,..)—=F(..,a,...).
Cancelling addends with opposite signs, we obtain the desired result. O

11



Lemma 3.12. Let V be a persistence module of length n. Then, for anyb € Z with 1 < b < n and
any subspace Ay C Vy, we have that:

dim A, = Y dim [£/;(Ap) Nker ;4]

b<i<n
Proof. First, by Remark 2.2, we have that:
dim Ay = dim [ £, ,1(Ap)] + dim [ker f;/, ] (8)
Second, for any i € Z with b < i < n and for any subspace A; C V; we have:
dim A; = dim [f; 1 (4;)] + dim [4; Nker £/, 4] (9)
Then, applying recursively Property (9) to Expression (8), we have:
dim A, = dim [fl},/b+1(Ab)] + dim [ ker fz¥b+1]
= dim [£/y42(Ap)] +dim [fp,p41(Ap) Nker f'y1440] + dim [Ker fyfy 4]

= dim [ 41 £ (As)] + dim [/, (Ay) Nker £7 ] 4+
+dim [f)y 41 (Ap) Nker fi () o] + dim [ker £, 4]
Now, since Ans1 = 0, f,41fy,(As) = 0 and fip is the identity, we have that ker f/, | =
fop(Ap) Nker . Then,
dim Ay = dim [fszn(Ab) N ker er—l,n] + .. +dim [leb(Ab) A ker leb+1]
concluding the proof. 0 -

Lemma 3.13. Let o : V — U be a morphism between persistence modules. Let a,b € Z>q with
a < b and consider a subspace A, C U,. Then:

y,b O‘zzl(Aa) c O‘ljl }E,b(Aa)'
Proof. By commutativity and Remark 2.2:
Xb a;l(Aa) - aljl ap fy,b agl(Aa) = abfg{b Qg O‘;l(Aa) = abfg,b(AA)'
O O

Lemma 3.14. Let o be a morphism between persistence modules. Then:
M (a,b,a’ b)) =bxl — bl
1<a/<b’

and
o Y b b’ b b’
> M (ab,d V) =pxh, —pt, .
1<a<b

Proof. Both relations can be proven in an analogous way. Let us prove the first one. Using
Lemmas 3.10 and 3.11 we have:

> Ma,ba V)= Y Eis(X*)(a,bd V)
1<a’ <V 1<a’ <b’

=B Y BEs(X%)(a,b,a,b) = By (X*(a,0,6, 1) — X%(a,b,0,')).

1<a/ <V
Using X“(a, b,0,b") = 0 by Remark 3.5, we have that:

M*(a,b,d’ b)) = By (X*) (a,b,b/, b)) = 2xb —  bal.

a—1
1<a’<¥’

O O
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Finally, let us prove that M® is, in fact, a basis-independent partial matching induced by a
morphism a between persistence modules.

Theorem 3.15. Let a be a morphism between two persistence modules U and V of length n. Then,

Y > Mabd V) <dimS], —dim S, , = D"(a,b)

1<b/'<n 1<a/<b’

and
S> Mabd V) < dim Sy, —dim Sy, =DY(a’, V).

1<b'<n 1<a<b
Proof. Let us start with the first inequality. By Lemma 3.14, we have:
Z Z M*(a,b,a’ V') = Z bl —  bah.
1<b/<n 1<a’ <b/ 1<b'<n
By definition,
SXZ: - anXg: =dim [SXI) N fz% az;l(sgjgbf)] — dim [S;Vq,b N fZY,b aal(SE,b/)]
—dim [Sy , N fy poy, (0)] + dim [S)_, , N fir 0y, (0)]. (10)

Now, denote

A = S(\l/,b N fly,bagl(()), B = S(\l/fl,b n fl}f’ba};l(()) and C = flyfl,ba};l—l(sl]?’fl,b’fl)'

Since S(Y_Lb - SXb then B C A. Besides, using Lemma 3.13 we have:

Vv -1 [qU —1 U U v o1
C= fb/,bfb/q,bf O‘b’—l(sb’fl,b’fl) C fopay fb’—l,b/(sb’fl,b’fl) = fb’,b (9% (0).
Therefore,
% v -1 (qU
ANC =8, , N fyr_160 1 (Spy—1,p-1)
and
% s -1 /qU
BNC =810 fyr—1p_1(Sp_1-1)
and from Remark 2.1 we have:
— dim [S;\Ll,b N fly,b ;' (0)] + dim [S;Vq,b N fly,b ;' (0)]
. % v -1 (qU . % v ~1 /oU
< —dim [Syp N fy 10 2y (S 1 p—1)] +dim [Sg_y O fir 1yt (Sy—1-1)]-
Then, applying this last result to Expression (10):
b b’ b b’
Z aXb’ 7a—1Xb’
1<b/<b

: \ \ —1,qU : \4 \ — U
S Z dim I:Sa,b N fb/,b Ay (Sb/ﬁb/)} — dim [Sa,b n fb’fl,b abll—l(Sb/fl,b’fl)}
1<b/'<b

—dim [S;_y , 0 fyr iyt (S )]+ dim [y 0 fr gy a1 (S 1 1)) -

Cancelling addends with opposite signs, we get:

Z gXIl;: - anXIz;j <dim [S}L],b N leb %71(5&)} — dim [Sy,b N f[Yb 0461(580)}
1<b/<b

—dim [5371,17 N f;{b Olzjl(SzP,b)] + dim [Syq,b N fgl,b 0451(58{0)] .

Since fg{ , and f;{ , are, respectively, the zero and the identity map, we have:

S> T M%a,bd V) < dim [S), Nay t(Sy,)] — dim [S), Nayt(SE)]
1<b/'<b1<a’<b’

13



Applying again Remark 2.1 with A = SXb, B = Syfl)b and C = Sg{b, we obtain:
> > M%a,ba V) <dimS), —dimS;, , =D"(a,b).
1<b/<b1<a’ <V
Besides, since SXZ', = 0if b < ¥ by Remark 3.5, then:
Yo > MYabd V)= > > Mabd,V)
1<b/<n 1<a/ <P/ 1<b/<b1<a’ <V

obtaining the desired result. For the second inequality, we will proceed in a similar way. First, by
definition,

SXZ// — bXb, _; =dim [Sa s N for baijl(SU, )] — dim [SXb N fly’b(ker o )]
— dim [Sy, N fyp @' (S )] + dim [, N iy (ker ap)]
=dim [Sy, N fyr ot (Sgr )] — dim [ N0 fyrp it (Sr—14)]-
Now, applying Remark 2.1 to
A= fyyap (So ) Nker fyf s B= fy o' (Sg_1y) Nker f;) and C =S,
we obtain that:
dim [Syb N fb’ b Xy (SU /)] — dim [SVb N fb' b Xy (ng—l,b'ﬂ (11)
< dim [fy o, (S ) Nker f] — dim [fy) g (Sp_ ) Nker f].
Besides, since YA, = 0 if b < ', again by Remark 3.5, then:
) M¥abd V)= > Y M abd,l).
1<b<n 1<a<b b <b<n1<a<b

By Lemma 3.14 and Expression (11), we have:

Z Z M*(a,b,ad’ V') = Z bal, — byt

b <b<n 1<a<b b <b<n
< Z dim [ £,/ b LSy b)) N ker f,'] — dim [f;f’b a;l(SE_Lb,) Nker f,']
b <b<n

and by Lemma 3.12,

Z dim [ £,/ b LSy, ) Nker £] — dim [f;f’b a,;l(ngl’b,) Nker f, |
b <b<n

— dim [a(5%.,)] — dim [ (53,
Finally, by Remark 2.2:
dim [y (Sgr )] — dim [ag, " (Sai_y )]
= dim [Sy) ;] + dim [ker | — dim [S5,_; ;] — dim [ker ay/]
= dim [y, ] —dim [S;)_, /] = D(d’, V),
concluding the proof. O O
Proposition 3.16. M%(a,b,a’,b") =0 unless a’ < a <V <b.

Proof. By Remark 3.5, if b < b then 22\?2/, = 0 and so M%(a,b,a’,b’) = 0. If a < @', then, by
Lemma 3.8,

bal, = bxt | and |, bxl, =, bxY .

a—1 ~a-1

Similarly, when b’ < a, by Lemma 3.9,

bal, = bxY and Pt =, bxl .

a—1 a—1

Then M*(a,b,a’,b") = 0 in both cases. O O
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Recall that ladder modules of type 7 = ff...f and morphism between persistence modules
are different points of view of the same concept. We will write M" instead of M® when we want
to focus on the point of view of ladder modules.

Remark 3.17. Denote the collection of ladder modules of type 7 = ff ... f by PLM and define
A% ={(a,b,d',V) € Zéo such that o’ < a <V < b}. By the previous proposition, we can think in
M as a function

M PLM x A} — Zxg

such that M(L,*) = MU(x). Let PM denote the collection of persistence modules, then let D
denote the function:
D:PM x AJr — ZZO

such that D(U, ) = DY(x). This way, M could be seen as a generalization of persistence barcodes
for ladder modules of type 7= ff... f.

Before giving an example, let us prove that M is linear with respect to the direct sum of ladder
modules.

Proposition 3.18 (Linearity of the function M). Let IL,1L;,Ls be ladders modules of type T =
ff...f such that L ~1; ®Ly. Then,

M= M4 M
Proof. Tt is enough to prove that $X, (L) = X% (IL;) + $X?, (Ly). Notice that since L ~ L; @& Ly
we can decompose V,, = (Va)l ® (Va)2, Uy = Uy )1 @ (Uar)2 and o = (ag)1 B (ag)2. Then,
(( h @ (Va)2) Nker f,f
(Va)l Nker f; ) ( Xb(Va)l N kerfly)
)1 B (S34)2

f( V
Analogously, Sa, b = (Sg p )1 @ (Sa, b )2. We also have
fly,b ! ((S}E’,b/)l @ (Sor v)2) = fb’ sl )] (Sg,b’)l D fy,b(ab’)gl(SB,b/)2

Since (Sy )1 N (Sy )2 = 0, we get:

¢V (L) = dim [S)
= dim [(

bﬂfzybab/ (Sg ) ] —dlm[ ﬁsz,baz;l(O)]

(Sa Sap)2) N (fyrp( )T (Sarp)1 @ for p( Q)5 (Sorp)2)]

—dlm[( abl@ SV )2) N oy (0)]

= dim [((Sq.5)1 N Sy p( @)1 (Sarw)1) @ ((Sap)2 N fiy p( @)z (Ser )2)]
— dim [((Sq5)1 N (a)7H(0) @ ((Syp)2 N ()3 (0))]

= dim [(S; )1 N for ()7 (S ’b’) | + dim [(S}z/,b)?nfy,b(ab/)g_l(sy/,b/)ﬂ
— dim [(Sg,)1 N ()7 (0)] = dim [(Sg,)2 N ()3 ' (0)]

= 4 X% (L) + 50 (Lo).

a,

O O

Example 3.19. Recall that the ladder module A from Example 2.16 can be decomposed as follows:

By Proposition 3.18, we have:
ME = MM M2 M

In the case of Ly, observe that V ~I[2,3] and U ~ [[1,2] ® [[2, 3]. Then,

5313: S12-<[0}>7 523—
f23 ( )—0 and f3,3 3 (52,3):F
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In addition, ker ais = ker ag = 0. The only non-trivial calculations for X is:
5X5 = dim (S350 f:,yg a3 (855)] — dim [S3 5N f3g(kerag)] =1 -0=1.
Then, the resulting matching is:
ME(2,3,2.3) =343 33 —3A3 432 =1-0-0+0=1

and M™ (a,b,a’, V') = 0 otherwise. Similar calculation gives M"2(2,3,1,2) = 1 and M™2(a,b,a’, V') =
0 otherwise. M™ (%) is always zero. Finally,

MA(2,3,2,3) =1, M™A(2,3,1,2) =1 and M"(a,b,d’,b') = 0 otherwise.

Let us notice that, in this case, M* = M$%,, where M%, is the basis-independent partial
matching obtained in Example 3.2 in page 9. Nevertheless, M* and M$%; do not always coincide,
as the following example shows.

Example 3.20. Consider again the ladder module A of Example 2.23 but replacing as by {é El) §] .

As mentioned in that example, ./\/l% ;, will not change since V, U and im a remain the same up to
isomorphism. Nevertheless, now

A=31te 3130
and applying Proposition 3.18, we have:
MAE = ME o M2 M
with MU (x) being zero for i = 1,2, 3, except for
MM(2,3,2,3) =1 and M™2(2,2,1,2) =1.
Then
MA(2,3,2,3) =1, M™(2,2,1,2) =1 and  M"(a,b,d’,b') = 0 otherwise.

Observe that, in this case, M* # M$%,; where M%; is the basis-independent partial matching
obtained in Example 3.2 in page 9. In particular, M” is the basis-independent partial matching
that we might expect by looking at the decomposition of the ladder module A.

Remark 3.21. Taking into account Remark 3.17 we might ask: does M characterize up to isomor-
phism ladder modules as D characterizes up to isomorphism persistence modules? Unfortunately,
the answer is no. For example, ladder modules A = } 21 and B= }{ 9§ @ §11 are not isomorphic

but M4 = MEB,

4 Enriched partial matchings

The aim of this section is to compute a basis-independent partial matching between persistence

modules V and U from a pair of morphism V = W < U between persistence modules. As said
in the introduction, this problem is related to the persistence module K C W described in [16]
which can be seen as the persistence submodules of U and V that “matches” and “persists” in W
through the morphisms « and . Before explaining our approach, let us introduce a motivating
example.

Example 4.1. Consider the following diagrams:

5

m——H
o

(12)

[}

H
-
—

[=)
— o

e
5
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1 F 1

e

F 1

=

[ b o]
F 0 0 0 0 0 0 0 (13)
Tl 1 To 1 1 OT 1 To

In both of them, the upper and lower persistence modules consist of the interval module I[1, n]. The
top and bottom interval modules “should be matched” if we compute partial matchings induced
by any of the two diagrams. Nevertheless, we should make a difference between both situations:
in Diagram (13), a “minor change” of the persistence module in the middle “may remove” the
matching while Diagram (12) is much more robust. A solution could be giving “persistence” to our
matching: in the first case, the persistence of the matching should be [1,n — 1] and, in the second
case, [1,2].

Let us now give a new definition of partial matching that takes into account the idea of “per-
sistent matchings”. Recall that we denoted the collection of persistence barcodes as B.

Definition 4.2. An enriched partial matching between two persistence modules U, V of length
n is a map
Gi: Ay xA, - B

such that:
Go(a,b,a' V) =0 if n<a,d,bl,

> > #G¥(a,b,d V) <DY(a,b) and

1<b/'<n 1<a/<b’

> > #GY(abd V) < DY V).

1<b<n 1<a<b
Its associated basis-independent partial matching is:
My(a,b,d’ V') = #Gy(a,b,a’ ).
Example 4.3. An enriched partial matching of Diagram (12) in Example 4.1 is:

Go(1,n,1,n) ={([1,n—1],1)} and GY(a,b,a’,b’) = 0 otherwise.

4.1 Enriched partial matchings induced by morphisms between persis-
tence modules

Our motivation in this subsection is to obtain an enriched partial matching induced by the following
diagram:

U U U
v, Ly, L, Iy
51l le ﬁnJ/
W W W
wy, L w, L2 Iy (14)
alT QQT OénT
v v f:ff
v f1 v fa 1 v,

Following a similar procedure than before, we will study the relation between the subspaces S(Y,b
and S}[lj,’b, through the morphisms « and 5. Consider the following subspaces:

A% v W :
R(a,b,0,d) = { gd (F2aVa) Nker f0 ) S, ifac<d <o,

otherwise;

and
Ba (f8.4(Uar) Nker 301 ) VST, ifdsc<d <V,
0 otherwise.

L(d' b, c,d) = {

17



Taking into account that:

fiy (fla(Va) Nker fiyy1) = Sy, and
fy,d(va) N ker ftyb+1 = Xd(va) N (be)’l(SlV,b),

the intersection R(a,b,c,d)NL(a’,b, ¢,d) may be interpreted as the common subspace of SXb and
S that “persists” in the subspace Sg'.

Lemma 4.4. The following relations hold:

R(a,b,c,d) = fwfd o (ker beH) N Syd and

a

L(a',V,c,d) = fy/ 4 Bar (ker fo 1) NSy
Proof. First, observe that:

VaNker f . =ker f, 1 and  f) (Vo) Nker fi 0 = £ alker £ 11).

Then,
R(a,b,c,d) = ay fXd (ker beH) N Syd and
L(a/7 b/a c, d) = Bd fgj',d (ker f}zU',b’-‘rl) N SXVd
By commutativity of Diagram (14), we obtain the desired result. O O

As in the previous section, we need to “count” the dimensions before applying the elder rule
operator F. Define the function ) : Zgo — Z>o as follows:

V(a,b,a’,V,c,d) = dim(R(a,b,c,d) N L(a', V¢, d)).
Notice that if a > b’ or @’ > b then
Y(a,b,a’,V,c,d) = 0.
Now, apply the elder rule operator £ to ) five times to define the enriched partial matching.

Definition 4.5. The enriched partial matching induced by morphisms V = W Loy
between persistence modules of length n, is the map

G AL xA, - B
defined as:
G*P(a,b,a',0') = {([c,d], €c.q) : €c.a > O}
where (¢,d) € Ay and ecq = E12345(Y)(a,b,a’, b, ¢, d).
Theorem 4.6. Fiz a pair of morphisms V. —— W LU between persistence modules of length

n. The operator G is, in fact, an enriched partial matching. In other words, G*®(a,b,a’,b') =
0 if n<a,d, b,

S0 3 #6P(ab,a V) <DV (a,b)  and

1</ <n 1<a’<b’

> #6*%(a,b,a ) <DY(d V).

1<b<n 1<a<b

Proof. The property G*#(a,b,a’,b') = 0 if n < a,a’,b,t’ can be followed directly from the
definition of G*#. In order to prove the above inequalities, note that

SN #G P aba W)= Y D #67d V).

1<b<n 1<a<b 1<b<n 1<a<b
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Therefore, we only have to proof one of the two equalities. Let us prove the first one.

m = max{a,a'} and M = min{b,d’'}. Observe that:

#GP(a,b,a',b') = #{([c,d], e) such that m < d < M and ¢ < d}

= Z Z €c,d = Z Z E‘1’2,3A75(\)))(CL,Z)7 aﬂb’,c, d)

m<d<M 1<c<d m<d<M 1<c<d

Notice that Y(a,b,a’,b’,0,d) = 0. By Lemma 3.11, we have:

#G°(a,b,d/ V) = Y Eips4(Y)(a,b,d,V,d,d).
m<d<M

In particular, since a < m, M < b and all addends are positive, then:

#ga,ﬁ(a7 b7 alv bl) S Z E1,2,3,4 (y) (av b7 a/7 b/7 d7 d)
a<d<b

By Remark 3.10, we have

Z Z Z Ei1234(Y)(a,b,d',b',d,d)

d<b’'<n 1<a’<d a<d<b
S>> Bsa| > Eina(Y) | (a,b,d VY d.d).
d<t’'<n 1<a’<d a<d<b
Again, by Lemma 3.11 and since
Y(a,b,d,d —1,d,d) = Y(a,b,b',0,d,d) =0,
we obtain:

#G%%(a,b,d',b') < Y E12Y(a,b,d,n,d, d).

a<d<b
By Lemma 4.4, we have:
Y(a,b,d,n,d,d) = dim(R(a,b,d,d) N L(d,n,d,d))
= dim ( z'vd o (ker beH) N fyfdﬁd (ker fg{nﬂ) N Syd)
= dim (g va (ker f 1) N Ba (Ua) N Sg'y)
= dim (f,y @ (ker f)p41) N Ba (Ua) Nker f3) .

Notice that

fyiLd Qg1 (kerfy 1 b+1) C fy\j]d Qq (keffy,bﬂ) )
fy,’d g (keer ) C f 4 Qa (keerbH) .

Let
= fyd Qg (keerbH) ﬂkerfy,

B = fyiLd Qg1 (keff(yfmﬂ) Nker £’
C = p4(Uy).

Then dim(ANC) —dim(B N C) < dim(A4) — dim(B) by Remark 2.1. Again, let

B = a, daa (ker be) N ker fd .

Let

Then, dim(A N C) — dim(B’' N C) < dim(A) — dim(B’) by Remark 2.1. Putting together both

inequalities, we obtain:

2dim(ANC) —dim(BNC) —dim(B'NC) < 2dim(A) — dim(B) — dim(B’),
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and, in particular,

dim(ANC) —dim(BNC) —dim(B'NC) < dim(A) — dim(B) — dim(B’). (15)
Therefore,
E12Y(a,b,d,n,d,d) = Y(a,b,d,n,d,d) — Y(a—1,b,d,n,d,d)
_y(a7b_ l,d,TL,d,d) +y(a_ lvb_ ladanyd7d)
=dim(ANC) —dim(BNC) —dim(B' N C)
+Y(a—-1,b—1,d,n,d,d).
Using Expression (15) and that
Y(a—1,b—1,d,n,d,d) < dim (f," | joq1 (ker f, 1) Nker f3")
we obtain:
E12Y(a,b,d,n,d,d) < dim (f,'g a1 (ker £, 1) Nker )

— dim (fz’V 1.d Qa—1 (ker fy_LbH) N ker f(YV)

— dim (fa e (ker fvb) N ker fgv)

+dim ("1 gaq—1 (ker f; ;) Nker f§') . (16)
Besides, by Lemma 3.12, we have:

dim a, (ker beJrl) = Z dim [ y”iaa (keerHl) ﬂkerfiw}
a<i<n
that is equal to
> dim [£,% aq (ker £y y1) Nker £7]
a<i<b

since aa (kerf b+1) =0 for ¢ > b+ 1. Extending this reasoning to the other cases, we have:

dim £y oy (ker £y 1) = Y dim [, cay (ker £}y 1) Nker £7],

a<i<b
dim a (ker be) = Z dim [fﬂ Qg (ker be) N ker flw]
a<i<b—1
= Z d1m aa ker be) N ker fzw],
a<i<b

dim £, ) vy (ker £y p) = Y dim [£27 ;aa 1 (ker £ ;) Nker £;"]

a<i<b—1

a<i<b

Using Expression (16) and the relations above, we have:

> EixY(ab,d,n,d,d) <dim aq (ker £}, 1) —dim 7 a1 (ker £ 1 400)

a<d<b

—dim o, (ker be) + dim ffﬁl)a Qg1 (ker fzyfl,b> .

Using the second expression of Remark 2.2 we have:
dim a, (ker beH) — dim a, (ker be) = dim ker beH — dim ker be

which is equal to dim SXb by definition. Analogously,

_dimfyil,aaa 1(kerfy 1b+1)+dimf§v1a04a 1(kerf2’ 1b)
= —dimker f 1b+1+d1mkerfa 1b——d1mSa 1b
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Finally, putting all together
Z Z #ga7ﬂ(aab;a/ab/) S Z E1,2y(aab7 d7’I’L,d, d)
1<b'<n 1<a/ <Y a<d<b
< dim S, , —dimS;_;, =D"'(a,b).

concluding the proof. O O

4.2 Relation between G*” and the persistence module K

As mentioned in the introduction, our work is related to the work developed in [16]. Although
the persistence module K is constructed in that paper for a diagram different than Diagram (14),
we can adapt such construction to our case. Notice that all the columns V; — W, <— U; in
Diagram (14) are zigzag modules. For those familiar with zigzag modules, observe that D[1,3] =
dim (e; (Vi) N B;(U;)). Therefore, the vector spaces

K; = o;(Vi) N Bi(U;)

encode the relation between V and U through W, but this is true only if we consider each column
separately in the diagram. How can we extend this construction to the whole diagram? The answer
is the following result.

Proposition 4.7. The persistence module K, formed by vector spaces K; and structure linear
maps fg%b = ch\j]b|Ka7 is well-defined and is a submodule of W.

Proof. We have to prove that im fy)/b| Kk, C K or equivalently,

a (@a(Va) N Ba(Ua)) C (Vo) N By(Uy).-
Notice that if z € a,(V,) N Ba(U,) then, in particular, z € a,(V,) and there exists y € V, such
that fyb aa(y) = fo(x). Then, ay f,(y) = fyb(x) by commutativity of Diagram (14). Therefore,

a,b
fyb(a:) € ap(V4). Following a similar procedure for U, we have that E’Yb(x) € Bp(Uyp), concluding
the proof. O O

This way, K is a persistence module obtained without fixing any basis on the given persistence
modules. Nevertheless, K gives no explicit relation between the decomposition of V and the
decomposition of U as the operator G*? does. The relation between G*# and K is given by the
following theorem that uses induced enriched partial matchings.

Theorem 4.8. Let us consider a pair of morphisms V —— W £ U between persistence modules
of length n. Let (a,b,a’,b',c,d) € Zgo such that 1 < a,a’,c <d <b,b <n. Then,

> ED¥(c.d)
1<e<d
=3 > > Y Y #{ledie) €9 F(and )}

d<b<n 1<a<d d<b'<n1<a’<d 1<c<d

In other words, the number of intervals in B¥ with endpoint d equals the number of intervals
in G0 with endpoint d.

Proof. By the definition of G*# and ). and by Lemma 3.11 we have:

Z Z Z Z #{([c,d],e) : ([c,d],e) € G*F(a,b,a’, 1)}

d<b<n 1<a<d d<b’'<n 1<a’<d

= Z Z Z Z Z E1,27374,5()})(a,b, a’,b’,c, d)

d<b<n1<a<dd<b/<n1<a’<d1<c<d

= y(d7 n, danvdv d)

By Lemma 3.11, we have:

> EiD¥(c,d) = i,

1<e<d
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Besides, by Lemma 4.4, we get:

y(da n7d7 n, d7 d) = de o) (ker f(}],nJrl) N fg:\]dﬁd (ker fg,n+1) N ngd
aqg (Va) N Ba (Ug) N SYd = KqgN WynNker fy:\]d+1 = Sg«,da

concluding the proof. O O

We conclude the section with the following final result.

Corollary 4.9. Let us consider a pair of morphisms V - W & U between persistence modules
of length n. Let (a,b,a’,b’") € Ay x Ay. Then,

Z Z Z Z #ga,,é’ (av b, a’, b/) = #BK

1<b<n 1<b/'<n 1<a<b 1<a’<b/

In other words, the sum of the cardinals of all multisets appearing in G is equal to the cardinal
of BE.

5 Concluding remarks and future work

In this paper, we have studied how a morphism between persistence modules (also called ladder
modules) can induce a basis-independent partial matching between their corresponding persistence
barcodes or diagrams. We have also proved the linearity of our method with respect to direct sum
of ladder modules. In addition, the concept of enriched partial matching have been introduced. It
has been used to study the relation between persistence modules V, U through a pair of morphisms

v -5 w v Explicit relations with other state-of-the-art tools (Bauer-Lesnick matching [3],
ladder modules [11] and K [16]) have been given. Future work could follow these directions:

e Implementation: although our definitions and proofs are constructive, the implicit algo-
rithm can only be applied to vector spaces. It would be interesting to implement algorithms
acting directly in more common spaces like simplicial complexes. The algorithms of [8] and
[6] may be good starting points.

e Stability: is the induced basis-independent partial matching stable with respect to mod-
ifications of the morphism «? and is the enriched partial matching stable with respect to
morphisms « and 8?7 Stability theorems from [10] and [16] offer a great background to
proceed.

e Generalization: persistence modules can be defined in any poset and not only for finite
sequences. Can we extend our partial matching to persistence modules over a real parameter
or to zigzag modules? What is the exact relation of induced (enriched) basis-independent
partial matchings with multidimensional persistence modules?

e Applications: we think induced (enriched) basis-independent partial matching can be used
to model real world application. One example could be given by dynamical metric spaces
(see [14, 15]) where the object of study is point clouds evolving in time.
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