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Abstract

Defining meaningful and computationally efficient invariants is crucial
in multi-parameter persistent homology, and more generally, for persistence
modules over arbitrary posets. Interval modules form a well-structured subset
of indecomposables, facilitating both visualization and practical data analy-
sis. Focusing on interval-based invariants gives us a tractable framework that
balances both computational feasibility and theoretical insight.

In this thesis, we study several interval-based invariants of persistence
modules over finite posets. We present explicit formulas for two such invari-
ants: the interval multiplicity and the interval rank invariant. Furthermore,
we introduce the essential-cover technique, which enables efficient computa-
tion of these invariants by translating them to other underlying posets, such as
zigzag posets, for which fast decomposition algorithms exist. This approach
makes it possible to compute the invariants directly from the filtration level.

As an example of applying the theory, we provide a decomposition method
for the bipath persistence by utilizing the essential-cover technique. Moreover,
we show the algebraic stability of bipath modules by constructing a covering
map and linking to zigzag modules.

Finally, we define an additional invariant called the interval replacement,
which preserves all interval ranks while offering a compact and expressive
form for distinguishing persistence modules.
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Chapter 1

Introduction

Persistent homology has been invented and well developed in recent decades, re-
garded as one of the main tools in topological data analysis (TDA for short) [36].
A filtration is a functor from an ordered set, viewed as a category, to the cate-
gory of topological spaces. Applying homology to a one-parameter filtration yields
a representation of a totally ordered set; this representation is commonly referred
to as the one-dimensional persistence module in the literature [12, 48]. With the
study of zigzag persistence, representations of a zigzag partially ordered set (zigzag
poset for short) are proposed and called zigzag modules [19, 21]. These two types of
persistence modules are uniquely determined by all intervals of underlying ordered
sets of filtrations [27]. On the other hand, one can distinguish input datasets in
the way of examining invariants of associated persistence modules, such as the mul-
tiplicity invariant (i.e., persistence diagram or barcodes), or equivalently, the rank
invariant [22], both of which are defined in terms of intervals.

Many geometric models in TDA, such as the subsampling model [26], the mul-
ticover model [16, 47], and the chromatic alpha complexes [32], involve complicated
underlying posets of filtrations. This scenario extends one-parameter persistence to
a multi-parameter framework, leading to the concept of the multi-dimensional persis-
tence module [22]. Except for a few cases, the category of multi-dimensional persis-
tence modules has infinitely many indecomposables up to isomorphism [13, 42|, caus-
ing inefficiencies in handling all indecomposable modules in practice. Furthermore,
defining meaningful and computationally feasible invariants of multi-parameter per-
sistence remains a challenge.

To address these issues, one may restrict attention to a finite subset of inde-
composables and propose invariants based on those selected indecomposables. One
tractable approach is choosing interval indecomposables (entirely or partially) be-
cause intervals can be interpreted as the lifetime of topological features in the data
and can be characterized easily, analogous to the one-parameter case.

Many works contribute to defining invariants for multi-dimensional persistence
modules in this spirit. Carlsson and Zomorodian [22] propose the rank invariant
also for the multi-dimensional persistence module. Lesnick and Wright [41] intro-
duce the fibered barcode and multigraded Betti numbers of 2-dimensional persistence
modules. Kim and Mémoli [40] introduce the generalized rank invariant (GRI for
short) and generalized persistence diagrams of persistence modules over a locally
finite, connected poset. Later, Clause et al. [25] introduce the zigzag-path-indexed
barcode for Z*-modules and show the relation between GRI with this barcode in-
variant. Asashiba et al. [5, 6] characterize intervals of 2D-grids and propose an
interval-decomposable replacement of persistence modules over these grids. Botnan
et al. [20] decompose persistence modules in terms of the generalized ranks and
propose the signed barcodes. Blanchette et al. [14] introduce the dim-hom invariant
and the concept of homological invariants, along with a framework for comparing
various invariants. Hiraoka et al. [39] introduce the (partial) interval approzimation
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invariant of fully commutative quiver representations to balance the resolution of
the approximation against computational cost (the number of examined intervals).
Amiot et al. [1] introduce several invariants of persistence modules over finite posets
by utilizing order-embedding maps.

In the thesis, we will study persistence theory within the general framework of
filtrations indexed by arbitrary finite posets.

1.1 Notation conventions

We fix a field k. The category of finite-dimensional k-vector spaces is denoted by
mod k. Let P be a poset and let I be a nonempty full subposet of P. By sc(I) (resp.
sk(I)) we denote the set of minimal (resp. maximal) elements of I. Note that sc(I)
and sk(I) are antichains with respect to the original partial order in P. If sc(I) is
a finite set, we can label elements of sc(I) as ay,...,a, and endow sc(I) with an
additional total order < defined by the natural number ordering of the subscripts.
Similarly, for sk(I) we label and order elements as by,...,b,, if it is a finite set.
See Figure 1.1 for an illustration of a nonempty full subposet I of P, whose minimal
elements lie in a lower region enclosed by black dotted lines and whose maximal
elements lie in another higher region likewise enclosed by black dotted lines. We
artificially set sc(@) = sk(@) = @. An interval of the poset P is a nonempty
connected and convex full subposet of P. The set of all intervals of P will be
denoted by I.

In what follows, a filtration indexed by P (P-filtration for short) is defined as a
functor F: P — FinSimp, where FinSimp denotes the category of finite simplicial
complexes. We define the ith persistent homology as the composition H;(-;k) o F,
where H;(-;k): FinSimp — modk denotes the ith homology functor with coeffi-
cients in k.

We study the persistent homology in the representation framework. We call
M a persistence module over P if M: k[P] — modk is a k-linear functor starting
from the incidence category k[P]. For all a,b € P, we write M, ,: M(a) — M(D)
to denote the unique structure linear map of M from a to b. By modk[P] we
denote the category of persistence modules over P. By Vi we denote the interval
module supported on I. By the Krull-Remak-Schmidt-Azumaya Theorem, every
persistence module M € mod k[P] is uniquely decomposed into indecomposables up
to isomorphism, which gives the multiplicity of each indecomposable L, denoted by
dy (L), in the decomposition of M (see Theorem 2.5.15).

1.2 Purposes and results

In the thesis, we follow the spirit mentioned above and also restrict ourselves to
interval modules. We propose a general framework for defining invariants of per-
sistence modules over any finite poset and provide explicit formulas for computing
the invariants from the structure linear maps of given persistence modules. In turn,
we introduce a potential technique called the essential cover for computing those
invariants possibly from the filtration level.
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We begin by studying the multiplicity invariant of persistence modules: the func-
tion that assigns to each indecomposable summand its multiplicity in the modules
decomposition. This invariant plays an important role in relating persistence mod-
ules to other algebraic invariants. In particular, we derive an explicit formula for
the interval multiplicity dy;(Vi)—the multiplicity of each interval module Vi—in any
persistence module M over finite posets. To state what follows, we now introduce
the notations used in the formula.

Notation 1.2.1. Suppose P is a finite poset and let I be an interval of P.

(1) Forz € P, weset tv:={y € P |2 <y} and |z :={y € P |y < x}. In turn,
we set

M= U Tz (dually, JI:= U dz), and I :=1I\ I (dually, I :=|I\1I).

zel z€el

(2) For any totally ordered set T, we denote by C,T the set of all full subposets
of T consisting of exactly two elements. For any a € C,T, set a (resp. a) to
be the minimum (resp. maximum) element of a. Thus a = {a, a}. For any
a € Cysc(I) (resp. b € Cysk(I)), we set V'a = sc(tan ta) (resp. A'b =
sk({b N |b) and call it the pre-join (resp. pre-meet) of a (resp. b). In turn,

we set
seiI) = | |Va={a.:=(ac)|acCysc(l),c€ Va},
acCasc(I)
and skj(I):= | [A'b={by:=(b,d)|be Cysk(I),de N'b}.
beCs sk(I)

For example in Figure 1.1, for a := {as,a3} € Cysc(I) (with the additional
total order <) we have a = ay and a = ag. Moreover, the element {as, as}, is
minimal in Ta N fa.

(3) If sc(ffI) # @, then for each a’ € sc(f{I), we have sc(I) N Ja’ # @ because
a’ € 11. Fixing one element in sc(I) N |a’ for each a’ € sc(fI) yields a map
c: sc(fI) — sc(I). We call such ¢ a choice map. Dually, if sk({I) # &,
then for each 0’ € sk({I), we have sk(I) N 10 # @ because b’ € |I. Fixing
one element b € sk(I) N1V for each v/ € sk({I) yields another choice map
d: sk(JI) — sk(I) that sends b’ to b. See Figure 1.1 for an illustration of such
an a' € sc(fiI) and a choice of a; € sc(I) such that a; < d'.

As a remark in Figure 1.1, there are two elements = and y in V'{as, az}, labeled
as {ag, as}, and {as, as}, in scy(I), respectively. We address that sc; (I) may contain
some elements which are not in I. For example, y is not an element of I in this
illustration. We also note that the element w ¢ V'{as, a3} since w is not minimal
in Tas NTas, but w is in both V'{ay,as} and V'{ay,as}. By this we write {a1, as}.,
and {ay, ag}, in scq(I), standing for w € 1.

With these notations, we are now ready to expose our main results.
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Figure 1.1: Ilustration of notations in Notation 1.2.1

Main result A (Theorem 3.1.26). Let P be a finite poset, M € modk[P], and 1
an interval of P. Then

sc(I)  sk(yI) skqi(T)

se;(I) [ My 0 0 M, 0 O
dy (Vi) = rank sc(pn) | My 0 0 —rank [My 0 O (1.2.1)
sk(I) M; My M5 0 My Ms

holds. Here the (a.,a)-entry of My (resp. the (b, by)-entry of Ms) is given by

Mc,a, if a = a, Mb,dy if b= h,
(Ml)ac,a = —Mcya, ifa = 5, resp. (M5)b,bd = —Mde, ifb= B,
0, if a ¢ a, 0, if b ¢ b,

and

M, = [5a’c(a/)Mal’c(a,):|(a’,a)ESc(ﬂI)Xsc(I)’ My = |:5b’d(b/)Md(b/)’b,}(b,b’)ESk(I)XSk(i}I)‘
M; is given by a choice of pair (b;,a;) € sk(I) x sc(I) with b; > a;. Namely, the
(bj, a;)-entry is the only nonzero entry of Mz and it equals to My, o,. Index sets of
matrices in formula (1.2.1) are allowed to be empty. In this case, we remove rows
(columns) of matrices corresponding to empty index sets.

In the one-dimensional persistence module context, every indecomposable per-
sistence module is an interval module, so the interval multiplicity invariant is com-
plete. In multi-dimensional persistence or persistence over the general poset context,
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however, there exist indecomposable modules that are not isomorphic to interval
modules, and hence the interval multiplicity invariant cannot distinguish these inde-
composable modules because the interval multiplicities are all zero. This indicates
that the interval multiplicity invariant is incomplete in persistence over the general
poset context. To build finer invariants, we introduce the compression system for
any finite poset. Roughly speaking, a compression system ¢ for P assigns each in-
terval I of P to an order-preserving map & : IS — P factoring through the inclusion
of I into P satisfying some conditions on the sets sc(I) and sk(I). For example, the
family tot of the inclusions toty: I < P for all I € I turns out to be a compression
system, called the total compression system.

With the compression system, we define the proposed invariant called interval
rank invariant. Let M € mod k[P] and let Ry: mod k[P] — modk[I¢] be the restric-
tion functor induced by &. Then the multiplicity of Ry(V;) in the indecomposable
decomposition of Ry(M) is denoted by rankf M and is called the I-rank of M under
&. Collecting I-ranks for all T € T yields the interval rank invariant of M under &,
denoted by rank® M.

Notice that the induced restriction functor Ry: modk[P] — modk[I¢] carries
persistence modules over P to modules over I¢, and recall that the interval rank in-
variant is defined as the (interval) multiplicity inside mod k[I¢], we obtain an explicit
formula for computing each I-rank and hence interval rank invariant of M under &.

Main result B (Theorem 5.3.7). Let P be a finite poset, £ = (&1: I — P)ier a
compression system for P, and M € modk[P]. Then

sc(I¢) sk (I9)

v -
rank; M = rank ser(l*) IYII ~0 — rank (Ml 0 ) (1.2.2)
sk(@®) \ Mg M; 0 Ms

holds. Here the (a.,a)-entry of My (resp. the (b, by)-entry of Ms) is given by

i Mg, 6@, ta=a, i Mge).a@, itb=Dh,
(M1)ac7a = _Mél(C),EI(a)a ifa= 5, resp. (Ms)b,bd = _Mfl(b),fl(d)a if b= b,
0, ifa & a. 0, if b€ b.

Ms is given by a choice of pair (b;,a;) € sk(I¢) x sc(I¢) with b; > a; in I°. Namely,
the (b;,a;)-entry is the only nonzero entry of M3 and it is given by Mev,), ¢(a,)-
Similarly, index sets of matrices in formula (1.2.2) are allowed to be empty.

As we saw above, one can compute interval multiplicities and interval rank in-
variants from the persistent homology (persistence module) obtained. However,
computing persistent homology directly from an arbitrary filtration is generally inef-
ficient. To address this, we introduce the essential-cover technique, which computes
the invariants by focusing on the essential structure of poset P and building a new
filtration indexed by another poset. This approach subsequently enables the use of
efficient computations of standard one-parameter or zigzag persistence if the newly
constructed filtration is indexed by the poset of Dynkin type A, hence making it
possible to compute the invariants starting from the filtration level.

Roughly speaking, the essential cover (: Z — P is an order-preserving map, and
we say that ( essentially covers an interval I (resp. relative to a compression system
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¢€) if morphisms in k[P] that appear in formula (1.2.1) (resp. formula (1.2.2)) have
preimages in k[Z], subject to some mild technical conditions. Then we have the
following.

Main result C (Theorems 4.1.15 and 5.3.17). Let P be a finite poset, M &€
mod k[P], and I an interval of P. If (: Z — P essentially covers 1, then we have

dy (Vi) = droan (R(W)), (1.2.3)

where R denotes the restriction functor induced by ¢, and dy (L) denotes the mazimal
number of copies of L that can be taken as a direct summand of N such that no
further copies of L remain in the complement. If L is indecomposable, then dy(L)
is just the usual multiplicity of L in N.

On the other hand, If € = (&: 16 — P)iey is a compression system for P and
(": Z' — P essentially covers I relative to &, then we have

rank; M = dp (R (V4)), (1.2.4)
where R’ denotes the restriction functor induced by (.

Equation (1.2.3) (resp. Equation (1.2.4)) provides us with a method to transfer
the computation of interval multiplicities (resp. interval rank invariants) over P
to the computation of corresponding multiplicities over another “essential” poset
Z. When P is a special type of poset, the “essential” poset Z can be taken as
either a single zigzag poset or a directed tree formed by connecting several zigzag
posets. This makes it possible to utilize algorithms designed for computing zigzag
persistence (for example, [23, 29, 43]) to compute our proposed invariants. The idea
of utilizing the computation of zigzag persistence for computing invariants has also
been considered in the literature. For example, Dey and Xin [30] achieve computing
the GRI by the unfolding process.

We will provide several examples, including but not limited to demonstrating
from our perspective that the zigzag poset defined in [31] essentially covers I € I rel-
ative to tot. This thereby explains why the computation of GRI can be transformed
into computing zigzag persistence, and why the interval rank invariant generalizes
GRIL

Interval modules have an outsized role in persistent homology, and we can clas-
sify the settings where we always have interval decomposability by a recent result
of Aoki et al. [3]: persistence modules over a finite poset always decompose into
interval modules if and only if the poset is a totally ordered set, a zigzag poset, or a
bipath poset, which is defined by the disjoint union of two finite totally ordered sets,
with a common minimum and maximum element added. Later in [2], they subse-
quently investigate the so-called bipath persistent homology and propose the bipath
persistence diagrams by decomposing persistence modules over the bipath poset.
They also provide an algorithm for computing the bipath persistence diagrams from
the filtration level.

Our next main result provides an alternative way of decomposing bipath per-
sistent homology via the essential-cover technique. In addition, we show that any
module over the bipath poset lifts to an infinite zigzag persistence module, viewed
as a covering. This covering map enables a direct translation of zigzag persistence
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results to the bipath persistence. In particular, it induces a natural interleaving
distance—and hence a bottleneck distance on bipath persistence, thus the algebraic
stability theorem for zigzag modules immediately yields the algebraic stability for
bipath modules.

Main result D (Propositions 4.2.1 and 4.2.4, and Theorem 4.2.13). Given
a bipath filtration

Ky = Ky = -
b
Kq
\(
Ky + Ky + -

- K,
N
Ki -
A
= Koy

Fi bipath =

Computing persistence diagrams of the following two zigzag filtrations:

( 7 ( 7
I(:l_>..._> ’CTL

N

.

,Cl/_.' - — ICm/

Ko

/
N

N

Kq

Ky = KK

. J . J

gives the bipath persistence diagrams of Fuipatn. Moreover, if M and N are two
persistence modules over the bipath poset, then the interleaving distance between
M and N coincides with the bottleneck distance between their bipath persistence
diagrams.

Finally, we define additional invariants of persistence modules over finite posets.
As a natural generalization of the relation between rank and multiplicity invariants,
we define the signed interval multiplicity (5% to be the Mobius inversion of the
interval rank invariant of M under the compression system &, which defines the
interval replacement 6¢(M) of M under . The I-rank of the interval replacement
5¢(M), denoted by rank$ 6¢(M), can also be defined in an obvious way. Then our
last main result shows that the formation of 6° preserves the I-ranks, as stated
below.

Main result E (Theorem 6.2.4). Let P be a finite poset, M € modk[P], and I
an interval of P. Then we have

rank$ 6°(M) = rank’ M.
It is worth noticing that Main result E holds for all intervals of P, which
generalizes the result of [39, Theorem 3.29].
1.3 Organization

The remainder of this thesis is divided into five chapters. In Chapter 2, we collect
background material on quivers, posets, incidence algebras, persistent homology,
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and persistence module theory, ending with a brief review of almost split sequences.
These notions and notations are used in later chapters.

In Chapter 3, we prove the explicit formula (Main result A) for computing the
interval multiplicity. We first address the general poset case, then specialize to the
2D-grid case, which is the underlying poset of two-parameter persistence.

In Chapter 4, we introduce the essential-cover technique and show how this tech-
nique can be used for computing interval multiplicities from other underlying posets
(Main result C). In addition, an extended subsection demonstrates the translation
between bipath persistence and zigzag persistence, yielding the fast decomposition
and stability results for the bipath persistence (Main result D).

In Chapter 5, generalizing conventional rank invariants, we define the interval
rank invariant in terms of compression systems and derive the explicit formula for
its computation (Main result B). We then demonstrate how to adapt the essential-
cover technique to compute the interval rank invariant.

In Chapter 6, we introduce the signed interval multiplicities and the interval
replacement of persistence modules. We prove that interval replacement preserves
all interval ranks (Main result E), and we provide several applications of the
interval replacement.



Chapter 2

Preliminaries

Throughout the thesis, we fix a field k, and all vector spaces are assumed to be over
k, and the word “linear” always means “k-linear”. The category of finite-dimensional
vector spaces is denoted by modk. Unless stated otherwise, an algebra is defined
without requiring the multiplicative identity, and we say an algebra is unital if it
has the multiplicative identity. For each positive integer n, we write [n] the set of n
consecutive integers {1,2,...,n}.

2.1 Quivers

A quiver is a quadruple @ = (Qo, Q1, s,t) of sets Qy, Q1 and maps s, : Q1 — Qo.
If we draw each x € Q) as a vertex, and each a € @); with s(a) = z and t(«) = y as
an arrow © — v, then @Q can be expressed as a directed graph. For this, elements
of @y are said to be the arrows of @, and s(«),t(«) are said to be the source and
target of the arrow . Specially, the quiver Q = (Qo, @, d, &) with Qy # @ is called
the arrowless quiver.

Definition 2.1.1. Let Q = (Qo, @1, s,t) be a quiver, and z,y € Q.

(1) We say @ is a quiver without double arrows if the map

(S7t): Ql — QO X QOaa = (S(a)vt(a))
is injective.

(2) A path from z to y of length n > 0 is a symbol p = (y|ay, ..., a1]x) consisting
of aq,...,a, € @y such that y = t(ay,), * = s(aq) and s(a;41) = t(a;) for
i € [n—1]. If n =0, we require x = y and set e, := (z||x). The symbol p is
sometimes expressed by p: x ~~» y. To extend definitions of source and target
to paths, we set 3(p) = z, t(p) := y and call them the source and target of p.

Furthermore, we write (),, to be the set of all paths of length n, and the set of
all paths of () is denoted by )>¢, thus we identify the paths of length 0 and
1 with vertices and arrows, respectively.

(3) A walk between x and y in Q is a sequence (p;)?; € (Q>¢)*" with n > 1
such that s(p1) = s(p2), s(p3) = s(p4a), -, S(P2i—1) = s(p2) (@ € [n]), and
r =t(p1), t(p2) =t(ps), ..., t(p2i) = t(p2it1), (i € [n—1]), t(p2n) = y.

T To e T,
pP1 p2 p3 P4 P5 P2n—2 P2n
P2n—1
2 Y1 Y2 e

Yn—1 Y
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Remark 2.1.2. In the definition above, by identifying each path (z|a|y) of length
1 with the arrow «, any path p = (z|aq,...,a,ly) is expressed as the product
p=aq---a, of arrows.

Definition 2.1.3. Let () be a quiver.
(1) Q is finite if both Qo and @), are finite.

(2) @ is locally finite if for all © € Q, the set {a € Q1 | s(a) =z or t(a) = } is
finite.

(3) A path p € Q> is an oriented cycle if 3(p) = t(p).
(4) Q is acyclic if @ has no oriented cycles.

(5) @ is connected if for any pair of vertices x,y € Qo, there exists a walk between
x and y in @, or equivalently, () viewed as a directed graph is connected.

2.2 Posets and categories

Following the convention given in [28], we denote by (P, <) the partially ordered set
(poset for short) where P is a set and < is a partial order on P. We call a subset
P’ of P a full subposet if P’ inherits the partial order from (P, <). Namely, given
x,y € P, x <yin P’ if and only if z < y in P. In what follows, we simply write P
for the poset instead of (P, <) when it is not necessary to specify the partial order
< explicitly.

Definition 2.2.1. Let P be a poset, and let z € P.

(1) The element zx is called a minimal (resp. mazimal) element of P if there is no
element y € P with y < x (resp. y > ).

(2) The element x is called a minimum (resp. mazimum) element of P if z <y
(resp. y < x) holds for all y € P.

A minimum is always minimal, and a maximum is always maximal, but not vice
versa. For two elements z,y € P, we say that x and y are comparable if either x <y
ory < x.

Definition 2.2.2. Let (P, <) be a poset.

(1) (P,<) is called a chain or totally ordered set if for all x,y € P, x and y are
comparable. The order relation < is then called the total order.

(2) (P, <) is called a antichain if <y in P only if + = y. In other words, any
two distinct elements of P are incomparable.

Definition 2.2.3. Let P be a poset. We say P is connected if for all x,y € P, there
is a finite sequence of elements x = zg, 21, ..., 2,_1, 2, = ¥ in P satisfying every two
consecutive elements z; and z;; are comparable.

Throughout the thesis, we mostly assume the connectivity for posets. We now
give a few examples of connected posets.
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Example 2.2.4. (1) For each positive integer n, we denote by A,, the set [n] with
the usual total order ¢ < 7+ 1. Similarly, for the set of all real numbers R, we
always equip it with the usual total order without specifying later. The same
for the set of all integers Z and the set of all natural numbers N. Hence A,,,
R, Z, N are all chains.

(2) Given two posets P, Py, we regard the direct product P; x Py as the poset
with the partial order defined by (z,y) < (2/,¢) if and only if x < 2’ and
y <y for all (z,y), (z',y') € Py x Py. In particular, we set Gy, = A, X A,
(m,n > 2) and call it a 2D-grid. A 2D-grid Gy, with either m =2 or n = 2
is called the commutative ladder.

Definition 2.2.5. Let P; and P5 be two posets. A map f: Py — Ps is called the
order-preserving map if x < y in Py implies f(x) < f(y) in Py. Furthermore, f is
called the order-embedding map if x <y in Py if and only if f(z) < f(y) in Ps.

Note that if Py is a full subposet of P, then the inclusion map ¢: P; < P,
x — x is the order-embedding map. We say that a poset P’ is a subposet of P if
P’ C P and the inclusion map ¢: P’ < P is merely order-preserving.

From now on, we set [<]p := {(z,y) € P x P | x <y} for convenience. In most
of our cases, we may assume finiteness on posets.

Definition 2.2.6. Let P be a poset.

(1) For any (x,y) € [<|p, we set [z,y] = {2 € P |2z <2<y}, and call it the
segment from x to y in P. The set of all segments in P is denoted by Seg(P).

(2) The poset P is said to be finite if it has only finitely many elements, and it is
said to be locally finite if segments [z, y| are finite for all (z,y) € [<]p.

The following concept is necessary to introduce the diagram associated with a
poset.

Definition 2.2.7. Let P be a poset and let (z,y) € [<|]p. We say y covers x if
r <y,and r < z < y implies z = z.

In other words, y covers x means that there is no intermediate element between
x and y.

Definition 2.2.8. Let P be a locally finite poset. Then the Hasse quiver H(P) of
P is a quiver defined as follows. The set H(P) of vertices is equal to P, the set
H(P), of arrows is given by the set { (z,y) € [<]p | y covers x }, and the source and
the target of (z,y) are x and y, respectively.

Remark 2.2.9. (1) Hasse quivers of posets are acyclic quivers without double
arrows. Conversely, every (locally) finite acyclic quiver ) without double
arrows uniquely determines a (locally) finite poset whose underlying set is Qo,
equipped with the partial order defined by x < y if and only if there exists
a path in @ from = to y. By this, we identify (locally) finite acyclic quivers
without double arrows and (locally) finite posets.
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(2) If the poset P is finite, then P is connected if and only if its Hasse quiver
H(P) is connected.

(3) We note for the reader that the above definition applies even to posets that
are not locally finite. For example, the Hasse quiver H(R) = (R, @, &, @) is
the arrowless quiver. However, in order to avoid issues related to triality, we
reserve the term Hasse quiver exclusively for locally finite posets throughout
the thesis.

Example 2.2.10. (1) The commutative ladder Gs » has the following Hasse quiver:

(1,2) — (2,2) —— (3,2) —— (4,2) —— (5,2)

I l I I I

(1,1) — (2,1) —— (3,1) —— (4,1) —— (5,1)

(2) A poset P of cardinailty n is called a finite zigzag poset if n > 3 and the Hasse
quiver of P is of the form:

1 > 2 > n o,

where each bidirectional arrow indicates that the arrow is oriented either left-
to-right or right-to-left, and at least one arrow has a distinct orientation. In
contrast, if all arrows have the same left-to-right orientation, then P = A,,.

Given a poset P, one can obtain a new poset P°P, the dual of P, by defining
x <y to hold in PP if and only if y < x holds in P.

Example 2.2.11. (1) Let Z° be the dual poset of Z. The standard infinite zigzag
poset ZZ is the full subposet of Z°P x Z given by

{(a,b) e Z* xZ|a=bora=b+1}.

(2) A poset P of cardinailty n is called a finite poset of Dynkin type A if P is
either A,,, its dual A?P, or the finite zigzag poset.

Definition 2.2.12. Let z € P, and let U be a subset of P. Then we set

tpr={yePly>z} and lpr={yec P |y <z},
pU = U Tpz, and |pU = U lpz.

zeU zeU
We say that U is an up-set (resp. a down-set) of P if U = 1pU (resp. U = |pU). Up-
sets and down-sets are naturally considered as full subposets of P without specifying
in the sequel.

Remark 2.2.13. (1) If P is finite, then any up-set (resp. down-set) U of P
can be written as U = Tpsc(U) = U, Tpr (resp. U = |psk(U) =

U:L‘Esk(U) i/Px) :
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(2) If X = 1pU (resp. X = |pU) and X is a finite poset, then sc(X) = sc(U)
(resp. sk(X) = sk(U)).

(3) It is easy to see that TpTpU = 1pU and |plpU = |pU.
(4) If U is an up-set (resp. down-set) of P and z is any element of U, then
Tpx = Ty (resp. lpz = ly2).
We simply write 1, | for Tp, |p, respectively, if there seems to be no confusion.

Definition 2.2.14. Let P be a poset and let U be a subset of P.

(1) An element z € P is said to be an upper bound (resp. a lower bound) of U if
u <z (resp. u > z) holds for all u € U.

(2) If the set of all upper bounds (resp. lower bounds) of U has a least (resp.
greatest) element y, then y is called the join (resp. meet) of U and is denoted

by y = \/ U (resp. y = A U).
Definition 2.2.15. Let P be a poset and I a nonempty full subposet of P.

(1) For any (z,y) € [<|p, we set [z,y] = {z€P |z <2<y} and call it the
segment from z to y in P. An illustration is shown on the left in Figure 2.2.
The set of all segments in P is denoted by Seg(P).

(2) A source (resp. sink) of I is nothing but a minimal (resp. maximal) element of
I. The set of all sources (sinks) in I is denoted by sc(I) (resp. sk(I)). If I has
the maximum (resp. minimum) element, then it is denoted by max(I) (resp.
min(I)). Artificially, we set sc(@) = @ and sk(9@) = @.

(3) Iis said to be conver if for all (z,y) € [<|1, we have [z,y] C L.

(4) If P is finite, then the convex hull of I, denoted by conv(I), is defined as the
smallest (with respect to the inclusion) convex subposet of P that contains I.
Equivalently, conv(I) is the union of all segments [z, y] € Seg(P) with z,y € L.

(5) Iis called an interval if I is connected and convex.

(6) The set of all intervals of P is denoted by I(P), or simply by I. We regard I as
a poset I = (I, <) with the inclusion relation: I<J < ICJforallI,J € L.

Example 2.2.16. (1) If P is the finite poset of Dynkin type A and I is an interval
of P, then the Hasse quiver of I is

s+ s+1 >t

where the orientation of each bidirectional arrow is determined by the order
relation in P. If P is either N or Z, then I(P) = {P}USeg(P)U{ Tps | s € P }U

{Ipt|tcP}.
(2) Assume P = R. We introduce the following angle-bracket notations.

e For s € R, we set (s,s) = [s,s]. (s,+00) denotes two types of intervals:
[s,4+00) or (s,4+00). (—00,s) denotes two types of intervals: (—oo, s] or
(_007 S)'
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e For s,t € R with s < t, (s,t) denotes four types of intervals: [s, ], (s,t),
[s,1), (s,t].

Hence I(P) = {R} U { (s, s), (s, +00), (—00, 5), (s,t) | s,t € R with s <t }.

(3) If P = ZZ, then every interval of P can be written as one of the following
forms by adopting the convention introduced in [10] for a,b € Z U {£o00}:
[a’b]ZZ = {(Cad) € LL | c<bd> a’}a
(a,blzz ={(c,d) € ZZ |a <c<b},

la,0)zz ={(c,d) € ZZ |a <d<b},
(a,b)zz ={(c,d) € ZZ | ¢ > a,d < b}.

See Figure 2.1 for an illustration.

/1 A /]
!
(CL, b)ZZ [CL, b]ZZ [CL, b)ZZ (CL, b]ZZ

Figure 2.1: Types of intervals of ZZ

(4) If P = G, then each interval I can be written as:

I= |_| [bi’di]i

s<i<t

for some s,t € [n] with s < ¢t. Here 1 < by < b < diyq1 < d; < m,
and [b;,d;], := {(z,i) € A, x {i} | b; <x < d;} for s < ¢ < t. In short, the
intervals of 2D-grids exhibit staircase shapes (Figure 2.2).

(5,4) ba dy (5,4)
b3 ds bs ds
ba do ba do
b1 dq
(1,1) (1,1)

Figure 2.2: An illustration of two intervals of Gs 4
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Posets can be viewed as categories in the following sense.

Definition 2.2.17. Let P be a poset. The poset P is regarded as a category as
follows.

e The set Py of objects is defined by Py = P.

e For each pair (z,y) € P x P, the set P(z,y) of morphisms from x to y is
defined by P(z,y) = {py.} if + <y, and P(z,y) := & otherwise. Here we
write py . = (z,y) € [<|p for short.

e The composition is defined by p. ypy . = p. forall z,y, 2z € P with o <y < 2.

e The identity 1, at an object x € P is given by 1, = p, 5.

We abuse the same notation P for this category if there seems to be no ambiguity.

In the literature, the functor M : P — modk is called the P-indexed persistence
module or simply the P-persistence module. However, to smoothly apply some
techniques in the representation theory, we shall consider the linear category instead,
leading to the following definition.

Definition 2.2.18. The incidence category k[P] of the poset P is defined as the
k-linearization of the category P. Namely, it is a k-linear category defined as follows.

e The set of objects k[P]y is equal to P,

e For each pair (z,y) € P xP, the set of morphisms k[P](z, y) is the vector space
with basis P(z,y); thus it is a one-dimensional vector space kp, , if x <y, or
zero otherwise. k[P](z,y) is called the Hom space of the pair (z,y) € P x P.
The set of all morphisms is denoted by k[P];.

e The composition is defined as the k-bilinear extension of that of P.
e The identity 1, at an object x € P is given by 1, = p, ,.

A category is said to be small if both the objects and the morphisms form sets,
not proper classes. A k-linear category is said to be finite if it has only finitely
many objects, and every Hom space is finite-dimensional. Note that k[P] is a small
category, and it is a finite k-linear category if P is finite.

The k-linearization of posets is functorial. More concretely, if f: P; — Py is
the order-preserving map, then k[f]: k[P;] — k[Ps] is the linear functor between
incidence categories given by

K[f](2) = (), (221)
for all z € k[P4]y, and

k[f](0) := 0, and k[f](kpy.) = kpsy).r@) (k € k), (2.2.2)

where p, , is the unique basis of k[P1](x,y) whenever (z,y) € [<|p,, and py(),f(z) is
the unique basis of k[Ps|(f(z), f(y)).
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2.3 Incidence algebra and Mobius inversion

We may associate each poset with a non-unital associative algebra. In particular,
when the poset is finite, such a non-unital algebra becomes unital.

Definition 2.3.1. Let P be a poset. We define the incidence algebra (may not has
the multiplicative identity) kP of P by using the incidence category k[P] as

kP:= P kPlzy)= P koo

(a:,y)EPXP (xvy)e[gh:‘

with the multiplication

Z kz,y Pry - Z k;w Prw = Z Z 5m,ykz,yk;7w Pzaw

(y,2)€l<]p (w,z)€[<]p (y,2)€[<]p (wx)€[<]p

= Z kz,xk/x,w Pzw, (233)

w,x,zEP
w<lr<z

where coefficients k, , and k; ,, are elements of k.

We remark that the multiplication (2.3.3) is well-defined because kP is defined
as a direct sum, so in the summations all but finitely many coefficients k, , and &, ,
are zero.

Again, we caution the reader that the incidence algebra kP defined in the thesis
is unital if P is finite. Namely, kP has the identity 1yp == > 1, whenever P is
finite.

zeP

Remark 2.3.2. In the definition above, we note the following remarks. For brevity,
we assume P is finite.

(1) (As a matrix algebra with blocks k or 0) To express each element of kP as
a matrix, we fix a total order on P extending the original partial order. By
regarding the isomorphism k — kp, , sending 1 to p, . as the identity map,
we can regard kP as a matrix algebra over k with the set of (y, x)-entries k if
r <y, and O otherwise.

(2) (As a set of functions from Seg(P) to k) Note that we have a bijection
Seg(P) = {pys |2,y € P,z <y} sending [z,y| to p,,, and that each ele-
ment m of kP can be regarded as a function {p,, |z,y e P,z <y} — k
sending each p,, to the (y,z)-entry m, , of m. By combining these we can
also regard kP as the set k58®) of functions Seg(P) — k, namely, by identi-
fying an element m € kP with the function sending each segment [z, 3] to the
(y, x)-entry my, , of m.

(3) (Right action on k¥) Let k¥ be the vector space of all k-valued functions
with the domain P. Then k¥ has a right kP-module structure, the explicit
definition of which is given as follows: Let f € k¥ and (z,y) € [<]p. Then

(f - Pya)(2) = bz f(y) (2.3.4)

for all z € P.
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Definition 2.3.3 (Zeta and Mobius functions). Let P be a finite poset. We set

¢ = Zpy,x € @kpw — kP 2 kSes(P)

<y <y

(see Remark 2.3.2 (2)), and call it the zeta function (on P). We note that ¢ is
expressed as a lower triangular matrix with all diagonal entries 1 in kP as a matrix
algebra (see Remark 2.3.2 (1)). Thus it is invertible in kP, the inverse is given by
the adjoint matrix of ¢, which is denoted by p, and called the Mdbius function (on
P).

Note that for any f € k¥, we have

(f ) =D 0af) = fy) (2.3.5)

<y 2<y
for all z € P by (2.3.4).

Theorem 2.3.4 (Mobius Inversion Formula). Let P be a finite poset. For any
f,g €Kk¥ and x € P, the following statements are equivalent:

(1) f(2) =Y cpep 9(y); and
(2) g(x) =2 cyer f(WH([z, y])-

Proof. Since p =3 ., pu([z,y])py,., we have

(f-m)(z) =D - Fy)ml, ) = fy)p((z9).

z<y z<y

By this together with (2.3.5), the equivalence follows from the fact that f = g - ¢ if
and only if f-u = g. O

2.4 Persistent homology
We formalize the concept of persistent homology in the following categorical sense.

Definition 2.4.1. Let P be a poset, and FinSimp the category of finite simplicial
complexes. The P-filtration is a functor F: P — FinSimp.

Hereafter, we shall simply call F the filtration without adding the prefix P if
the underlying poset is evident from the context.

Example 2.4.2. (1) Let & be a finite set of points in the d-dimensional Euclidean
space R, equipped with the usual Euclidean metric, and let r € Rsq. Define
the abstract simplicial complex indexed by r as follows:

ﬂBx(r);é@}.

rEo

Co(X) = {a CXx
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Here and subsequently, B, (r) denotes the closed ball with radius r centered
at z. The complex C,.(X) is called the Cech complex at radius r. It is evident
that the assignment

Rs¢ — FinSimp, 7+ C.(X),

satisfying C,.(X) C C,(X) whenever r < 7/, is thus an Rx¢-filtration. We call
this Rso-filtration the Cech filtration of X.

Let X and r be as above. Define the abstract simplicial complex indexed by
r as follows:

R.(X)={ocCX|B,(ry)NBy(ry) #2 forall z,y € 0 }.

The complex R,.(X) is called the Vietoris—Rips complex at radius r. Again, it
is evident that the assignment

R>g — FinSimp, r+— R, (X),

satisfying R, (X) C R,.(X) whenever < 7/, is thus an R>-filtration. We call
this Rs-filtration the Vietoris—Rips filtration of X.

We review the barycentric decomposition of filtrations in [47]. Let I be a
simplicial complex. A flag of K is an ordered subset of simplices {0y, ...,0,} C
KC satisfying o1 C --- C 0y. The set of all flags of K is denoted by Bary(K)
and called the barycentric decomposition of K. For every k € N, we set

k-Bary(K) = {’y € Bary(K) ‘ mein lo| >k }
o€y

The barycentric decomposition of a P-filtration naturally gives us a (P x N°P)-
filtration. For example, if we let the filtration F be the Cech filtration of X
defined above, then the assignment

R x N°° — FinSimp, (r, k) — k-Bary(C,(X)),

is an (R>o x N°P)-filtration.

We denote by H;(-; k) the ith homology functor with the coefficient field k. Now
we are in the position to define the persistent homology.

Definition 2.4.3. Let F be a P-filtration. Then the composition H;(-;k)oF: P —
modKk is called the ith persistent homology (over P).

Example 2.4.4. (1) If P is either A,, N, Z, or R, then persistent homology

over P is referred to as the one-parameter (or single-parameter) persistent
homology. Hence the induced persistent homology from the Cech filtration
or Vietoris—Rips filtration is a one-parameter persistent homology. This is
reasonable because the radius r is the only parameter in both filtrations.

Let k£ > 2. If P is either Hie[k] A, (n; > 2), N* ZF or R then persistent
homology over P is referred to as the k-parameter persistent homology.
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(3) Persistent homology over P is referred to as the zigzag persistent homology if P
is either the finite zigzag poset (Example 2.2.10 (2)) or ZZ (Example 2.2.11).

To illustrate persistent homology concretely, consider the ech filtration defined
previously. Given a finite set X of points in R? as the input dataset, the Cech fil-
tration can be constructed by taking unions of closed balls (called the ball model)
of radius r centered at each point. By the nerve theorem (see [35, Chapter I11.2]),
this ball model—considered as a topological space—is homotopy equivalent to its
nerve complex, which, by definition, is precisely the Cech complex at radius r (Ex-
ample 2.4.2 (1)). Figure 2.3 visually demonstrates this construction, depicting the
progression from isolated points (0-simplices) through the formation of edges (1-
simplices) and higher-dimensional simplices as the balls intersect. Persistent ho-
mology then tracks how homological features, such as connected components and
loops, appear and disappear as r grows. This yields intervals of the underlying poset
(in this case, R for instance) capturing the “lifespan” of these topological features,
which encode meaningful geometric information inherent to the input dataset.

N
N
N
N

(a) The ball model of a one-parameter filtration

= I

N
N
N
N

&

Hy

Hi

|
radius

(b) The filtration of the nerve complexes and barcodes of persistent homology

Figure 2.3: An example of one-parameter persistent homology

Figure 2.4 provides another example of filtration over a 2D-grid that is not the
finite poset of Dynkin type A, giving the two-parameter persistent homology. In
this illustration, the filtration is parameterized horizontally by the radius of balls
and vertically by the cardinality (or density) of datasets.
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Figure 2.4: An example of two-parameter filtration

2.5 Persistence modules

It is natural to carry the persistent homology theory to the algebraic framework.
This way of generalization allows one to study the persistent homology from the
viewpoint of representation theory.

Notice that each functor M : P — mod k is uniquely extended to a linear functor
M : k[P] — modk. Therefore, we identify M with M, and denote it simply by
M. Throughout the thesis, we will treat the P-persistence module as the k-linear
functor.

Definition 2.5.1 (Persistence modules). Let P be a poset. A P-persistence module
is a (covariant) k-linear functor k[P] — modk. Specifically, the zero functor is called
the zero (or trivial) module and is denoted by 0. All P-persistence modules together
with natural transformations between them as morphisms form a k-linear category,
which is denoted by mod k[P].

In particular, if P is either Hie[k] A, (n; >2), N¥ ZF or R* then P-persistence
modules are called k-dimensional persistence modules. 1f P is either the finite zigzag
poset or ZZ, then P-persistence modules are called zigzag modules.

Remark 2.5.2. (1) Note that modk[P] is the abelian category. To better dis-
tinguish notations for Hom spaces in two categories k[P] and modk[P], by
k[P](x,y) we denote the Hom space from x to y, and by Homyp(M,N) we
denote the Hom space from M to N.
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(2) Given a P-persistence module M, we call linear maps M (p,,): M(x) = M(y)
the structure linear maps of M for all (z,y) € [<]p. To shorten the notation,
M (py..) is also written as M, ,. Clearly, for all x € P, M, is the identity
map.

(3) In the sequel, we simply refer to natural transformations between P-persistence
modules M and N as morphisms, and we adopt the simpler notation f: M —
N instead of f: M = N. Sometimes we also write (f,).cp to express f. By
the definition of natural transformation, the following diagram

M(py,z)

M (x) M (y)

s
N(z) oo N(y)

commutes for all (z,y) € [<]p.

(4) In fact, the persistence modules defined in this thesis are known as point-
wise finite-dimensional persistence modules [19, 27]. By Definition 2.4.3, the
persistent homology over P is a P-persistence module. In particular, the k-
parameter persistent homology is the k-dimensional persistence module.

As a direct example, we take the Oth persistent homology of the As-filtration F
provided in Figure 2.3(b). The associated Ajs-persistence module M = Hy(-; k) o F
can be expressed by

Ms 1 M3 2 My3 Ms 4
Kk© < s k s k '
where
010000
Myy=|001000|, M3y =1[1,0000], Myg=Ms4=1(1:=1).
: 000100 : ’ ’
000010

In what follows, we will sometimes call P-persistence modules “persistence mod-
ules over P”. The P-persistence modules induce left kP-modules, where we recall
that kP is the incidence algebra of P (see Definition 2.3.1). Indeed, given a P-
persistence module M, we let [],.p M(x) be the k-vector space and define the left
kP multiplication on the vector space by setting

Z ky,z py,w ' (mz)zeP = (Z kz,w pz,w : mw)
zeP

(Z7y)€[S]P 'll)e\LZ
= (Z ki M (Pz,w>(mw>> : (2.5.6)
welz »cP

The above multiplication is well-defined since only finitely many coefficients k, ,
are nonzero by the definition of kP. Particularly, we address the definition of the
following left multiplication

Pzw - My = M(pz,w)(mw), (257)
where M € modk[P], p,., € k[P](w, 2), and m,, € M(w).
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Definition 2.5.3. Let P be a poset and let M € modk[P]. Then the dimension
vector of M, denoted by dim M, is a function

dim M: P — Z, z — dim M(z)

where dim M (x) denotes the dimension of vector space M (z). If P is finite, then we
call dim M =) _pdim M (z) the dimension of M.

zeP

Example 2.5.4. Let P = G33. It is straightforward to verify the following assign-
ment:

k ——k 0
J Jio T
ol
T ]
0 k —— k
is a persistence module over P, whose dimension vector is visualized by [ i % ?] and

dimension is 8.

An order-preserving map between posets induces a functor between the associ-
ated categories of persistence modules. This functor will be frequently used later,
thus we give the following definition.

Definition 2.5.5. Let f: P; — P be an order-preserving map and k[f] the k-
linearization of f defined in (2.2.1) and (2.2.2). Then the restriction functor, denoted
by Ry, is the k-linear functor defined by

Ry: modk[P;] — modk[P,], M +— M ok[f]. (2.5.8)

From now on, we shall simply call a persistence module without adding the prefix
P if the underlying poset is fixed and unique in the statement.

Definition 2.5.6. Let A/ € modk[P]. Then the vector space Homyp)(M, M) en-
dowed with the multiplication * given by

f*xg=gof,

where o denotes the usual composition of morphisms (from right to left), is called
the endomorphism algebra of M. We denote Homyp)(M, M) shortly by Endyp; M.
Morphisms in Endyp) M are called endomorphisms of M.

Definition 2.5.7. Let M € modk[P], and let Endyp) M be the endomorphism
algebra of M. Then Endyp) M is said to be local if for each f € Endyp) M, either
f or 1, — f is invertible in terms of the multiplication .

Note that the endomorphism algebra Endyp) M is unital because the identity 1,
is the multiplicative identity of Endyp) M. Moreover, M induces a right Endyp) M-
module. Indeed, we let [, .p M(z) be the k-vector space and set

(mx)meP f = (fx(mx))zeP

for f € Endyp M and (m,),.p € [[,cp M (). In the sequel, we sometimes omit o
and simply write ¢gf for the usual composition of morphisms.
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Definition 2.5.8. Let f: M — N be a morphism between P-persistence modules.

(1) The morphism f is called a monomorphism (resp. epimorphism) if for all
x € P, the linear map f,: M(z) — N(x) is injective (resp. surjective). f is
called an isomorphism if f is both monomorphism and epimorphism. In this
case, we write M = N and say that M and N are isomorphic.

(2) The morphism f is called a section (resp. retraction) if there exists a morphism
g: N — M such that gf = 1, (resp. fg = 1y).

Definition 2.5.9 (Submodules). Let M, N € modk[P]. Then M is called a sub-
module of N, denoted by M C N, if there is a morphism f: M — N such that
for every x € P, M(x) is a linear subspace of N(z) and the linear map f, is the
inclusion. Moreover, the submodule M is called proper if M # N.

We remark that the morphism f: M — N in the definition above is a monomor-
phism, and it will sometimes be written as f: M < N hereafter. Moreover, the
submodule relation C gives a partial order on the set of submodules of N.

Given a P-persistence module and its submodule, one can define the quotient.

Definition 2.5.10 (Factor modules). Let M, N € modk[P] with M C N. The
quotient N/M  called the factor module, is again a P-persistence module defined by
(N/M)(z) = N(x)/M(x) € modk for x € P, and structure linear maps of N/M
are given by the universal property of cokernel in mod k.

We note that there exists an epimorphism, called the canonical projection, from
N to N/M, which is given by surjective linear maps N(x) — (N/M)(z) for all
z € P. The canonical projection will sometimes be expressed as N = N /M in

the sequel.

Definition 2.5.11. Let M, My € modk[P]. Their direct sum M; & M, is again
a persistence module defined as follows. For each pair (z,y) € P x P and each
p € k[P](z,y),
M, (p) 0
M, & M. = )
( 1 2)(19) { 0 Mg(p)
The modules M; and M, are called direct summands of My @ Ms.

Definition 2.5.12. A short exact sequence 0 — L 5 M % N = 0 in mod k[P] is
said to be split if f is a section, or equivalently, g is a retraction. Hence M = L& N.

Definition 2.5.13 (Indecomposable modules). A nonzero P-persistence module M
is indecomposable if M = M; @ Msy then either M; = 0 or My = 0, we also say
that M admits only trivial decompositions in this case. Otherwise, M is said to be
decomposable if M admits a nontrivial decomposition.

For later use, we state the next useful and well-known proposition ([7, Corol-
lary 4.8]).

Proposition 2.5.14. Let M € modk([P]. If its endomorphism algebra Endyp) M
is local, then M 1is indecomposable. Conversely, if M is a finite-dimensional inde-
composable module, then Endyp) M is local.
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Note that if P is finite, then M is indecomposable if and only if Endyp) M is
local.

Determining whether every P-persistence module admits a unique decomposi-
tion into indecomposable modules is a fundamental question in practical analysis, as
uniqueness in this decomposition ensures a consistent and canonical representation
of data. According to the result by Botnan and Crawley-Boevey [18, Theorem 1.1],
any functor M € Fun(%,modk) defined on a small category % is a direct sum of
indecomposable functors with local endomorphism ring in Fun(%, modk). Recall-
ing that the incidence category k[P] is small and persistence modules are functors
in Fun(k[P], modk), it then follows that every P-persistence module admits a de-
composition into indecomposable modules, each possessing a local endomorphism
ring.

On the other hand, by the result of Azumaya [9] (also known as the Krull-
Remak—Schmidt—Azumaya theorem), such an indecomposable decomposition is unique
up to reordering and isomorphism. Subsequently we summarize the above conse-
quences as the unique decomposition theorem for persistence modules.

Theorem 2.5.15 (Unique decomposition). Let P be a poset and k[P] the incidence
category. Fiz a complete set £ of representatives of isoclasses of indecomposable
modules in mod k[P]. Then every P-persistence module M is isomorphic to the direct
sum P, o LML) for some unique function dy: £ — Zsg. Therefore another P-
persistence module N is isomorphic to M if and only if dy; = dy.

We will use the notation dy,(L) to denote the multiplicity of an indecomposable
direct summand L of a module M in its indecomposable decomposition.

Studying all indecomposable modules in mod A is a wild problem, thus we shall
restrict our attention to a smaller collection of indecomposable modules.

Definition 2.5.16 (Simple modules). Let P be a poset. A P-persistence module S is
said to be simple if S # 0 and it has no nontrivial proper submodule. Equivalently,
S is simple if S is isomorphic to the following P-persistence module S, for some

element x € P:
k, ify==
SI — ) )
) { 0, otherwise,
and for p € k[P],

S,(p) = klg, if p = k1, € k[P](x, ),
= 0, otherwise.

It is evident that simple modules are indecomposable.

In what follows, we identify k[P°P| with (k[P])°® in an obvious way. By D
we denote the standard k-duality Homy(-,k), which induces the duality functors
mod k[P] — mod k[P°P] and mod k[P°?] — mod k[P]. Note that D is an equivalence
of categories and thus it is an exact functor.

Definition 2.5.17 (Projective and injective modules). Let P be a poset and M a
P-persistence module.
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(1)

M is said to be projective if for any epimorphism f: L — N, the induced map
of vector spaces

Homlk[P](M7 f) Hom]k[P](Ma L) — Homlk[P](M7 N)7 gr— fg7

is surjective. In particular, for each z € P, k[P](z,-) is projective and in-
decomposable. We denote it by P, and call it the projective indecomposable
module at x.

M is said to be injective if for any monomorphism f: L — N, the induced
map of vector spaces

Homk[p] (f, M) : HOIIl]k[p] (N, M) — Homk[p] (L, M), g — gf,

is injective. In particular, for each x € P, D(k[P](-,z)) is injective and in-
decomposable. We denote it by I, and call it the injective indecomposable
module at x.

It is straightforward to show that direct summands of projective modules are
again projective modules.

Notation 2.5.18. We set P. := k[P°?](z,-) to be the projective indecomposable
k[P°P]-module at x, and I, := D(k[P°P|(-,z)) to be the injective indecomposable
k[P°P]-module at z.

The following wider collection of indecomposables will play the main roles later.

Definition 2.5.19 (Interval modules). Let I be an interval of P.

(1)

(3)

A P-persistence module associated with I, denoted by Vi, is defined as follows.

For z € P,
k, ifxel
Vi(z) = .
0, otherwise,

and for p € k[P|(z,y),

)= 0, otherwise.

It is obvious that Vj is an indecomposable persistence module. We sometimes
call V7 is supported on 1.

A P-persistence module isomorphic to Vi for some I € I is called an interval
module. We thus call dy;(L) the interval multiplicity if L is an interval module.

A P-persistence module is said to be interval-decomposable if it is isomorphic
to a direct sum of interval modules. Thus the zero P-persistence module is
trivially interval-decomposable.

Remark 2.5.20. Simple modules, projective and injective indecomposable modules
are interval modules because they are isomorphic to Vi, V4, and V|, for some z,y,
and z € P, respectively. It is evident that Vj is uniquely determined by its dimension
vector, thus we sometimes identify Vi with its dimension vector, and will write Vj
by its dimension vector hereafter.
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Let us briefly review the standard one-parameter (resp. zigzag) persistent ho-
mology theory from the perspective of representation theory. By the unique de-
composition theorem (Theorem 2.5.15) and [27, Theorem 1.1], every ith persistent
homology is uniquely determined by the set of all intervals of underlying totally
ordered (resp. zigzag) posets P. In other words, every one-dimensional persistence
(resp. zigzag) module M is interval-decomposable and it is completely characterized
by the multiset (I(P), dys). The multiset (I(P), dyy) is called the persistence diagram
of M (denoted by D(M)) or barcodes of M (denoted by B(M)). See Figure 2.3(b)
for an illustration of barcodes of Hy(-;k) o F and Hi(-;k) o F. Again, we high-
light that intervals capture the “lifespan” of the topological features of input data.
For example, the decomposition of the Oth persistent homology of the As-filtration
in Figure 2.3(b) can be written as

Ho(- k) o F = Vi 5) @ Vi oy @ V.

The longest interval [1,5] in the decomposition above corresponds to the unique
connected component born at the first filtration step that persists until the last
step, giving it the maximum lifespan. In contrast, there are four same intervals [1, 2]
in the middle—each tracking a connected component born at step 1 and dying at
step 2—and one interval [1,1], for the single connected component born and killed
immediately at step 1.

The fast computation of one-parameter and zigzag persistent homology has been
a central focus in applied topology. For standard persistence, efficient matrix reduc-
tion algorithms were introduced by Edelsbrunner et al. [36], and further optimized
in software packages like Ripser [11]. For zigzag persistence, the seminal work of
Carlsson and De Silva [21] extended these ideas using reflection functors and simi-
lar algebraic techniques, enabling efficient computation over finite filtrations. More
recently, Dey and Hou [29] proposed a faster algorithm for computing zigzag persis-
tence, improving the practical efficiency of the original framework.

We end this section with a classical correspondence given by the Yoneda lemma.
Let M € modk[P], and let z,y € P. By the Yoneda lemma (see [7, Theorem 6.1]
for example), we have an isomorphism

M (z) — Homyp) (P, M), m— phl (m € M(x)),

where pil: P, — M is is a morphism (p}! : Pp(y) — M(y))yep defined by

po ,(p) =p-m = M(p)(m) (2.5.9)

for all y € P and p € P,(y) = k[P](x,y). Note that the second equality in (2.5.9) is
given by (2.5.7). Sometimes we just write p (p) := M(p)(m) by omitting y. Dually,
we have an isomorphism

N(z) — Homypos) (P}, N), m > AN (m € N(x)),
where the notation P’ is provided in Notation 2.5.18 and AY: P! — N is defined by
Am(p) ==m-p= N(p)(m). (2.5.10)

Again, note that the second equality in (2.5.10) is given by (2.5.7) together with the
duality:.
To shorten formulas later, we introduce the following notation.
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Notation 2.5.21. (1) The structure linear map P, (p,,) of the projective inde-
composable P, is given by

P.(pys): P.(z) = P.(y), mw~ py.m (m e P,(x)).

(2) Since py. € k[P](z,y) = P.(y), we can set Py, == p, . = p;:‘j’x: P, — P,.
Furthermore, if z <y < z, then

(Py,x)z t Py(2) = Pu(2), Doy ™ PeyPyz = Do (2.5.11)

We note here that Py, = 0 if z £ y in P. Similarly, we set p = p,. €
k[P°P(y,r) = k[P](x,y) for all (z,y) € [<]p. It induces a morphism P’ =
ppee, Py — Py in mod k[P°P].

2.6 Almost split sequences

To make our exposition self-contained, we collect some necessary materials in [7,
Chapter IV]. Throughout this section, the poset P is assumed to be finite, and let
A = k[P] for short, so the category of persistence modules is denoted by mod A. It
is worth noting that mod A is an abelian k-linear category.

We begin with reviewing the socle and radical of persistence modules. A per-
sistence module isomorphic to a finite direct sum of simple modules is called the
semisimple module. Clearly, except for the linear maps M, , (x € P), all structure
linear maps of a semisimple module M are zero by Definitions 2.5.11 and 2.5.16.

Definition 2.6.1. Let L, M € mod A with L. C M.

(1) L is called the socle of M if L is the maximum semisimple submodule of M.
We denote this by L = soc M.

(2) L is called the radical of M if L is the intersection of all maximal submodules
of M. We denote this by L = rad M.

(3) The factor module M/rad M is called the top of M. We denote this module
by top M.

Remark 2.6.2. (1) We remark that for x € P, soc [, = top P, = S,.
(2) The socle (resp. radical, top) preserves the finite direct sum. Namely,
soc(My @ ---@® M,,) 2 socM; @ -+ @ soc M,.
The isomorphism holds similarly for the radical and top.
Definition 2.6.3. We have the following definitions in mod A.

(1) An epimorphism (resp. monomorphism) f: M — N is called minimal if for
any morphism u: L — M (resp. v: N — L’), the composition fu is an epi-
morphism (resp. the composition vf is a monomorphism) if and only if u is
an epimorphism (resp. v is a monomorphism).
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(2) Moreover, a minimal epimorphism f: P — N is said to be a projective cover
of N if P is projective. Dually, a minimal monomorphism g: M — [ is said
to be an injective envelope of M if I is injective.

(3) An exact sequence Py LN Py Jo N =5 0 is said to be a projective presentation
of N if both Py and P; are projective. Moreover, such an exact sequence is said
to be a minimal projective presentation of N if both morphisms fy: Py — N
and f;: P, — Im f; are projective covers.

Dually, An exact sequence 0 — M 2 I, &5 I is said to be an injective
presentation of M if both Iy and I; are injective. Moreover, such an exact
sequence is said to be a minimal injective presentation of M if both morphisms
go: M — Iy and g;: Im g, — I; are injective envelopes.

Definition 2.6.4. We have the following definitions in mod A.

(1) A morphism g: M — N is said to be right minimal if for all endomorphisms
p: M — M satisfying gp = g are automorphisms. Dually, a morphism
f: L — M is said to be left minimal if for all endomorphisms ¢: M — M
satisfying o f = f are automorphisms.

(2) A morphism g: M — N is said to be right almost split if g is not a retrac-
tion, and for any non-retraction morphism ¢’': M’ — N, there is a morphism
: M’ — M such that gi» = ¢’. Dually, a morphism f: L — M is said to
be left almost split if f is not a section, and for any non-section morphism
f': L — M’, there is a morphism ¢: M — M’ such that ¢f = f'.

(3) A short exact sequence 0 — L Iy M % N = 0 is said to be an almost split
sequence if f is left almost split and left minimal, and ¢ is right almost split
and right minimal.

The following lemma establishes a connection between the minimality and the
right minimality for epimorphisms with projective domains, and it will be useful in
the sequel.

Lemma 2.6.5. Let f: P — M be an epimorphism in mod A, where P is a projective
module. Then the following statements are equivalent:

(1) f is minimal, hence [ is a projective cover of M.
(2) f is right minimal.
(3) For any section s: X — P, fs =0 implies that s = 0.

Proof. (1) implies (3):

Assume that (1) holds. For any section s: X — P with fs = 0, we have Ims C
Ker f. Thus the morphism ®: P/Ims — P/Kerf, z +Ims — = + Ker f is a
well-defined epimorphism. By 7 (resp. m;) we denote the canonical projection
P — P/Ker f (resp. P — P/Ims). Apparently, &7, = 7;. We claim that 7, is
minimal. Indeed, for any morphism u: L — P satisfying that the composition

L% P> P/Ims
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is an epimorphism, the following composition
L% P P/Ims > P/Ker f 5 M

is again an epimorphism. By the minimality of f: P — M, u is an epimorphism.
This shows the minimality of w5. Now, because s is a section, 7, is a retraction and
hence there exists a section v: P/Im s — P such that m,0 = 1p/1ms- The minimality
of m, yields that v is an epimorphism and thus is an isomorphism. It follows that
Im s = 0. Therefore, (3) holds.

(3) implies (2):
Assume that (3) holds. By [8, Chapter I, Theorem 2.2|, there is a decomposition
P = P, & P, such that f|p, is right minimal and f|p, = 0, where f|p, denotes the
restriction of f to P; (i = 1,2). By (3) we have P, = 0 and f|p, = f. Therefore, (2)
holds.

(2) implies (1):
Assume that (2) holds. To show the minimality of f, take any morphism w: L — P
such that fu: L — M is an epimorphism. Since P is projective, there is a morphism
h: P — L such that (fu)h = f(uh) = f. By (2), the right minimality of f implies
that uh is an automorphism. Therefore, h is an epimorphism and (1) holds.

Hence, the three statements are equivalent. O

Lemma 2.6.5 together with [8, Chapter I, Theorem 2.2] immediately shows the
following.

Corollary 2.6.6. Let f: P — M be an epimorphism in mod A, where P is a
projective module. Then there is a decomposition P = P, @& P, such that f|p, is
a projective cover of M and f|p, = 0. In other words, the epimorphism f can be
written as f = [fl, 0} =P, ® P, — M, where fi: P, — M is a projective cover of
M.

In short, an epimorphism with a projective domain includes a projective cover
as the component.

Tt has been known that if 0 — L & M % N — 0 is an almost split sequence, then
both L and N are indecomposable (see [7, Chapter IV, Lemma 1.3]). Conversely, if
N (resp. L) is an indecomposable module of certain types, one can always obtain an
almost split sequence ending at N (resp. starting from L). We would like to address
the converse direction later, which is known as the existence theorem of almost split
sequences.

The incidence category A itself can be viewed as a P-persistence module A(?,-).

Indeed, we might treat A(7,-) as @, p A(w,-) = @B, cp Po-
Definition 2.6.7. We recall the k-duality functor D := Homg(-, k).

(1) We denote by (x)' the following contravariant functors

Homa(x, A(?,-)): mod A — mod A°P,
M +— Homa (M, A(?,-)), and
Hom gop (%, A°P(-,7)): mod A°® — mod A,
M — Hom gon (M, A(7,-)).
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Recall the notation P, provided in Notation 2.5.18. Then by the Yoneda
lemma, we have

P! = Homa(A(x,-), A(?,-)) = A(?,2) = A®(x,?) = P,

T

for all x € P. By this natural isomorphism, we usually identify P! with PZ,
and P} with (P,.)" for all x,y € P. For this reason, we write P’ instead of
P’ in the sequel if there is no confusion. The contravariant functors (x)* are
called A-duality functors. In what follows, we sometimes write Hom 4 (%, A)
for short.

(2) The composition v := D o (x)! is called the Nakayama functor.

Remark 2.6.8. (1) The A-duality functors are dualities between prj A and prj A°P,
where prj A denotes the full subcategory of mod A consisting of all projective
modules. Concretely, the isomorphism P = P holds for all projective mod-
ules P.

(2) The Nakayama functor v is right exact, and the isomorphisms vP, = [,
vl, = P, hold.

Let V € mod A. Then we take a minimal projective presentation of V' in mod A

as follows:
J LN NN VN

Applying the A-duality functor (x)* on the minimal projective presentation yields
the following exact sequence in mod A°P:

0— vt 2 pt Iy pty Coker ff — 0. (2.6.12)

The cokernel Coker f} is called the transpose of V and denoted by Tr V.
Now we are in the position to define the Auslander—Reiten translations of per-
sistence modules, and the existence theorem of almost split sequences.

Definition 2.6.9. Let V' € mod A. Then compositing first Tr and then D yields
D o Tr(V) € mod A, denoted by 7V. On the otherhand, compositing first D and
then Tr yields TroD(V) € mod A, denoted by 77'V. Both 7V and 7'V are called
the Auslander—Reiten translation of V.

Theorem 2.6.10 ([7]). Let V € mod A.

(1) IfV is a non-injective indecomposable module, then there exists an almost split
sequence starting from V :

0=V >E—=7WV-0 (2.6.13)

(2) If V is a non-projective indecomposable module, then there exists an almost
split sequence ending at V' :

0—=7V—-F—=>V-—=0.

Remark 2.6.11. (1) If V is an injective indecomposable module, then the pro-
jection V' — V/socV is the right almost split and right minimal morphism.
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(2) If V is a projective indecomposable module, then the inclusion rad V' < V' is
the left almost split and left minimal morphism.

One application of the almost split sequence is to compute multiplicities of in-

decomposable modules. We cite [4, Theorem 3] as the following theorem (see also
(34, Corollary 2.3]).

Theorem 2.6.12 ([4]). Let M,V € mod A and assume that V is indecomposable.
Then we have the following formulas.

(1) If V is injective, then
dp (V) = dim Homy (V, M) — dim Hom4(V/ soc V, M). (2.6.14)

(2) If V is non-injective, then there is an almost split sequence (2.6.13) starting
from V' by Theorem 2.6.10. Moreover,

dp (V) = dim Homy (V, M) — dim Hom 4 (E, M) + dim Hom 4 (7~'V, M).
(2.6.15)






Chapter 3

Formulas for interval multiplicities

In the standard one-parameter persistent homology, the multiplicity of an interval
can be computed by taking ranks (also known as persistent Betti numbers) along
some larger intervals and then operating an alternating sum of the ranks by the
inclusion-exclusion principle. This computation is well-known as the formula of the
persistent Betti numbers and the multiplicity (see [35, Chapter VII}).

More precisely, if we let poset P = A,,, F a P-filtration, and M := H;(-;k) o F
the ith persistent homology, then the multiplicity of each interval I := [s,t] C P
appearing in the ith persistence barcodes of M is equal to the alternating sum:

rank M, ;, — rank M; 1 — rank My s +rank M4 51,

where we recall that M, ; denotes the linear map M; s: M(s) — M(t). As a demon-
stration, in Figure 3.1 we consider the multiplicity of interval [3,4]. The intervals
that appear in the alternating sum are illustrated in violet. It is straightforward to
see that rank My 3 = 2, rank My o = rank M5 3 = 1, and rank M5 5 = 0, thus the mul-
tiplicity of [3,4] is zero. Similarly, one can compute that multiplicities of intervals
[2,4] and [3, 5] are both 1, and other intervals have zero multiplicities.

N
N
N
N

°
N

H,y

\)

ranks

Figure 3.1: An illustration of the formula relating the persistent Betti numbers
and multiplicities in one-parameter persistent homology. The barcodes of the 1st
persistent homology are shown in blue. The red bar [3,4] is the interval that we
would like to demonstrate the computation of its multiplicity. The violet bars are
intervals along which we take the ranks to recover the multiplicity.

We address that the meanings of the multiplicity and the rank are different.
The multiplicity of an interval [s,¢] in persistence barcodes indicates the number of
generators of homology that are newly born at s (do not exist before s) and die at
t (do not exist after t), persisting from s to ¢. In contrast, the rank computed over
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[s,t] only counts the number of generators of homology persisting throughout the
interval, regardless of whether these generators are newly created or vanish precisely
at the endpoints. In other words, the rank (or persistent Betti number) along an
interval [s,¢] depends solely on information contained within that interval itself, but
determining multiplicity requires additional information beyond [s, ], specifically
information recorded within a larger interval, such as [s — 1,¢ + 1] in this case.

In multi-parameter persistence or persistence over general posets context, the
persistent homology obtained is generally not interval-decomposable. Therefore, we
need a formula for computing the interval multiplicity in general cases. The purpose
of this chapter is to compute the interval multiplicity dy;(Vi). We will first present
our result in the general poset case in Section 3.1, which will be specialized to the
case of 2D-grids in Section 3.2.

Throughout this chapter, we always assume that the poset P is finite, I is an
interval of P and M € mod A, where A := k[P].

3.1 The general poset case
Without loss of generality, we may assume that the poset P is connected.

Notation 3.1.1. Let M € mod A, and

w: @r,—Per.

j€ln] i€[m]
a morphism between projective modules of the form p = [a;;Py, 4,] (i)elmlx[n] with
aj € k, ((1,7) € [m] x [n]) for some x1,%2...,Tm,Y1,Y2,--.,Yn € P. Then we set

M () to be the matrix

M(p) = [ajiMyj@J (G.i)En)x[m] ©

The right-hand side is obtained by first replacing P with M, and then making the
transpose.

For any C;, M € mod A, the following lemma makes it possible to compute the
dimension of Hom(C, M) by using a projective presentation of C' and the module
structure of M. Later we will mainly apply this to the case where C' is a term of
the almost split sequence starting from an interval module V; for some I € I.

Lemma 3.1.2. Let C; M € mod A. Assume that C' has a projective presentation

Gbr,5pr >c—o

jE€[n] i€[m]

for some 1,22 ..., T, Y1, Y2, .., Yn € P, and p = [ajiPyj,xi]
k, ((¢,7) € [m] x [n]). Then we have

(i)etmixpa) Vi i €

dim Hom(C, M) = f:dim M (z;) — rank M (). (3.1.1)

=1
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Proof. Set Y = EB].E[”] P, X = @D
sequence Y % X 5 C' — 0, which yields an exact sequence

iepm) Lo for short. Then we have an exact

0 — Homu(C, M) — Hom, (X, M) 2omattD,

Hence Hom 4 (C, M) = Ker Homy (i, M). Now we have
Ker Homy (p, M) = {f € Homa(X, M) | fu =0}

Hom(Y, M).

o [fl,...,fm] € @ Homu (P, M) [f1,..-,fm] . [ajipyj,mi}( =0

i,5)
1€[m]

= [fl, ceey fm} € @ HOH]A(Pxi, M) |: Z a’jifipyj,wi:| =0
j€[n]

1€[m]
1€[m)|

e @ a2 )] o

12

1€[m]

L by, 4 ze[m] ]G[n]
r bl T b1

= - @ M(LL’Z) t( [ajiMyj’mJ (i,j)) . |: :| =0
L by, - 1€[m] bin

=Ker | M(u): @M(%) — @M(%)

i€[m] Jj€n]
Hence dim Hom(C, M) = >~ dim M(z;) — rank M (p). O

Notation 3.1.3. For a totally ordered set T, we set CsT to be the set of all full
subposets of T consisting of exactly two elements, and for any a € C,T, we set
a:=mina and a := maxa. Thus a = {a, a}. Let U be a full subposet of P.

(1) Suppose |sc(U)| = n (resp. |sk(U)| = m). We give a total order on the set
sc(U) (resp. sk(U)) by giving a poset isomorphism a: [n] — sc(U), i — q;
(resp. b: [m| — sk(U), i — b;), and apply the notation above for T = sc(U)
and sk(U).

(2) For any a € Cysc(U) (resp. b € Cy8k(U)), we set
Va:=sc(fpantpa) (resp. A'b:=sk({pbnN|pb)).

Note that if U is an up-set (resp. a down-set), then V'a C U (resp. A'b C U) by
the definition of up-sets (resp. down-sets). In particular, if | sc(Tpanfpa)| =1
(resp. | sk({pbN|pb))| = 1), then the unique element is the join (resp. meet)
of a (resp. b) and is denoted by Va (resp. Ab). See Definition 2.2.14. For this
reason, we call V'a (resp. A’b) the pre-join (resp. pre-meet) of a (resp. b).

(3) We set sci(U) (resp. ski(U)) to be the disjoint union of the pre-joins (resp.
pre-meets) of the two-element subsets of sc(U) (resp. sk(U)):

sc1(U) = |_| V'a={a. = (a,c) |a € Cysc(U), c € V'a},
aeCsysc(U)
ski(U):= | | Ab={by=(b,d)|be Cysk(U), de Nb}.

beCs sk(U)
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Note here that the family (V'a)acc,sc(u) (resp. (A'b)bec, sku)) does not need
to be disjoint. By the definition above, we see that if sc(W) = sc(U) (resp.
sk(W) = sk(U)) for a W C P, then sc;(W) = sci(U) (resp. sky(W) =
sk1(U)).

Furthermore, we equip sc; (U) with another total order <., defined by a, <ex

a/, if and only if (a,a, c) <je (a/,@, ), where <j., denotes the lexicographic
order from left to right. Similarly, we give a total order to sk;(W). These
total orders will be used to express matrices having sc;(U) or sk; (W) as an

index set later.

(4) For any nonempty subset X of P, or a disjoint union X = | | . Xy = {s; |
s € S,z € X } of nonempty subsets X, of P with nonempty index set S,
we set Py = @, . P, and Py = @,y P}, where P, = P,, P/ = P, if
t=s,€X =|[],c¢Xs with s € S and z € X,. In addition, we set Px and
P to be the zero modules if X = @.

The following lemmas are necessary in the sequel.

Lemma 3.1.4. Let U be either an up-set or a down-set of P. Then U is convex in
P. Moreover, if U is connected, then U is an interval. Il

Lemma 3.1.5. Let I be a connected subposet of P. Then both 11 and I are again
connected. O

Lemma 3.1.6. Let I be an interval of P. Then there exist up-sets U, U and
down-sets W, W’ of P such that I = U \ U = W \ W', which are given by

U=1LU =4I =1\L and W == [I, W := T := [T\ L

Proof. We only need to show that {1 := 11\ I is an up-set of P. Take any u € /I
and r € P with u < x. Then there exists y € I with y < u since v € 7I. Hence
I> y < wu <z, which shows that x € TI. If z € I, then the convexity of I shows that
u € I, a contradiction. Thus = ¢ I, and hence = € f}I. The proof for JI:= [T\ 1 to
be a down-set of P is similar. O

Remark 3.1.7. We note here that 1T (resp. JI) is connected, thus an interval by
the previous lemmas. However, I (resp. {I) may not be connected in general.

Let U be a connected up-set, and W a connected down-set of P. Note that Vg
is projective (resp. Viy is injective) if and only if |sc(U)| = 1 (resp. |sk(W)| = 1)
because Vyy and Vay are indecomposable modules and dim top Vi = |sc(U)| (resp.
dimsoc Vay = |sk(W)]). To show that the set sc;(U) (resp. ski(W)) is not empty
if Vi is not projective (resp. Vay is not injective), we review a fundamental property
of finite posets.

Definition 3.1.8. Let S be a finite poset. A topology on S is defined by setting
the set of up-sets to be the open sets of S, which is called the Alexandrov topology
on S. It is easy to see that it has a basis {{gx | z € S}.

The following lemmas are easy to show and the proofs are left to the reader.
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Lemma 3.1.9. Let S be a finite poset considered as a topological space by the Alexan-
drov topology on S. Then S is a connected space if and only if S is a connected
poset. U]

Lemma 3.1.10. Let S be a finite poset considered as a topological space by the
Alexandrov topology on S. Then S is a locally connected space. ]

Under the preparation above, we prove the following.
Proposition 3.1.11. Let U be a connected up-set, W a connected down-set of P.
(1) |sc(U)| = 2 if and only if sc,(U) # @.
(2) |sk(W)| > 2 if and only if ski (W) # @.

Proof. (1) Since the implication (<) is trivial, we show the implication (=-). Set
sc(U) ={ay,...,a,} and assume that n > 2. By Remark 2.2.13 (1), we have

U="TaU(TagU---U"Tay,). (3.1.2)

Now suppose that sc;(U) = @. Then for any {i, j} € Cy[n|, we have sc(ta; N Ta;) =
@, and hence Ta; N ta; = &. This shows that

ta; N (TaxU---Uta,) = . (3.1.3)

The equalities (3.1.2) and (3.1.3) show that the topological space U with Alexandrov

topology is not connected (also by noticing Remark 2.2.13 (4)). Hence U is not a

connected poset by Lemma 3.1.9, a contradiction. As a consequence, sc;(U) # @.
(2) This is shown similarly. O

With the above preliminaries, we first give a projective presentation of Vy €
mod A, where U is a connected up-set of P.

Proposition 3.1.12. Let U be a connected up-set of P. Then Vi has the following
(not necessarily minimal) projective presentation:

E}J ey
Pie,(uy — Peuy — Vu = 0, (3.1.4)

where eY) = [pyﬂaESC(U), and we set 1, =1y € k = Vy(u) for all uw € U, and

U._ [p
5]_ — [Pa7ac] (a,ac)esc(U)Xscl(U) (315)
with the entries given by
Peas ifa=a,
ﬁ)aaac = _Pc,m lf a = 5-7 (3].6)
0, ifa ¢ a,

for all a. € sc1(U) and a € sc(U). Here and subsequently, we write the matrices
following the lezicographic order <o (see Notation 3.1.8 (8)) of indices.
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Proof. Set sc(U) = {ai,...,a,}. If n =1, then Viy = Piu) and Py, (uy = 0 by
Proposition 3.1.11 and Notation 3.1.3 (4). Hence the sequence (3.1.4) is trivially a
projective presentation of V. Now we assume n > 2 and verify the exactness of the
sequence (3.1.4) in the following steps:

(a) Show that ¥ is an epimorphism.
(b) Show that el = 0.

(c) Show that dimImeP > dim Kerel .

(a) It is enough to show that for all b € P,

(c0), = [(o?),] acse(U @Paz ) — Vu(b)

1€[n]

is surjective. If b ¢ U, then Viy(b) = 0 and the assertion trivially holds. Otherwise,
Vi (b) = k with the unique basis 1,, hence it suffices to show that 1, has a preimage
in @[, Fai(b). In this case, it is evident that there is a; € sc(U) such that a; < b.
Set (mi);epn € Dicin) Pa: (b) with all entries zero except for the j-th entry m; = pyq;.

Then
@Eu(mmmw)—}%(dghom>—(ﬁghow>_1m

where the last equality holds by the Yoneda lemma and noticing (2.5.9):
(1) 5 Pus(®) = Vo), ra, 1 Pray - Loy = Vo(pna,)(1a,) = .

Therefore for all b € U, 1, has the preimage and thus €f is an epimorphism.
(b) It suffices to show that the composition

efe e
P, =5 Pr., W (3.1.7)

1€[n]

is zero for all a, € sci(U), where €7, is the a.-th column vector of the matrix e’

having the form:

Y
&

ay

[
O-UOO
[

© © U O ¢

]
|

an
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We verify pointwise. For t € P, the composition is trivially zero when ¢ ¢ 1pc,
thus we consider the case where t € Tpc. Note that U is the up-set of P, ¢ €
sc1(U) C U and hence ¢t € U. Then

(e85 (Pre) = (p1PPea)(pre) — (PYVPea) (Prc)
= 1Y (pra) — P12 (pes)
= Vu(pra)(la) — Vu(pra)(ls)
—1,—1,=0.

(c) It suffices to show that dimIm (¢V), > dimKer (eY), for all z € U. Fix
r € U, and let w = |sc(U) N |px|. Then w > 1. We may write Jx for short
subsequently and set sc(U) N}z == {ay,...,a,} without loss of generality.

Case 1. Consider the case where w = 1. If Py (uy(x) # 0, then there exists
some a. € sci(U) such that P, (z) # 0, which shows that a <¢,a < ¢, and ¢ < z.
Thus w > |a| = 2, a contradiction. Therefore in this case, Ps, (u)(x) = 0. Hence
the evaluation of (3.1.4) at x becomes

0= kppa, =k —0,

where ¢ is an isomorphism defined by ¢(pyq,) = 1lk. The claim follows since
Im (eV), = 0 = Ker ().

Case 2. Consider the case where w > 2. By Notation 3.1.3, Pswu)(z) =
@(IGSC(U) Pa(llf) = @QESC(U)ﬂix kpﬂ”ﬂ’ and

sc1 @ @ Pc(x) - @ kpa:,c'

ac€sci(U) acCasc(U) acCzsc(U)
ceV'anlz ceV'anlz

Then the evaluation of (3.1.4) at x becomes the first row of the commutative diagram
5)

@ kpz,c @) @ kpza 0

acCasc(U) agsc(U)Nlx

ceV'anlz
J d ,
U T U X
@ k ey (z) @ Kk &g (%) k

acCysc(U) aesc(U)Nlx
ceV'anlz

5 k > 0

where a = @, a. (resp. 8 = P, fa) is the isomorphism defined by ac(1x) = py.c
(resp. fa(lk) = psq) for all a € Cysc(U), ¢ € V'an |z (resp. a € sc¢(U) N Jz). The
commutativity of the left square follows from the fact that (Pa,b)x (Pr.a) = Pap forb <
a < x (recall Notation 2.5.21 and Equation (2.5.11)). The remaining commutativity
is trivial.

We note here that

sc(tpantpanlez) C Vanle (3.1.8)

holds for all a € Cysc(U). Indeed, assume that y is an element of the left-hand
side. Let z be any element of U satisfying z < y. Then by the minimality of vy,
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z ¢ tpanNtpan Jx. Because z < y < x, we have z € Jz. Thus z € TpaN Tpa.
Hence y is an element of the right-hand side.

Since w > 2, Cy(sc(U)N]z) # &. Note that for each a € Cy(sc(U)N]x), we have
Tpantpanle # & because the left-hand side contains z. Hence sc(fpantpandz) #
@. Take any c,, from this set. Then by (3.1.8), we have c,, € V'an Jz. The pair
a.,, = (a, cay) is denoted by a., for short. Therefore, the matrix e’ (z) has a wx (%)
submatrix £ (z) given by

{(l], aQ}Ca: {(l], a3}cx, e {al ) aw}c.c {az, a‘3}Cw e {GQ: aw}c; e {aw—la aw}c,

a 1 1 1 0 0 0

as —1 0 0 1 1

o 0 0 0 0 0 1

a 0 0 L1 0 -1 1

(3.1.9)
and the matrix e§ (z) is given by (1,1, -+, 1). Tt is clear that rank ¥ (x) = 1. For the
N—_———

matrix €7 (), note that the last w— 1 rows (from as to a,,) are linearly independent,

and that the sum of all rows is a zero row vector. This shows that rank &Y (z) = w—1.
Thus dim Im &P (z) = ranke} () > rank P (z) = w — 1 = dim Ker el (z). O

Given an up-set U of P (U might be nonconnected), we consider its decompo-
sition into connected components and apply Proposition 3.1.12 on each connected
component. Following this spirit, we let U :== U; LU --- U Ug. By Lemma 3.1.10 and
[45, Theorem 25.3], each component is again an open set, thus an up-set of P. Then
Vu =Wy, @--- @ Vy,, and the following is easy to show.

Proposition 3.1.13. Let P be a finite poset, and U = U, U---UUy an up-set of P
with k connected components (k > 1). Then Vi has the following (not necessarily
minimal) projective presentation:

Pavoy 55 Prgey 5 Vg — 0,
where e = el @ - et (i =0,1). O
The following lemma will be frequently used later.
Lemma 3.1.14. Let M, M’ € mod A. Assume that

(1) M’ is a submodule of M, i.e., we have a short exact sequence
0—M S MI M/M — 0;
(2) M has a projective presentation (not necessarily a minimal one)

M 6{\/1 M E(I)V[
P — B — M — 0;and
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(3) M’ has an epimorphism e}’ : PM — M’ with PM" projective.

Then the factor module M/M' has a projective presentation (not necessarily a min-
imal one)

PM @ pM I pM T A /M — 0.
Here ny = 71'6(])\/[ and 1, = [8{”,7]11}, where N1 : P(fW — POM is a lift of Leéw along
eM i.e., a morphism satisfying the equality e)'ny, = 1), the existence of which is
guaranteed by the projectivity of P(f”'.

. T L
Proof. Express € as the composite e = 1or: PM = ImeM =% PM where

Lo is the inclusion and 7 is an epimorphism obtained from &} by restricting the
codomain. Consider the following commutative diagram of solid arrows with exact
rows surrounded by dashed lines:

e

I 1
1 |
1 |
1 |
: mi -7 / i
I - 1
| T1 71 _ Lsg/l |
| 1
| 1
| 1
| I

S . —

l ok - (3.1.10)

~

T
0 ——— Cokernp;, —— M/M' —— 0

Vi
Vi

Notice that the right-most column
M’ LEéVI/ T /
Py —— M — M/M" —0
is exact since Im LEéW = Im: = M’ = Kern. By applying the snake lemma to
this diagram, we obtain that e}: Cokern; — M/M’ is an isomorphism. Since
e}l o cokern; = me)! = n, the central column yields the exact sequence

PM @ PM I PM I MM — 0. O

Notation 3.1.15. Let I be an interval of P.

(1) Note that sc(I) = sc(1I), and hence also scy(I) = sci(1I). Therefore,
5?: Pie,qty — Picp) is denoted by EII: Pye;y — Pacqr), where the definition of
!l is given by (3.1.5) for U := L.

(2) Note that for each a’ € sc(fI), we have sc(I) N la’ # @ because o’ € 11
Fixing one element in sc(I) N |a’ for each @' € sc({I) yields a map c: sc(fI) —
sc(I) = sc(1I). We call such ¢ a choice map.

The following is used in the computations below.
Lemma 3.1.16. Let M € mod A, x,y € P, and a € M(z). Then the composite of

. P T Péw . .
morphisms P, == P, = M ‘s given by

M M
Pa " Pyz = Phpy.) )
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Proof. Let z € P and ¢ € P,(z). Then by Notation 2.5.21, we have

(Pa" + Pya)(9) = P2 (0 Pyaa) = M(q pya) (p) = (M(q) M (py.0))(p).

On the other hand,
P ()@ (D) = M(@) (M (py) ().

Therefore, the assertion holds. O

Now we are in a position to give a projective presentation of Vi for any interval
Iof P.

Proposition 3.1.17. Let I be an interval of P. Then Vi has the following (not
necessarily minimal) projective presentation:

Pscl(I) D Psc(ﬁl) €_1> Psc(I) E_O) Vi —0.

Here gy = [p}/ﬂ where we set 1, = 1y € k = Vi(u) for all u € I; & =

aesc(I)’
51((3) = [8117611}’ where €11 = 611(0) = [5‘170(‘1')Pa'7c(a/)}(a,a’)ESC(I)XsC(TTIV and 611 i
as in Notation 5.1.15.

Proof. By Lemma 3.1.6, we can write I = U \ U’ in terms of two up-sets U = 11
and U’ = {1, and hence V; = V5 /Vyr. By Proposition 3.1.12 and Lemma 3.1.5, Vi
has the following (not necessarily minimal) projective presentation:

eV 2
Pscl(U) — PSC(U) — VU — 0. (3111)

By Remark 2.2.13 (2), Psc(U) = PSC(I), and Pscl(U) = Pscl(I)‘ Since the natural

projection m: Viy — V1 is just the restriction on I, it follows by Lemma 3.1.14 that

o — 7T5([)J = T O [IOYaU}aESC(U) = |:p:‘l/;IL:|a€SC(I)‘

On the other hand, the up-set U’ is the disjoint union U; LI --- LU U of some
connected up-sets Uy,..., U, with £ € Z>;, and hence Vi = Vy, @ --- @ Wy,
By Propositions 3.1.12 and 3.1.13, there is an epimorphism starting from a projective

module:
U/

Py = Vg, (3.1.12)
where ey = [pVUl] &) [pVU’“] = [pVU’] . If the equality
la a€sc(Uy) la a€sc(Uy) la a€sc(U’)
88611 = L€8J,2 Psc(U’) — VU (3.1.13)

holds, where ¢: Viyy = Vyy, @ --- @ Vy, — Vu is the inclusion, then by combining
(3.1.11), (3.1.12) and Lemma 3.1.14, we obtain a projective presentation of Vj having
the form

HJ, 511] el
Pi,qty ® Pyeyry ——— Py = Vi — 0 (3.1.14)
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as claimed. The equality (3.1.13) is verified as follows:

U _ [V
€011 = [plf}aesc(l) ' [5a’c(a/)Pa/’c(a/)}(a,a’)Esc(I)Xsc(U’)
— Z 5a,c(a/)p¥(;u . Pa’,c(a’):|

_aEsc(I) o esc(UY)

= - Pa’ c(a’ ]
_plc( " @) a’€sc(U’)

_p -
L VU(pa’,c(a’))(lc(a/)) a/ESC(U/)

U
&
L Lar a’esc(U’)
— VU/
- |:p1 / i|
a’esc(U)
_ U

=gy .

In the above, the equality (=) follows by Lemma 3.1.16. O

3.1.1 The case where V7 is injective

Assume that Vi is injective in mod A. Then b = max]I exists, and we have I =
1b. Since V1 is indecomposable injective, socVy = V) is a simple module at b,
and 58 = p1,: P — Vjy is the projective cover of Vi,. Hence by Lemma 3.1.14
and Proposition 3.1.17, we have the following.

Notation 3.1.18. Let I be an interval of P with the maximum element b. Fixing
one element a € sc(I) induces another choice map ¢’: {b} — sc(I) by ¢/(b) == a.

Theorem 3.1.19. Let I be an interval of P. Assume that Vi is injective, i.e., I = |b
with b = maxI. Then Vi and V;/soc Vi have projective presentations of the following
forms.

Pscl(I) D Psc(ﬂI) E_1> Psc(I) 6_0> ‘/I — 07

(Pscl(I) D Psc(ﬂl)) e b N Pyery — Vi/socVip — 0.

Here g1 := [8?,611} and €} = [51, 6/1/] , where 511,5? are given in Proposition 3.1.17,
and f = €{(¢') = [Sac )P (pycwm iy Therefore, we have

dpr (V1) = rank {%Ezﬂ —rank [M(e1)] . (3.1.15)

Proof. We only need to show the statement for Vi/socVs. By Lemma 3.1.14, it

suffices to check gpe] L&t[{) }, in which ¢: Vi3 — Vi is the inclusion.

€0y = [PE]GESC(I) [dac®Po e ](ab yese(D)x{b} Z Oa.c/(b)P

a€sc

_ W Viey _, {0}
= Plag) Poerv) pVI(pb o)) p1b Py, = t&

where we applied Lemma 3.1.16 to have the equality (=). Finally, (3.1.15) follows
by applying Lemma 3.1.2 and Theorem 2.6.12. ]
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3.1.2 The case where V7 is non-injective

To apply Theorem 2.6.12 and Lemma 3.1.2, we need to compute projective presen-
tations of 77'V; and E. We first do it for 771V4.
Recall that 771 M = Tr DM for all M € mod A, where for each N € mod A°P, the

transpose Tr NV of N is defined as the cokernel of some f! with P, ER Ph—N—0
a minimal projective presentation of N. By applying Proposition 3.1.17, we first
obtain a projective presentation of DVj as follows. For this sake, we note that there
exists an isomorphism DV] = Vier in mod A°?; and by Lemma 3.1.6, I = W \ W/,
where W = [T and W’ := |[I = [I\I are two down-sets of P. By the duality, WP =
(IpID)°P = TpepI°? and (W')P = 1po,I°P \ I°?. Hence DVi = View = Viyor /Viwryor,

where
sc(W°P) = sk(W) = sk(I), sci(WP) = sk (W) = sk (I), and
sc((W")P) = sk(W') = sk({1).
Notation 3.1.20. Let I an interval of P.
(1) Note that sk(I) = sk({I), and hence also sk; (I) = sk; (}I).
(2) Note that for each &' € sk({/I), we have sk(I)N1Td’ # & because b/ € |I. Fixing

one element b € sk(I) N 1Y for each v/ € sk({I) yields a choice map d: sk({I) —
sk(I) = sk(JI) that sends b’ to b.

Proposition 3.1.21. Let I be an interval of P. Then the interval module DVy has
the following (not necessarily minimal) projective presentation' in mod A°P:

P
e @ Pl 2 Pl % DVi — 0. (3.1.16)

Here vy == [AmbESk(I) and 1y = 1(d) = [¢11,¥1"], where 1y = 11 (d) is given
by wll = [5b,d(b')Pg7’,d(b’)} (b,b')esk(T) xsk(41)’ and

oo
= [Eb’bd](b,bd)esk(l)xskl(l)7 (3.1.17)
where the entry is given by
P&,b’ lf b - b,
Pob, = —Ply, ifb=Dh, (3.1.18)
0, if b b,
for all by € sky(I) and b € sk(I). O

We note here that v is a projective cover of DVt in (3.1.16) because it induces
an isomorphism top Pk(I) = top DVi, but ¢, : P Sk an ® Pstkl(l) — Im ) is not always
a projective cover. By Corollary 2.6.6, we can set

Piun ® Pl =P ® P, (3.1.19)
with U: P} — Im1); a projective cover, where 1, = [\If, 0] is a matrix expression of
1, with respect to the decomposition Pf & Pi.

"'We changed the order of direct summands as in P/, Sk (4T ® P (1) because we wanted to put
matrices dependent on choice maps closer to each other in the ﬁnal %ormula



3.1. THE GENERAL POSET CASE 45

Proposition 3.1.22. In the setting above, we can give a projective presentation of
T IVI ® Py as follows:

m=[%]

(coker ¥)®1p,
Psk(I) —— PP ——=

Vi@ P, — 0. (3.1.20)

Here by changing the decomposition of the middle term to Py ® Py = Py 1) ® Pex, (1)
we have

T t
T = T (d) = |:7-(1i:| = [(gjll)t} . Psk(I) — Psk(UI) @ Pskl(I)
1 1

that is induced from (3.1.16), where my, = m1(d) is given by
ot
T =P = [5b,d(b’)Pd(b’),b’] (b’ ,b)esk(IT) xsk(I) ’

and by (3.1.17) and (3.1.18), the precise form of " = (Y1")* is given as follows:

I _ t _ [pt
o= [Eb’bd}(b,bd)ESk(I)xskl(I) - [Eb,bd](bd,b)eskl(l)xsk(l)

. [Pb,bd} (bg,b)esks (I) xsk(I) ’

where the entry is given by

Pb.a. if b=D>b,
Pob, =4 —Pyq, ifb=D, (3.1.21)
0, ifb b,

for all b € sk(I) and by € sk (I).
Proof. By (3.1.16) and (3.1.19), DV; has a minimal projective presentation
P! % Py Y% DVi — 0. (3.1.22)

Hence by applying (%)! = Homop (%, A°?) to ¥ in (3.1.22), we have a minimal
projective presentation

coker Ut

Puy 5 Py W= 0 (3.1.23)
of 771V = Tr DV; in mod A. Hence the assertion follows. O

Note that in the projective presentation (3.1.20) of 771Vf @ P,, both of the
projective terms and the form of the morphism ! between them is explicitly given,
whereas those in the projective presentation (3.1.23), the forms of P; and ¥* are not
clear. Therefore, we will use the former presentation (3.1.20) in our computation.
Fortunately, as seen in (3.1.26), the unnecessary P, does not disturb it because we
can give an explicit form of the projective presentation of £ & Ps as follows.

Proposition 3.1.23. Let I be an interval of P with sc(I) = {a,...,a,} and sk(I) =
{b1,...,bp} (m >2). Choose any choice maps c: sc(ffI) — sc(I) and d: sk({I) —
sk(I), and set 1 = €1(c), m = m(d). Choose also any i € [n]. Then there exists
some j € [m] such that b; > a;. Let X = X(bj,a;) = [Apa)(b,a)esk(m)xsc(r) to be the
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matriz with Ay, = Py, o, if (b,a) = (b, a;) and Xy = 0 otherwise. Then the following
is a projective presentation of E @ Ps:

(Pacy 1y ® Pctin) ® Pary 2 Peey @ (Pacuny @ Payny) — E @ Py — 0.

L &1 A
HE = 0 ) )

where €1 and m are given in Propositions 3.1.17 and 3.1.22, respectively.

Here pg is given by

Proof. Without loss of generality, we may assume that a; = a; and b; = b;. Then

_ Pb1,a1 0
)\{ . O].

By [38, Section 3.6], an almost split sequence (2.6.13) can be obtained as a pushout
of the sequence (3.1.23) along a morphism 7: Py — Vi as follows:

Psk(I) wt Pl coker Ut 7__1‘/1 0

bl

Vi — s E —S s 771 —— 0

(3.1.24)

Here, 1 is the composite of morphisms
Py 225 top Py Z soc v Py ~ soc 35S < socVi — W4,

where v is the Nakayama functor v := DoHomy(x, A), S is any simple A-End4(V7)-
subbimodule of soc Vi, and « is a retraction.

Here we claim that any simple A-submodule S of soc Vi is automatically a
simple A-End4(Vf)-subbimodule of socVj. Indeed, this follows from the fact that
socVi = @ie[m] Vib,y, where Vi, are mutually non-isomorphic simple A-modules.
More precisely, it is enough to show that f(S) C S for any f € End4(V1)°P because
if this is shown, then S turns out to be a right End 4(V1)-submodule and a simple A-
End 4(V1)-subbimodule of soc V1. By the fact above, S = V3 for a unique i € [m],
and hence pr;(S) = 0 for all j € [m]\{i}, where pr;: socV; — Vj;, is the canonical
projection. Thus S C Vj,3, which shows that S = Vj;,; because the both hand sides
are simple. Now if f = 0, then f(S) = 0 C §; otherwise f(S) = S, and then we
have f(S) = V5,3 = S by applying the argument above to the simple A-submodule
f(S) of soc V1. This proves our claim.

Therefore, we may take S := V3, and

n = [PY;’O,”‘,O] : PSk(I):Pbl@Pb2®"'@Pbm _>‘/I
By assumption, a; < b; in I. Hence we have a commutative diagram

Pal @ @ Pan
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Indeed, by Lemma 3.1.16, we have

i \% %
eon = [plil Py, .ai50, ... ,O} = [p‘/;(pbl,al)(lal)’ 0,... ,O] = [pllfl,O, cee 0} =.
The pushout diagram (3.1.24) yields the exact sequence

(]

6
Poay — V1 P SN

E — 0.

Since P, @ P = Pyr) @ P, and m = [‘1(’; }, this yields the exact sequence

(]

Psk(I) L) i (Psk(UI) @b Pskl(I)) 1> Ed P, — 0,

where 7 = [,u, —9} @ 0. This is extended to the following commutative diagram
with the bottom row exact:

(Psc, (1) @ Pec(pry) @ Pax(n —E Poery ® (Pacwr) © Paq (1)) 5 E®P, — 0

[tz

(P 1) ® Pec(n) ® Pk W Vi@ (Pan @ Paqm) —— E@ P — 0
0 m
g0 0

where we set ug = [501 7’31] and egp = mo [ A 1}, which is an epimorphism as the
composite of epimorphisms.

It remains to show that g is a cokernel morphism of pg. By the commutativity
of the diagram and the exactness of the bottom row, we see that epup = 0. Let

[f, g] : Py @ (P @ Paq,ry) — X be a morphism with [f, g] - g = 0. Then

fer = 0. Since g is a cokernel morphism of £;, there exists some f': Vj — X
such that f = f’eo. Then we have [f,g] = [f.g] - [ 9]. Now [/’ g] - [37:” =

[f’,g] [53 ?] e = [f, g] - g = 0. Hence [f’,g] factors through 7, that is, [f’,g} =
hm for some h: E & P, — X. Therefore, we have [f, g} = hr [56) ?] = heg. The
uniqueness of h follows from the fact that ez is an epimorphism. As a consequence,
ep is a cokernel morphism of ug. O

We are now in a position to state the formula of dy, (V1) in this case.

Theorem 3.1.24. Let M € mod A and I an interval of P with sc(I) = {a4,...,a,}
and sk(I) = {by,...,by,}. Choose any choice maps

c: sc(ffI) = sc(I) and d: sk(JI) — sk(I),

and set €1 = €1(c), m = m(d) as in Propositions 3.1.17 and 3.1.22. Choose also
any (j,1) € [m] x [n| such thatb; > a;, and set X = \(b;, a;) as in Proposition 3.1.25.

Assume that Vi is non-injective (i.e., m > 2). Then

dn (V1) = rank { M(e) ’ ] —rank M (g;) — rank M (7). (3.1.25)
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Proof. Because Vi is not injective, the value of dy/ (Vi) can be computed from the
three terms of the almost split sequence (2.6.13) by using Theorem 2.6.12 as follows:

dy (Vi) = dim Hom 4 (Vi, M) — dim Hom(E, M)

+dimH v,
_ im Hom, (7 Vs, M) (3.1.26)
:dlmHomA(VI,M)—dlmHomA(E®P2, M)
+ dim Homa (77" Vi & Py, M),

where P, is a direct summand of Py yr) @ Py, (1) as in (3.1.19). Hence the assertion
follows by Lemma 3.1.2, and Propositions 3.1.17, 3.1.22 and 3.1.23. 0

Remark 3.1.25. We note here that the formula (3.1.25) covers all cases, regardless
of whether V7 is injective or not.

Summarizing Theorems 3.1.19 and 3.1.24, we obtain the following.

Theorem 3.1.26. Let M € mod A and I an interval of P with sc(I) = {ay,...,an}
and sk(I) = {b1,...,by,}. Choose any choice maps

c: sc(ffI) = sc(I) and d: sk({I) — sk(I),
and any (j,1) € [m]x[n| such that b; > a;. Set X == A(b;, a;) as in Proposition 3.1.25.
Then

M()| 0
M(N) | M(m)

dp (V1) = rank [ } —rank M (e;) — rank M (m). (3.1.27)

Here we collect definitions of 1 == €1(c) and m := m1(d) given in Propositions 3.1.17
and 3.1.22: ¢ = [511,511], where

€11 = [5a,0(a’)Pa’ac(“')}(a,a’)ESC(I)XSC(TTI)7 and
11, D
. [Pavac] (a,ac)GSC(I)Xscl (I)

with the entries given by

Pc,aa ifa= a,
Paoa. = —Pea, ifa=a,
0, ifa & a,

for all a. € sci(I) and a € sc(I); and m = [Zﬂ] , where
1

T = [5b,d(b’)Pd(b')’b'}(b’,b)esk(UI)xsk(I)’ and
I ._ B
T = [Pop, ] (ba,b)€sk (T) xsk(I) ’

with the entries given by

Pb,da if b= ba
Isb,bd = _Pb,d7 if b= B,
0, if b b,

for all b € sk(I) and b, € sky(I).
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3.2 The case of 2D-grids

We specialize the general formula (3.1.27) to the case where P = G,,,, for some
m,n > 2 to make the formula easier to see. Denote by the maximum element (m,n)
(resp. minimum element (0, 0)) of P by w (resp. 0).

Following [14], we introduce the subsequent definition. Recall the definitions
of antichains provided in Definition 2.2.2 (2) and convex hulls provided in Defini-
tion 2.2.15 (4).

Definition 3.2.1. We denote by Ac(P) the set of all full subposets of P that are
antichains. For any K, L € Ac(P), we define K < L if for all x € K, there exists
zp € L such that x < z,, and for all z € L, there exists z, € K such that z, < z. In
this case, we define [K,L] :={y € P | <y < z for some x € K and for some z €
L} and set it to be the full subposet of P.

Lemma 3.2.2. {[K,L] | K,L € Ac(P), K <L} forms the set of all convex sub-
posets of P.

Proof. Let K,L € Ac(P) such that K < L. First, let us show that [K,L] =
conv(KUL). Let y € conv(K U L). By definition, there exist zg,2z0 € K UL
such that zg < y < 2z5. Now assume both zy; € K and z5 € K. In this case,
since K € Ac(P) and zy and z, are comparable, then necessarily o = 2, and
soy = x9 = 290 € K C [K,L]. Similarly, if both zy € L and zy € L, we have
y € L C [K,L]. So either 2y € K, 29 € Lor xg € L,z € K. If g € K, 2z € L,
then by definition we have y € [K,L]. Now assume we have =, € L, 2o € K. Since
K < L, there exists k € K such that k < xy. So we have k < g < y < 27 with both
k,zy € K. Therefore k = z, because K € Ac(P), and soy =k = 2y € K C [K,L].
This proves that [K, L] O conv(KUL), and so [K, L] = conv(KUL). In particular,
[K,L] is a convex set. Now let S be a convex subposet of P. Because P is finite,
we can define K = sc(S), L = sk(S), and we have K < L. Then it is clear that
S =conv(KUL), and so S = [K, L]. O

Hence we have I = {[K,L] | K,L € Ac(P), K <L, [K,L] is connected}. In
particular, we have I = [sc(I),sk(I)] for all I € I and

Seg(P) = {L € I(P) [ |sc()| =1 = [sk(I)| }.
In what follows, we sometimes write I = [sc(I),sk(I)] for I € I(P).

Notation 3.2.3. Set sc(1I) = sc(I) = {a1,...,ar}, sc(MI) = {da},...,a},} and
sk(I) = sk(I) = {by,..., b}, sk(UI) = {b},...,0,}. Throughout this section, we
always assume that if (z;,;) is the coordinate of a; in Gy, for each ¢ € [k], then
i < j implies y; < y;, and the same for a;, b;, and b;. Then we have

M= [H{ay,...,ax},w], NI =[{a},...,a,},w], and
I =10,{by,..., b0}, T =10,{0%,...,0,}]
In this case, we set
sc1(I) ={ai i1 =a; Va1 |7 € [k —1]}, and
sk (I) = {biiy1 = b; Ab1 | i € [l — 1]}
We note that sc;(I) C scy(I) and sky(I) C sky(I).
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With these notations, we have a specialization of Theorem 3.1.26. However,
before stating this, we give the minimal projective presentations of V4, 77114, and
the middle term E of the almost split sequence starting from V; without proofs (for
the two latter modules, Vj is assumed to be non-injective) because in the general
case, we did not give them. We restate [5, Proposition 39] under these notations as
follows.

Lemma 3.2.4. Let U be an up-set. Then the interval module Viy has the following
minimal projective presentation:

U U
Ps~cl(U) — PSC(U) — Vu — 0:

U_[,U
where €y = |:p1a:|a€SC(U) and
Pa127a1
_Palz,az Paz3702
eV = —Pass.as (blank entries are zeros) — (3.2.28)
Pakfl,kvakfl
L _Pakfl,k»ak_

Remark 3.2.5. We note that some columns are missing compared with (3.1.5)
because sc¢;(U) C sci(U) and the above projective presentation is minimal in the
2D-grid setting and the missing columns are eliminated by a sequence of fundamental
operations on the matrix. We refer the reader to Remarks 5.3.9 to 5.3.11 and
Lemma 5.3.12 later in the text for similar reasoning.

This together with the presentation of the up-set {1 gives the following ([5,
Proposition 41]).

Proposition 3.2.6. For each o' € sc((I), set c(a’) = a € sc(I) if and only if
pry(a) = min{pry(c) | ¢ < @, ¢ € sc(I)}. Then the interval module Vi has the
following minimal projective presentation:

51::[8'1“,611] €0
Ps, ) ® Poc(gr) ————— Poety — V1 — 0,

where gy = [,0‘1/;] = [5a,c(a’)Pa’,c(a’):| (a.0)€se(D) xse(11)’ and 811 is given in (3.2.28)

pesc(I)

by letting U = 11.

3.2.1 The case where V7 is injective

Assume that Vf is injective. Then Vg 2 I,,, and hence I = [0,b,], U = P, and
I = [{a},ab},w]. Moreover, Vi/socV; = Vj is also an interval module for the
interval J = [0, {b; — (1,0),b; — (0,1)}], where delete by — (1,0) or by — (0,1) if
it is not in P. Then the pair (1J,fJ) is a unique pair of up-sets in P such that
J = 1J\ 1J. These are given by 1J = P, and J = [{d},d},b:},w]. Hence
by Theorem 2.6.12, Proposition 3.2.6 and Lemma 3.1.2, we have the following.
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Theorem 3.2.7. Assume that Vi is injective. Then Vi and Vi/soc Vi have minimal
projective presentations of the following forms.

Pey = Py = Vi = 0,
Prcpny ® By, = Py — Vi/soc Vi — 0,
where € = [P, 5, Py gl, and €] = [Py 5, Py 6, Py, 5] Therefore, we have

M/A

a,0 Ma’ 0

dp (V1) =rank | M, 5| — rank S
27 Ma/ 0
Mbl,f) 2’

3.2.2 The case where V7 is non-injective

Now, assume that Vi is non-injective.

Proposition 3.2.8. For each b’ € sk({I), set d(b') = b € sk(I) if and only if
pry(b) = min{pry(d) | ¥ < d € sk(I)}. Then the interval module DVy has the

following minimal projective presentation:

/ / ¢11=[w11,¢%1] / Yo
Pouny ® Py, —— Pay — DV =0,

_ I —
where 1o = [Alb}bESk(I)’ = [5b’d(b/)P:¢1(b/)vb/](b,b/)ESk(I)Xsk(UI) and

/
b1,b12
/

/

b2,b12 Pb27b23
. _p!

¢1 — Pb3,523

/
Pbl—labl—l,l

/
thbzfl,z_

Therefore, 77Vi = Tr DVi has a minimal projective presentation of the following
form:

11
71'11=|:ﬂ_l,1 .
Py — Pyyr ® PS](I(I) 2 — 0,
where 7y is a projective cover of T V4, Ty = [5b’d(b’)Pd(b/)’b/](b’,b)esk(l}l)xsk(l) and

Poybis _Pb27b12
o P2 bas _Pb3,bz3

Pbl—l:bl—l,l _szyblq,l

Proposition 3.2.9. Assume that a; < by without loss of generality. Then the
following is a projective presentation of E:

(Psey@ @ Pectn)) @ Paty == Pocry ® (Pacury @ Pi.m) £ E—0.



52 CHAPTER 3. FORMULAS FOR INTERVAL MULTIPLICITIES

Here pg is given by
Ppa O
pe=| " 0 0 |,
0 ‘ st

where €1 and m, are given in Propositions 3.2.6 and 3.2.8, respectively.

Theorem 3.2.10. Let M € mod A and I an interval of P. Without loss of gener-
ality, we may assume that a; < by in P. Then

M(Sl) ’ 0
dy(Vi) = rank | My, ., O
) <o | T 0

—rank M(e;) —rank M (m).  (3.2.29)
0

Here M (e1), M(my) have the forms

1
M(er) = Hﬁé;lﬂ and M(m) = [M(my), M(xiD)]

where M(e11), M(el"), M(m11) and M (") are given by

M(en) = [5avc(al)Ma/vc(a,)](a/,a)ESC(ﬂI)XSC(I) ’
Ma12,a1 _Malz,az

M —M
1 a23,a2 a2 3,a3
M(&f/{ ) = )
| Mak—l,kyak—l _Mak—l,kvak
M(m) = [5b,d(b/)Md(b/)vb,}(b,b’)ESk(I)XSk(i}I)7 and
[ Mb1,b12 i
_Mbg,bm Mb27b23
i
M<7T1 ) - Mb?, b3
sz—1 bi_1,
L _Mbhblfl,l—

Remark 3.2.11. We express M (e;) and M () in block-matrix form as

[M(e1)1, M(e1)2] and [%(71)1]’

(7T1)2

respectively, where M (g1); has dim M (a;) columns and M () has dim M (b;) rows.
Then the matrix in the first term of (3.2.29), denoted by R(M,I), has the following
form:

M(€1)1 M(El)g 0
R(M, I) = Mbl,al 0 M(ﬂ'l)l
0 0 M(?Tl)g

We denote by E, the identity matrix of rank r. By elementary column transforma-
tions within the second block column and elementary row transformations within
the first block row, we can transform M (eq)s to the normal form E, & 0; and by
elementary column transformations within the third block column and elementary
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row transformations within the third block row, we can transform M (7 ), to the
normal form E,, ® 0, where the obtained matrix R(M,I); is equivalent to R(M,I),
and has the form:

My |[E, 0] 0 0 o |E, 0|0 o

My [0 O] O O My [0 0|0 O

R(M, I)l = ]\4},1’(11 0 0 M34 M35 ~ Mb1 a1 0 0 0 M35
0 [0 O|E, O 0 |0 O[E, O

o |o o]0 o o |o o/o o

By the same way, we can transform My; and M35 to the normal forms:

0 E, 0| 0 0 ]

E, 0
1
0 o 0O 0| O 0
R(M7 I) ~ M. M, 0O 0| o0 Er’2 0 ~ My @ Er1 D Er'l D Erg D Eré?
Mc Md 0 0
0 0 O0|E,| O
0 0 0] O 0

where the last equivalence is obtained by transforming M,, My, M. to 0 by using E,
and ET/Q. Then we have

dy (Vi) = rank My

because rank R(M,I) = rankMgy + r1 + 7] + 72 + 1), rank M(e1) = i + 7}, and
rank M (my) = 1o + 1.

Example 3.2.12. In the following diagrams, let P = Gy 2 be given by the Hasse
quiver on the left, and M € mod A be given by the diagram on the right:

vy gy e lode ol oy

1 1 1 T of oes] mes]  of -

1 ) s 3 > 4 k — k3 15 k3 L 3
tfo01]

Let I := [{2,1'},{4,3'}] be an interval of P. Then dimV; = [(119], and a; =

2,as=1,0a19=2",b =4, by =3, by =3, a] =4, b = 1. Therefore,

Malz,al _Malz,a2 0 0
M, 0 0 0
R(M,I) = e
( ) My, ., 0 My, p, My, by,
i 0 0 0 _sz,blz
(Myo —Myy O 0
_ My o 0 0 0
M42 0 M4,1 M43
i 0 0 0 —Ms 5
[ §98 B %0 o 0060/01/0] O
0 0 0 0 0 00| O
= TO00 O T 00 | ~ TO00 01 000
010 0 0| 010 010 O [ 0o| o000
001 11 001 000 01 001
0 o (o] %) 0 [0 of}90
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Hence dj (V1) = 2. Noting that M = V2 @ Vi) @ Vi), we see that this gives a
correct answer.
Define another N € mod A based on M, by replacing the linear maps My 3 and

My 4 with [10] and [100] in N, respectively, while keeping the other structural
linear maps of N the same as those of M. Then

-1 0

100 000] 10
0iol 010 0 000/01/0] 0O
100 0 0 0 100 O |0 0
R(N,I)= |~100 0 T 00 |~ | 000 0000
010 0 0] 010 010| O | 0] o000
001 1l 091 000 Q (1]8(1)
0 0 0| % ~10 0 010|570

Hence dy (V1) = 1, which coincides with the answer obtained from the decomposition
N Z Vi ® V14 ® Vij2,11},47. These decompositions can be easily seen by drawing the
structure quivers of M, N:

U/ — 2 ——— 3 - > 4
T T i
1,y | [4 2ly | 7 ! |

where M is given by solid arrows, and NV is given by both solid and broken arrows,
bases of M (i) are denoted by i or i, (a € {x,y,z}) for all i € P.



Chapter 4

Essential-cover technique

In Chapter 3, Theorem 3.1.26 provides a general and explicit formula for computing
the interval multiplicity in theory, taking the persistence module as the input. Nev-
ertheless, the persistence module is usually latent in practical analysis and hard to
obtain in most situations. Thus, how to compute the interval multiplicity directly
from the level of filtration without computing the persistent homology in advance
becomes a critical problem to be solved from the TDA perspective. This is also the
key step to bringing our theory to the ground of applications. For this reason, we
will introduce a potential technique in this chapter to achieve the purpose.

4.1 Definition of essential covers

As a generalization of persistence modules defined over incidence categories, we refer
to any covariant linear functor B — modk as a B-module where B denotes a linear
category.

We first introduce the following notion to consider matrices with entries mor-
phisms in a linear category in a natural way.

Definition 4.1.1. (1) For each linear category B, a linear category €P B, called the
formal additive hull of B, is defined as follows: The set of objects is given by

(@B B)o = {(@)ietm = (21, .@m) | 21, T € By, m > 1} LU{0}.

Let © = (2)icpm) and y = (y;)jem with m,n > 1. Then we set

(@ B)(z,y) = { [O‘ji} (.)€ x [m] | aji € B(wi,y;) for all (j,7) € [n] x [m]},
(P B)(@,0) = {Jom}, (D B)(0,) = {Jno}, (P B)(0,0) == {Joo},

where Jo m, Jn0, Joo are the empty matrices of size (0,m), (n,0), (0,0), respectively.
The composition of nonempty matrices is given by the matrix multiplication. If
morphisms «, [ have size (k,p), (¢,1) with k,[,p,q > 0, respectively, then the com-
posite af is defined if and only if the domain of « coincides with the codomain of
B, only if p = ¢, and in that case, the size of af is (k,[) as in the usual matrix mul-
tiplication. The composite of nonempty matrix and an empty matrix is an empty
matrix, and that of empty matrix and empty matrix is empty matrix except for the
case where J,, 0Jom = Opm, the zero matrix of size (n,m) with m,n > 1. As easily
seen, @ B is a pre-additive category, and we have
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for all z1,...,2m,y1,...,Yn € By. Thus @ B turns out to be an additive category.
We regard B as a full subcategory of @ B by the embedding (f: z — y) —
([f] : () = (y)) for all morphisms f in B. In the sequel, we will frequently consider
the case where B = k[S] for a finite poset S.
Note that if B is additive, then we have an equivalence ng: @ B — B that
sends 0 to 0, (;)icfm) to @ie[m] x;, empty matrices to zero morphisms, and each
morphism

[aji] Garemlxpm) © (@)ietm) = (U)iem)

in @ B to [oy] Ga)eln]xfm] - Dicpmy ©i = Djepy v5 in B.

(2) Let F': B — C be a linear functor between linear categories. Then a
functor @ F: @B — @C is defined as follows: We set (@ F)(0) == 0 and
(B F)(wi)icpm)) = (F(2;))icpm for each nonzero object (x;)icim) € (D B)o. For
each morphism

a = [ajilgiemxim * (2i)ieim = (Y )ietn),

we set
(P F)(a) = [Fla)lgaemxim: (F@:))icm = (FY)))iem-

Finally F(J) := J for all J € {J0,Jom | m,n > 0}. For example, Jon: (%;)icim) — 0
is sent to Jom: (F(2;))icpm) — 0. If there is no confusion, we denote @ F simply by
F.

Example 4.1.2. Let (: Z — P be an order-preserving map between posets. Then
by (2.2.1) and (2.2.2) we have a linear functor k[(]: k[Z] — k[P], which yields a
linear functor PG k(C]: Pk[Z] — PGk[P|. If o = [aji](ji)em)xm) IS @ morphism in
@D k([Z], we denote (P k[(])(a) simply by ((a) = [C(a;i)].i)em)xm)-

Proposition 4.1.3. Let B be a linear category and ¢ an additive linear category.
Then each linear functor F': B — € uniquely extends to a linear functor F: @ B —
%, which we denote by the same letter F if there seems to be no confusion.

Proof. Define a linear functor F': @ B — € as the composite F' = 1y o (@ F).
Namely, for each morphism a = [oy;] Garellxim] - (%3)icm) = (Y5)jem in @ B, we

set
Fla) = F(ay)] @sz —>@ij
i€[m] J€[n]
It is easy to see that this is the unique extension of F'. O

Since each finitely generated projective module over k[P] is isomorphic to a finite
direct sum of representable functors P, := k[P]|(z,-), (x € P), we have the following
by applying the proposition above to the case where B = k[P] =

Corollary 4.1.4. The Yoneda embedding Y4: A® — prjA, x — P, = A(x,-)
extends to an equivalence Y: (@ A)°P — prj A, (2:)iepm — Dicpn) Pui- Note that
Y4 maps each morphism p,.: v — y in P to P,,: P, — P,. Therefore, it maps
each morphism

[pijmi}(j,i)e[n]x[m] : (:vz-)ie[m} — (yj)je[n]
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in @ A to the morphism

- t[PyJ Til(ji)En]x[m @ 7 @ sz

JjE€[n] i€[m]

[ny I] (1,4)€[m]x[n]

in prjA.

Similarly, the Yoneda embedding Ya: A — prj(A°), x — P! = A(-,x) extends
to an equivalence Ya: €@ A — prj AP, (z:)iepm) = Dicpm) .-
Definition 4.1.5. Let I be an interval of P. Choose any choice maps c: sc({I)
— sc(I) and d: sk({I) — sk(I), and set €1 == e1(c), m = m(d) as in Proposi-
tions 3.1.17 and 3.1.22. Choose also any (b,a) € sk(I) x sc(I) such that b > a,
and set A := A(b,a) as in Proposition 3.1.23. Then by Corollary 4.1.4, there ex-
ists a unique morphism g, (resp. g,, g;) in @ k[P] such that Y4(g,) = ‘1 (resp.
Y4(g,) = tm, YA(g;) =')\). We set

gle.d, (.0) = | 40|

gs | 92

The following are the explicit forms of g,, g,, g5:

Pa,ac
g1 = |, (7o ] ) ser (0 xse(m } with the entries given by
[ a,c(a’)Pa’ c(a”) ](a’,a)ESC(ﬂI)Xsc(I)
De,as if a = a,
1’511,::1c = —DPc,a> if a = 57
0, ifa&a,

for all a. € sc;(I) and a € sc(I); and

g; = [[6b’d(bl)pd(b/)’b/](b,b’)esk(l)xsk(UI)7 [ﬁb’bd](bd,b)esk(l)xskl(l)] )

with the entries given by

DPbo.d, if b= b?
ﬁb,bd = § —DPbd, iftb= E,
0,  ifbgb,

for all b € sk(I) and b, € sk (I); and g5 is the block matrix with the size sk(I) xsc(I),
the (b, a)-entry of g5, given by py,, is the only nonzero entry.

Notation 4.1.6. Let B be a linear category, W a B-module, and m,n positive
integers, and consider a morphism g = [gji} Garelnlxim] (%3)icmm) = (Yj)jem) in €D B.
Then by applying the convention in Proposition 4.1.3 in the case where ¥ = modk,
we write

W(g):=W(g) = [W(gy)],,: @ W(x:)— P Wy

i€[m] j€[n]

By Definition 4.1.5 and Notation 4.1.6, Theorem 3.1.26 can be restated as follows.
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Theorem 4.1.7. Let M € mod A and I an interval of P. Choose any choice maps
c: sc(fI) — sc(I) and d: sk({I) — sk(I), and any (b,a) € sk(I) x sc(I) with b > a.
Set g == g(c,d, (b,a)) as in Definition 4.1.5. Then

dy (Vi) = rank M (g) — rank M (g,) — rank M(g,). (4.1.1)

Let (: Z — P be an order-preserving map with Z a (possibly infinite) poset.
Recall the k-linearization k[(] of ¢ given in (2.2.1) and (2.2.2), and the restriction
functor R¢ induced by ¢ in Definition 2.5.5. For brevity we write R instead of R, if
there seems to be no confusion.

Definition 4.1.8. Let B be a linear category, and 1 < m, n € Z. For each (j,7) €
[n] x [m], let aj;: xj; — y;; be a morphism in B. Then the family (aji)(j - is

said to satisfy the matriz condition if [aji] is a morphism in the category

1) En| X |[m
@ B, namely, if for any i,p € [m] and j,c(]] é [[7]1],[ \Jve have z;; = x4, if i = p and
Yji = Yqp if 7 = q. If this is the case, then by setting z; = z1; and y; = y;1, we have
aj; € B(x;,y;) for all (5,4) € [n]x[m], and a == [aﬁ] Garellxpm] - (%3)icim) = (Yj)jem]
becomes a morphism in @ B.

Lemma 4.1.9. Let (: Z — P be an order-preserving map with Z a poset, and take a
morphism a = [aj;] Garelmlxpm] - (%)icim) = (Y;)jem in @ K[P]. Then the following
are equivalent:

(1) There exists a morphism o': ' — v in @K[Z] such that {(¢/) = a (see
Ezxample 4.1.2 for ((a)).

(2) There exist maps ¢": {x; |i € [m|} = Z and (": {y; | j € [n]} = Z with ({' =
1 and (" = 1 (i.e., these are sections of () such that for any nonzero entry
ajit m; — Yy of a, there exists some oy ('(w;) = (" (y;) with ((a;) = aj;.

Proof. (1) = (2). Assume (1). If the morphism o' has the form o: (2})icim) —
(Y)jem), then the map x; — =} (resp. y; — y;) defines the desired section ¢’ of ¢

(resp. " of ().
(2) = (1). Assume (2). Then for any (j,7) € [n] x [m], there exists a morphism

o’y ¢'(x;) — ¢"(y;) such that ((a};) = ;. Then the family <a;i)(j,i)e[n]><[m] satisfies
the matrix condition, and hence o/ = [a/}] Garelnlxpm] - (¢ (4))ierm) = (C"(¥5))jem
is a morphism in @ k[Z], and satisfies (/) = a. O

Definition 4.1.10. Let (: Z — P be an order-preserving map with Z a poset, and
a: x — y a morphism in @ k[P]. We say that ¢ covers « if one of the conditions in
Lemma 4.1.9 is satisfied. Note that if this is the case, then ( covers all submatrices
of a.

Definition 4.1.11. Let (: Z — P be an order-preserving map with Z a poset,
and I an interval of P. Then we say that ( essentially covers 1 if there exists some

morphism g = [g; ;J in @ k[P] such that for any M € mod A we have a formula

da (Vi) = rank [%Eg; M?gz)}_rank [Mggﬂ M?QQJ, (4.19)

and ( covers g.



4.1. DEFINITION OF ESSENTIAL COVERS 29

Remark 4.1.12. (1) We remark here that Theorem 4.1.7 guarantees that such a
morphism g in @ k[P] can be always taken such that the first condition (4.1.2)
is always satisfied. We also caution the reader that g is not unique in general,
for example, due to the choice maps c: sc(ffI) — sc(I), d: sk({I) — sk(I),
and a choice of pair (b, a) € sk(I) x sc(I) with b > a.

(2) In Definition 4.1.11, we allow the cases where any matrices among g,, g, are g
empty matrices. We also note the reader that the formula (4.1.2) is a natural
generalization of the well-known rank formula appearing in the one-parameter
persistence case. In more detail, suppose P := A,, and the interval I = [s, 1]
(s,t € [n]). If we set g, = [prs1,5], 9o = [Prs—1], and g5 = [prs], then for
any M € modk[P] the right-hand side of (4.1.2) yields

M,
rank { ]\ZLS } MtO 1 } —rank M1 s — rank M
@ Fank { ]\/2 } _]\j\iﬂ’i_l ] —rank My s — rank M;
0 | —Mqs
® ank [ 7, } tarl’ ! ] —rank M4 s — rank My 5
= rank M, ; +rank M4 1 — rank M,y s — rank M; 5
=dy(V1), (4.1.3)

where the equality @ follows by the elementary operations of adding the second
row block multiplied by —M;;,+ from the left to the first row block, and the

equality ® follows by the elementary transformation of adding the first column
block multiplied by —M; ;_; to the second column. The last equality is known
as the formula of the persistent Betti numbers and the multiplicity in persistent
homology (see [35, Chapter VII]).

Lemma 4.1.13. Let B be a linear category, W a B-module, and g a morphism in
@ B. Assume that we have a direct sum decomposition W = W, & W, of B-modules.
Then we have an equivalence W (g) = Wi(g) @ Wa(g) of linear maps. In particular,
the equality

rank W (g) = rank W;(g) + rank W5(g)

holds.

Proof. Let f: W — W, @& Wy be an isomorphism of B-modules. Then for any
i € [m],7 € [n], we have a commutative diagram

W(gji)

(yj
fl lfyj

Wi (x;) ® Wa(z:) Wi(y;) © Wa(y;)

—
Wi(gji)®W2(gji)
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with both f;, and f,, isomorphisms. This yields the commutative diagram

(W (g5:)4,i
D Vo B

i€[m] JEMN]
166[?71] frzl lj S[Bn] T
@](Wl (%) @ WQ(mZ)) (W1 (gj:)@®Wa(g5:)]5,i QR(WI (yj) @ W2(yj)) ’
e|m JEINn

o i

(D Wilw) & (€D Walwi)) "2l (B Wi (yy) & (€D Walyy)

ic[m] i€[m] J€[n] Jj€ln]

where o, 0, are given by the permutation matrices corresponding to the permutation
ok (for k = m,n, respectively) of the set [2k]| defined by

l, if i =20 — 1 for some ( € [k],

for all i € [2k], ox(i) ==
or all 2 [ ] Uk:(l) {k+€, if@:QﬁforsomGKE[k]-

The nonzero entries of which are the identity maps. Then since all vertical maps
above are isomorphisms, the assertion holds. O

Before giving the main theorem, we need the following notation.

Notation 4.1.14. Let M € modk[P]. If M = L" & N with n > 0 such that N
has no direct summand isomorphic to L, then we set dy/(L) := n. In particular, if
L is indecomposable, then dj;(L) coincides with dys(L). Moreover, by the Krull-
Schmidt theorem, we easily see that if L = @ie[m} L; for some m > 1 with each L;

indecomposable, then dy;(L) = min;em) dar(Li)-

Theorem 4.1.15. Let (: Z — P be an order-preserving map with Z a poset, and
R: modk[P| — modk|Z] the restriction functor induced by (. Take an interval 1
in P. If ( essentially covers 1, then for any M € mod A, we have

dn (Vi) = dron (R(V))-

Proof. Assume that ( essentially covers I. Then there exists g = B ! g()} in
3 92

@ k[P] such that for any M € mod A we have a formula

drr (Vi) = rank [%Eg;; M?QQ)}—rank {M%‘h) M?92>],

and ¢ covers g, say ((g') = g for some g’ in Pk[Z]. Let g,, (resp. g,,) be the
(v,u)-entry of g (resp. g’'). Then

M(guou) = M(¢(9p)) = R(M)(g,)-
Thus we have M (g;) = R(M)(g}) for all i = 1,2,3. Hence

| ) 0 )}_rank {R(M)(g’ﬁ 0 . (4.1.4)

d (V1) = rank ) R(M)(g} 0 R(M)gh)

—
=
Q
SO o
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Set here r == dp(V1), s = drry(R(Vh)). Then it is enough to show that r = s.
By the former, we have M = V{" @ N for some module N in mod k[P], which shows
that R(M) = R(V1)" @ R(N). Hence we have r < s. On the other hand, by the
latter we have an isomorphism R(M) = R(V7)* @ L for some module L in mod k[Z].
Then by Lemma 4.1.13, we have the following equalities:

rwkﬁwmﬁ> 0 J:kaFWMm) 0 J

R(M)(g;) R(M)(g) R(A)(g,) R(VA)(g) s
AN .

*m“[<9 L(g! J

and

ROM)@) 0 T__ R0 0
a0 i) = i) "
Lig) o .

+ rank [ 0 L(g’g)} .

Note that the formula (4.1.4) holds also for M = V;. Thus we have

_ ank |EVD)(g1) 0 | _ Lk |BVD(g) 0
a9 = [ ] [0 modgy]- 447

By the equalities (4.1.4), (4.1.5), (4.1.6), and (4.1.7), we see that

_ _ (g1) 0 | _ L(g}) 0
r=dy (Vi) = s-dy(Vi) + rank [ L(gl) L(g)) rank 0 Lig)
L(g}) 0 ] [L(g’l) 0 }
= s+ rank — rank > s.
’ r“{u%>Lwa Lo Ligy) =7
Hence we have r = s, and the proof is completed. O

We provide an example to explain how to use the essential-cover technique to
compute interval multiplicities from the filtration level.

Example 4.1.16. Let P = G5, (Example 2.2.10 (1)) and let F be a P-filtration
shown in Figure 4.1(a). Set M = Hy(-;Z/27Z) o F. We compute the interval
multiplicity of Vi in M where

(1,2) —— (2,2) —— (3,2)

1T

(2,1) — (3,1) —— (4,1) —— (5,1)

By Definition 4.1.11 the inclusion map ¢: Z — P essentially covers I, where the
subposet Z of P is given by

(1,2) — (2,2) (3,2) (4,2)

1]

(1,1) (2,1) (3,1) > (5,1)
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By Theorem 4.1.15 it suffices to consider the Z-filtration F' := F o ¢ shown in
Figure 4.1(b), in which arrows represent inclusions. Noticing that Z is a finite zigzag
poset, the restriction R(M) = H,(-;Z/27) o F' is the zigzag persistent homology.
Now, one only needs to decompose this zigzag persistent homology and count the
multiplicity of the following interval

r= 1
(2,1) (3,1)
(the dimension vector of Vi € modk[Z] is [{{}?]) in the barcodes of R(M). This
kind of problem is studied in the filtration level (for instance, see [23, 29, 43]).

— (5,1)

1 1 1 1 1

N
N
N
N

Ul Ul Ul Ul Ul

N
N
N

3 3 3 3 3

(a) A Gpo-filtration F

(b) A Z-filtration F’ where +: Z — P essentially covers I

Figure 4.1: The illustration of computing interval multiplicities from the filtration
level, as demonstrated in Example 4.1.16
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Remark 4.1.17. In Example 4.1.16, we see that the multiplicity of I’ in the barcodes
of R(M) is 0. Indeed, the decomposition of R(M) is given by
R(M) = [go00] @ 6017 @ [6000] @ [6117] & [1118],

where all direct summands are interval modules presented by their dimension vec-
tors.

The following example shows that in some case, the essential cover of intervals
starts from a directed tree formed by connecting several zigzag posets.

Example 4.1.18. Let P = Gg 2 and consider the following interval of P:

(2,2) — (3,2) —— (4,2)

1T

(3,1) —— (4,1) —— (5,1)

We compute the interval multiplicity of Vi. For brevity we set a; := (3,1), ay :=
(2,2), by := (5,1), by := (4,2) by adopting Notation 3.2.3. Then ajps = a; V ay =
(3’ 2)7 bia = by Nby = (471)7 SC(TTI) - {a,17a’l2} = {(6>1)a(572)}7 and Sk(‘U'I) =
{01, 05} ={(2,1),(1,2)}.

By Theorem 4.1.7, there exists a morphism g = [91 0] in @k[P] such

gz 9>
that (4.1.2) holds. Here g has the form:

palz,al _palg,ag 0 0 0

pa’l,al 0 0 0 0

g = [91 0 ] = 0 Pt az 0 0 0
Sld 0 0 Doy} 0 DPby,b12
Dby, 0 0 Py, —Pbobis

Hence if we take the (not full) subposet Z of P given by the right-hand side of
Figure 4.2, then the inclusion map ¢: Z < P essentially covers I. We remark
that in this example, Z itself is not the zigzag poset, but the Hasse quiver of Z is
a directed tree formed by connecting two zigzag posets (shown in green and blue
colors in Figure 4.2).

I

b as a2 by ab
o o o
b a bi2 by ay
P Z

Figure 4.2: An illustration of the essential cover of I
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4.2 Bipath persistence as zigzag persistence

Recently, Aoki et al. [3] provided a complete classification of posets whose module
category only consists of interval-decomposable modules. They showed that every
persistence module in mod k[P] is interval-decomposable if and only if P is either a
poset of Dynkin type A or a bipath poset. See Figure 4.3 for an illustration. The

e—>eo—>o

Total order Zigzag Bipath

Figure 4.3: Posets that possess interval decomposibility

former poset (involving totally ordered and zigzag posets) is well studied and applied
in the one-parameter or zigzag persistent homology, while the latter is not commonly
considered. They subsequently investigated the so-called bipath persistent homology
in [2]. To obtain the visualization of the bipath persistence diagram, decomposing
the bipath persistent homology in each dimension becomes the central task. In this
section, we will apply our formula to compute the multiplicities of interval modules
in the bipath poset setting, and inspired by the obtained formulas, we propose an
alternate way of computing the bipath persistence diagram in the practical TDA
pipeline, without obtaining the bipath persistent homology.

4.2.1 Fast decomposition of bipath persistence

To begin with, we review the definition of bipath poset. Let n,m € Z>;. Then the
bipath poset B, ,,, is defined to be a poset having the following Hasse quiver:

1 > 2 >N

S N

0 1~

/
> m

~

—_
~
~
[\
<
~

We set [m]’ == {1’,...,m'}. The full subposet U := {0,1} L [n] (resp. D := {0,1} U
[m]") is called the upper (resp. lower) path of B,, . Throughout this subsection,
we will let the ambient poset P be B,,,,. It is easy to check the interval I in B,, ,,
belongs to the following five types:

(i) I =By

(ii) I = [s,t] == {2z € By;m|s < x < t} for some s,t € [n]. We write I, to denote
the set of all intervals having this type.
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(ili) I = [¢,t] :== {2’ € Bym|s’ <2’ <t} for some ¢, € [m]'. We write Iy to
denote the set of all intervals having this type.

(iv) T:=[0,£]U[0,#] for some t € U\ {1} and ¢ € D\ {1}. We write I; to denote
the set of all intervals having this type.

(v) T:=[s,1]U[s’,1] for some s € U\ {0} and s’ € D\ {0}. We write I, to denote
the set of all intervals having this type.

B,, ,»,-persistence modules will be called the bipath modules. From now on, we
provide the formula of dy; (V1) case by case. Before doing so, we set the following
conventions, which are used below:

O+1:=1,n+1:=1
0+1=1¢+1=0t+1) {t cm-1]),m +1 =1,
1—1::(),1—1::n,
—1:=0,§-1=(s-1) (S e2,m]),1-1=mn,

(4.2.8)

(i) Let I = By, ,. Since Vi is injective in mod k[P], we apply (3.1.15) here and
obtain
dy (V1) = rank Mj g (4.2.9)

by noticing both sci(I) and sc(f}I) are empty.

(ii) Let I := [s,t] == {z € B, u|s < x < t} for some s,t € [n]. Since V; is non-
injective in mod k[P], we apply (3.1.27) here. In this case, sc(I) = {s}, sc;(I) = @,
sc(fI) = {t + 1}. On the other hand, sk(I) = {t}, ski(I) = @, sk(}I) = {s — 1}.
Then we obtain

_ Mt+1,s ‘ 0
dp (V1) —rank[ M, ‘Mt’#l rank M , — rank M, ;4. (4.2.10)

(iii) Let I:= [¢',¢'] = {2’ € B, |8’ < 2’ < '} for some &', ¢’ € [m]’. This case is
similar to the above case and thus we obtain

Myivy| O
Mt’,s’ ‘ Mt’,s’—l’

dp (Vi) = rank { 1 —rank My o —rank My oy (4.2.11)
(iv) Let T:=[0,] U [0,#] for some t € U\ {1} and ' € D\ {1}.
Case 1. Suppose t = 0 or ' = 0. Then V; is an injective module in mod k[P]
with max(I) = max{t,t'}. Hence we apply (3.1.15) here. In this case, sc(I) = {0},
sc1(I) = @, sc(fI) = {t + 1,¢' + 1'}. Then we obtain

M

t+1,0 M. -
dp (V1) = rank My 14 — rank {MHLO} : (4.2.12)
Mmax{t,t’},() v

Case 2. Suppose ¢ =n and ¢’ = m. Then sc(I) = {0}, sei(I) = @, se(I) = {1}.
On the other hand, sk(I) = {¢,#'}, ski(I) = {0}, sk(JI) = @. Then we obtain

Mig| © M. -
dy(Vi) =rank | M5 | M5 | —rank M, — rank [—]\}0 ] (4.2.13)
0 —Mt/70 ¢.0
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Case 3. Suppose ¢, are not in the above two cases. Then sc(I) = {0}, sc;(I) =
g, sc(fI) = {t + 1,¢’ + 1"}. On the other hand, sk(I) = {t,t'}, ski(I) = {0},
sk({I) = @. Then we obtain

Mt+1,6 0
M/ 10 O M A M Q0
da (Vi) = rank 41,0 — rank { t“’o} — rank { t,0 1 . (4.2.14
M( I) Mt,ﬁ Mt,ﬁ Mt’+1’,() _Mt',() ( )
0 _Mt/,()

Notice that if we let ¢ = n and ¢ = m in (4.2.14), then the result coincides
with (4.2.13). Therefore, we can unify Case 2 and Case 3 and summarize the final
result as follows:

Case 1*. If t =0 or ¢’ = 0, then we have

Mt+1,0 M N
dy(Vi) =rank | My, 5 — rank [ ;JF;OJ : (4.2.15)

Mmax{t,t’},f) A

Case 2*. If t # 0 and ¢’ # 0, then
Mt+1,6 0
_ Mt'+1' 0 0 Mt+1 0 M,
dp (Vi) = rank M, i, — rank My, s — rank My, (4.2.16)
0 _Mt/,é

(v) Let T := [s,1] U [s',1] for some s € U\ {0} and s’ € D\ {0}. This case is
just the dual of case (iv) above, and we analogously obtain the following.
Case 1% If s =1 or ' = 1, then we have

dr (Vi) = rank [M;

M,y M, _y] —rank [M; Mis,fl,} . (4.2.17)

,min{s,s’} ,s—1

Case 2’ If s # 1 and s’ # 1, then we have

MA MA ’ 0 0
dp (V1) = rank Ls Ls —rank [M;, M;
M( I) Mi,s 0 ‘Mi,sfl Mi,s/fl’ [ b b ]
—rank [My, , Mi,_,]. (4.2.18)

The obtained formulas (4.2.9), (4.2.10), (4.2.11), (4.2.15), (4.2.16), (4.2.17),
(4.2.18) suggest us to consider the essential covering of the bipath poset. As a
rough description, it suffices to consider two special subposets of B, ,,, that are of
Dynkin type A, and decompose the restricted module in each respective module
category. This strategy of decomposing the bipath persistence module can utilize
the fast computation of zigzag persistence. Another remarkable advantage is that
our strategy does not consider the basis changes at the global minimum and maxi-
mum elements, which is the key difference compared with the original decomposition
method proposed by Aoki et al. [2].
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Let Z be a poset having the Hasse quiver

0 s 1 s 2 n

0 i (4.2.19)

~\

1 s 2/ s m

AN
e

!/

and define the order-preserving map ¢: Z — P by ((z) =z if 2 € Z'\ {0}, and
¢(0) := 0. Then we have the following.

Proposition 4.2.1. Let ( be an order-preserving map defined above, and let R be
the restriction functor induced by ¢. Then for every interval I € IqUL, UL U{B,,,»}
and every M € modk[P], we have

dy (V1) = CZR(M)(R(VI)) = dron (R(V1)). (4.2.20)

Proof. We recall the notation d as given in Notation 4.1.14. The second equality
of (4.2.20) holds since R(V1) is the indecomposable module in modk[Z] for every
interval I € Iy U, UL U{B,,}. It suffices to show that ¢ essentially covers every
IelyUl, Ul U{B,,,} by Theorem 4.1.15.

(i) Let I = By, ;. Then it is obvious that there exists a morphism g’ == [pj o]
in @k[Z] such that ((g') = [pis] in @k[P], and hence ¢ essentially covers By,
by (4.2.9).

(ii) Let I € I4. This case is trivial by observing (4.2.11) and the definition of (.

(iii) Let I € T,. Write I := [s,t] for some s,t € [n]. All cases are trivial except
s =1. If I =[1,¢], then by (4.2.10) the morphism in @ k[P] can be taken as

g = |:pt+1,1 0 ]

Pta | Pp
Let
g = |:pt+1,1 0~ } .
Pt1 | Pio

Then ¢’ is the morphism in @ k[Z] satisfying ((g') = g.

(iv) Let I € L. This case is also trivial by observing (4.2.17), (4.2.18), and the
definition of (.

Therefore, the assertion follows. O

Remark 4.2.2. From this proposition, one can easily see that to compute four sub-
diagrams D(Iy), D(L,), D(I;) and D(B,,,,) of the bipath persistence diagram (see
the precise definition in [2]), it suffices to compute the persistence diagram of zigzag
poset Z and retrieve the corresponding intervals.

Remark 4.2.3. The above ¢ does not essentially cover the interval I € I,. To
interpret this, let us take I = [0, 1] as an example. By (4.2.15) we may take

P2
g = pl’zf) 3
P1p
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and by the definition of ¢, ((py5) = Poos C(Prrg) = Prgs C(Prg) = puo- However, we
notice that the family

P2
Pro

P1o

does not satisfy the matrix condition, and cannot be a morphism in @ k[Z], and
hence ¢ does not essentially cover I = [0, 1].

For those intervals in I;, we shall consider another Z’ and (’. Let Z’ be a poset
having the Hasse quiver

1 > 2 n
0 1>
U y 2 > m’ y 1

and define the order-preserving map ("7 = Pby(z)=zifrecZ\{l}, and
¢’'(1) :== 1. Then we have the following.

Proposition 4.2.4. Let (' be an order-preserving map defined above, and let R’ be
the restriction functor induced by ('. Then for every interval I € IqUT, UL U{B,, .}
and every M € modk[P], we have

(Vi) = drany(R' (V1)) = drn (R (V). (4.2.21)

Proof. 1t is similar to the proof of Proposition 4.2.1 and thus we leave this proof to
the reader. 0

Remark 4.2.5. From this proposition, one can easily see that to get the remaining
sub-diagram D(I;) of the bipath persistence diagram, it suffices to compute the
persistence diagram of zigzag poset Z' and retrieve the corresponding intervals.

Summary of the procedure To summarize, we propose our decomposition strat-
egy in the following practical data analysis setting. Let Fyipath: Bym — FinSimp
denote a bipath filtration, defined as follows.

e
—
e
)
g
3

/
Fhipath Ko
\ /

/Cll ICQ/ > > ICm/

We would like to obtain the gth bipath persistence diagram D,(Fuipath) Of Fhipath-
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Step 1. Take the information of spaces and maps from Fpipatn and build the
following zigzag filtration F:

~
~
g
3

/C() > Ky y Ko

.FD = ’Ci :

Ky KCor

g
3

~
~

Ks

We can compute the zigzag persistence diagram D,(F.) by utilizing the fast com-
putation algorithm provided in [29], and obtain the sub-diagrams D,(Ls), D,(IL.),
D,(I,), and D,(B,,,») based on Proposition 4.2.1.

Step 2. Take the information of spaces and maps from Fpipatn and build the
following zigzag filtration F:

Kl > ’CQ

e

Fq= ICO

~\

Ky

)]Cn >IC1

~

ICQ/ > o >ICm/—>ICi

~

Again, we compute the zigzag persistence diagram D,(F,) by utilizing the fast
computation provided in [29], and obtain the remaining sub-diagram D,(I;) based
on Proposition 4.2.4.

To obtain the stability result of the bipath persistence in the next subsection,
we are motivated to find a single poset that essentially covers the bipath poset.
Without loss of generality, we now assume the number of vertices in the lower path
(i.e., m) is not greater than that in the upper path (i.e., n) of B, ,,, in terms of the
usual total order of Z.

Let S be a poset having the Hasse quiver:

"

1”7 » 2" > > m
/
0
AN
1 > 2 > - > n ) (4.2.22)
\
0 1
\ 1 > 2/ > > m/ /
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where we set [m]” = {1”,...,m"}. Now, we define the order-preserving map ¢: S —
P by setting

z, ifz e n]um)ui0,1},
C(z) =140, ifz=0, (4.2.23)

i’y if x=14"€[m]".

Then we have the following.

Proposition 4.2.6. Let (: S — P be an order-preserving map defined above, and
let R be the restriction functor induced by (. Then for every interval I € I(P) and
every M € mod k[P], we have

drr(Vi) = drony (R(V1)). (4.2.24)

Proof. This is the direct consequence of Theorem 4.1.15. The verification is similar
to the proof of Proposition 4.2.1 and thus we leave this proof to the reader. O

We remark here that in this case, d appearing in (4.2.24) can not be changed to
the usual symbol d for the multiplicity since R(Vi) may not be indecomposable in
mod k[S]. For instance, considering an interval I = [¢', '] of P.

4.2.2 Algebraic stability of bipath persistence

In this subsection, we will define an order-preserving map from an infinite zigzag to
the bipath, which we call the covering map and is inspired by the universal covering
of the circle. See Figure 4.4 for an illustration.

~

ni )
0 - T
B Y no !
/—-\.\.\ .
00— ././\. n_i 0, e e e I
01 .::*::;4 t 01
o N2 t \
! S
e T e T E
\\ ..... / ooooo

Figure 4.4: Illustration of the covering map

We translate elements of the theory of zigzag persistence to bipath persistence
using this covering map. We use the restriction functor induced by the covering
map to obtain an infinite zigzag persistence module R(M) from a bipath module M.
Such a zigzag module R(M) has an infinite but periodic barcode, and the barcodes
of R(M) and M determine each other, in the sense of Thanks to this translation
between the bipath and zigzag, we are able to establish algebraic stability for bipath
persistence. This is a consequence of the algebraic stability of zigzag modules,
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which is, in turn, a consequence of the algebraic stability of block-decomposable
modules [10, 19]. Specifically, we define the interleaving and bottleneck distance
between bipath modules M and N to be the interleaving and bottleneck distance
between R(M) and R(N), as zigzag modules—much like one does for zigzag modules
and block-decomposable modules [10, 19].

In what follows, we work on a fixed bipath poset B, and for the sake of describing
the covering map conveniently we fix n,m € N5, and set B == {0,...,n +m — 1}
with the order given by two maximal chains 0 <1< ---<nand 0<n+m—-1<
n+m-—2<---<n:

n—1

e .
. e

n+m—1——n+m-—2 s n+ 1

1

~
[\
~
~

0

n.

Under this labeling, we reformulate intervals of B as follows (see Figure 4.5 for
an illustration).

(1) The full interval, which is the poset B itself,

(2) The left interval for somei € {0,1,...,n—1}and j € {0,n+m—1,...,n+1},
such that

[i,jla={2€B|0<2z<i}u{zeB|0<2<j}.

(3) The right interval for some i € {1,...,n—1,n}and j € {n+m—1,... ,n+1,n},
such that

i,jl ={z€B|i<z<n}uU{zeB|j<z<n}

(4) The upper interval for some i,j € {1,...,n — 1} such that

il ={zeBli<z<j)

(5) The lower interval for some i,j € {n+m —1,...,n+ 1} such that

[ jli={zeBlj<z<i}.

O <Ko o D

full left upper lower right

Figure 4.5: Types of intervals of the bipath poset
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Since every bipath module is interval-decomposable, and by the Krull-Schmidt
theorem, there is a uniquely defined multiset of intervals of B for every bipath
module M, denoted by B(M), such that

M = EB A.

IeB(M)

In what follows, instead of the barcode, we would call B(M) the arc code of the
bipath module M. See Figure 4.6 for an illustration.

Figure 4.6: Ilustration of an arc code

Considering the previously mentioned types of intervals, the arc code B(M) can
be written as the union

B(M) = Bran(M) U Bo(M) U B (M) U B, (M) U Br (M),

where Bgu(M) denotes the multiset of B(M) consisting of full intervals, B,(M)
denotes the multiset consisting of left intervals, and analogously for the rest.

Now we are in the position to define the desired covering map. Instead of utilizing
the finite zigzag poset S provided at the end of Section 4.2.1, we will consider the
standard infinite zigzag poset ZZ given in Example 2.2.11 (1). Recall that ZZ is the
full subposet of Z° x Z given by { (a,b) € Z®* x Z |a=bora=b+1}.

Definition 4.2.7. We define an order-preserving map (: ZZ — B that we call the
covering map as follows, where we set N :=n +m — 1,

CORN + 1,kN) = 0,

C(kN + i, kN + 1) = C(kN + i+ 1,kN + 1) =1, for i € [n — 1],
C(kN +n, kN +n) =n,

CAN —i+ 1,kN —i) =C(kN —i+ 1,kN —i+ 1) =n+m —1i, for i € [m — 1],

for every k € Z. See Figure 4.7 for an illustration.

The restriction functor induced by the covering map (: ZZ — B is simply de-
noted by R: modk[B] — modk[ZZ]. It is evident that the restriction functor R
preserves finite direct sums.

Shortly, we describe the arc code of the bipath module M in terms of the bar-
code of R(M). Indeed, persistence modules over ZZ have a barcode as mentioned
in Chapter 2, that is, for every module N € modk[ZZ)] there is a unique multiset
B(N) of intervals such that N = @y V1, by a result of Botnan [17].

We describe the image under the restriction functor R of the different types of
intervals of a bipath B in the following lemma, illustrated in Figure 4.8.
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(kN +n, kN +n) T

(kN +1,kN + 1) T

P A28

(kN kN T / N
r_.(k/\/’Jrl,kN) 0'\._“_”/ 4

. 7 6 5

T RN EN — 1)

oo
A

Figure 4.7: Ilustration of the covering map (: ZZ — B. In this case, n =m =4

Lemma 4.2.8. For each type of interval module over the bipath poset B, the fol-
lowing results hold.

e For the full interval B, R(Vg) = Vyz.

e For a left interval [i, j]4:

—if j =0, then R(Vjs0.) = @ Vien, kVsit1)zz -

kEZ
— if j #0, then R(Vij1.) = @ VN —n—metj, kN +i+1)z-
kEZ

For a right interval [i, jlo, R(Vjij.) = B Viea+i, kN -tz -
kez

For a upper interval [i, j], R(V[i,jlr) =& VIN i, kN 44 1) 22, -
keZ

For a lower interval [i,7]1, R(Vjij,) = D Vien+i-1, kN 4z -
kezZ

Herei,j € {0,1,.... N} and N =n+m — 1.
Proof. By the definition of R, the required lemma follows immediately. O

Note that each R(Vj) for an interval I of B, except for the full interval, is an
infinitely periodic direct sum of interval modules over ZZ with disjoint support. Due
to this periodicity and since R preserves finite direct sums, for a bipath module M,
we have a free action of Z on the barcode B(R(M)), given by adding 2/ to each
endpoint of an interval J for z € Z and J € B(R(M)). We denote z TJ € B(R(M))
as the interval resulting from the action of z on J, and weset [J] :={z1J |z € Z}.
In conclusion, we obtain the following theorem.
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o)l o)l o)l s

left right upper lower

Figure 4.8: Illustration of interval modules over the bipath poset, and their image
under the restriction functor R, as in Lemma 4.2.8

Theorem 4.2.9. Let M be a bipath module and B(M) = (I(B), dy) the arc code of
M. Then the multiset B(R(M)) = (I(ZZ), drry) is the unique barcode of the zigzag
module R(M) up to reordering and isomorphism. Moreover, there is a bijection
¢: I(B) = (Z7Z)/Z. Here (ZZ)]Z denotes the orbit space of I(ZZ) induced by the

action 7.

Proof. The first assertion follows by Theorem 2.5.15. The second assertion follows

by Lemma 4.2.8, where the bijection ¢ is given by Table 4.1. O
I(B) (Z7)]Z
B [2Z)]
[, 0]« [(0,7 + 1)zz]
[i,d]« G#0) [(=n—m+ji+1)z]
[i, j]o (i, 5)zz]
4, 71T ([, 7 + 1)zz]
[, 5] 1 [(i — 1, j)zz]

Table 4.1: Correspondence between the intervals of B and the orbits of I[(ZZ)/Z

It is straightforward that for any I € I(B) and any J € I(ZZ) with ¢(I) = [J],
we have dy (Vi) = drony(Va) = drany(Vary) for all z € Z. Therefore, the arc code
B(M) = (I(B),dy) of M together with the covering map also gives a multiset
(]I(ZZ)/Z,mM) where mM([J]) = dM(Vd,—l([J])) = dR(M)(V])-

The covering map (: ZZ — B allows us to translate the arc code of the bipath
module to the barcode of the infinite zigzag module, and vice versa. Furthermore,
and as we do shortly, the covering map can be used to study the algebraic sta-
bility of bipath modules, via the algebraic stability of zigzag modules, which is
well-established following Botnan and Lesnick [19] and Bakke Bjerkevik [10]. These
stability results depend on the concept of block-decomposable modules, which we
review first after recalling the definitions of interleavings and bottleneck distance.

We briefly review interleavings over R°? x R and the bottleneck distance. Re-
call that for an € € [0,00|, we define the shift functor (-)(€): modk[R® x R] —
modk[R°? x R| by sending M to the persistence module given by M(e€),) =
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M(z—e,y—i—e) and

P(w,2),(z,y)

M(©) ((@,y) Z220 (w,2)) = M (Pumesroecra) -

On morphisms f: M — N, we set f(€)(zy) = fa—ey+e)- For every module M, we
define a morphism ¢ : M — M(¢) by the structure linear map M (p(x_e,yﬁ)’(x’y)).
We say that two persistence modules M, N € modk[R° x R] are e-interleaved if
there exist morphisms f: M — N(e) and g: N — M(e) such that g(e) o f = ¢3!
and £(e) o g = 63,

As in [10], we describe matchings in terms of interleavings between interval
modules. Let o/ and Z be two multisets of intervals of R°? x R. An e-matching
between .« and % is given by a bijection o: &' — %’ for some subsets &7/ C o/
and &' C A such that

e cvery interval I in &7 \ &' and & \ A’ satisfies that 1] is e-interleaved with
the zero module, and

o for every I € /', the modules Vi and V1) are e-interleaved.

Then, the interleaving distance d;(M,N) between two persistence modules M, N
over R°? xR and the bottleneck distance dg(</ , %) between two multisets of intervals
o/ and & are given by

dj(M,N) =1inf{e | M and N are e-interleaved },
dp(, #) = inf{ € | there is an e-matching between 7 and % }.

In the sequel, for two persistence modules M and N, dg(M, N) denotes the bot-
tleneck distance between the barcodes B(M) and B(N). Namely, dg(M,N) =
dp(B(M), B(N)).

Let U be the full subposet of R°? x R given by { (a,b) € R? xR |a <b}. As
in [10, 19], we are interested in the following four types of intervals of U.

Definition 4.2.10. The following intervals of U are called blocks, where a,b €
R U{+xoo} and a < b,

[a,b]pr, ={(c,d) €eU|c<bd>a}, Ja,bpL={(c,d)eU|a<d<b},
(a,blpr, ={(c,d) e U]a<ec<b}, (a,b)pL ={(c,d) €U |c>a,d<b}.

A block module is an interval module V4, where I is a block as defined above. A
persistence module over U is called block-decomposable if it decomposes into a direct
sum of block modules.

The following establishes the algebraic stability of block-decomposable modules
and is due to Bakke Bjerkevik [10, Theorem 4.18].

Theorem 4.2.11 (Block isometry theorem). For two block-decomposable modules
M and N, d;(M,N) = dg(M, N).

Consider the inclusion ¢: ZZ — R°® x R. By composing first the left Kan
extension along ¢ (i.e., the left adjoint of the restriction functor induced by ¢) and
then the restriction functor of the inclusion U < R° x R, one obtains the block



76 CHAPTER 4. ESSENTIAL-COVER TECHNIQUE

extension functor Ext: modk[ZZ] — mod k[U]; we refer to [10, 19] for more context
on this functor and the definitions involved. The block extension functor preserves
direct sums and sends barcodes of zigzag modules to barcodes of block-decomposable
modules, by which we mean the following. See Figure 4.9 for an illustration.

Lemma 4.2.12. Let M be a zigzag module. Then Ext(M) is block-decomposable,
and

EXt(V[a,b]zz) = V[“J’]BL? EXt(V[a:b)zz) = V[avb)zzv
EXt(VY(a,b]ZZ) - ‘/(GJ?]BL? EXt(‘/(a,b)ZZ> - ‘/(Chb)BL‘

Thus, we may write Ext(B(M)) = B(Ext(M)) by identifying intervals with interval
modules.

A A A i
z z
(a,b) ’ [a, b] [a, b) ’ (a,b]

Figure 4.9: Illustration of the correspondence between the interval of ZZ and the
block of U, as in Lemma 4.2.12

As in [10, 19], this lemma motivates the definitions of interleaving distance and
bottleneck distance of two zigzag modules M and N by setting

di(M,N) = d;(Ext(M),Ext(N)) and dg(M, N) = dg(Ext(M), Ext(N)).

As such, Theorem 4.2.11 translates directly to zigzag modules.

Recall the restriction functor R: mod k[B] — mod k[ZZ] induced by the covering
map defined in Definition 4.2.7. Also recall that by Theorem 4.2.9, R preserves arc
codes up to the action of Z. In turn, and in parallel to the definition of interleaving
and bottleneck distances in zigzag modules, for two bipath modules M and N, we
define

d;(M,N) == d;(R(M), R(N)) and dg(M, N) := dg(R(M), R(N)).

Combining this with the block isometry theorem (Theorem 4.2.11), we immediately
obtain the isometry theorem for bipath persistence.

Theorem 4.2.13 (Bipath isometry theorem). Let M and N be bipath modules.
Then dr(M,N) = dg(M,N).



Chapter 5

Interval rank invariants

As before, we always assume the poset P is finite, and set A := k[P]. In this chapter,
we introduce an invariant of persistence modules over finite posets, which extends
the conventional rank invariant proposed by Carlsson and Zomorodian [22], and
generalizes the generalized rank invariant proposed by Kim and Mémoli [40].

Recall that every P-persistence module in mod A has the unique indecomposable
decomposition (Theorem 2.5.15). Set £ to be the complete set of isoclasses of
indecomposable modules in mod A. For any subset Q of L, the additive closure
of 9, denoted by add Q, is defined as the smallest full additive subcategory which
contains @ and is closed under taking direct summands. In particular, the complete
set of isoclasses of interval modules in mod A will be denoted by Z.

5.1 Algebraic invariants

Definition 5.1.1. Let P be a poset and let A = k[P]. The split Grothendieck group
of A, denoted by K%(A), is defined to be the abelian group G/G’, where G is the
free abelian group with basis { [M] € L | M € mod A}, and G’ is the subgroup of
G generated by the set

{[M]—=[L]—-[N]eG|0—L— M — N — 0is a split exact sequence }.

For each M € mod A, we set [M] to be the element of K¥(A) corresponding to M.
Similarly, we can define the split Grothendieck group of the additive closure add Q
where Q C £, and by K%(Q) we denote the split Grothendieck group of add Q.

Definition 5.1.2. An (algebraic) invariant of the incidence category A is a map
q: (mod A)y — G for some set G, satisfying q(M) = q(/N) whenever M = N
in mod A. Here and subsequently, (mod A)y denotes the set of all P-persistence
modules.

Remark 5.1.3. It is equivalent to saying that an invariant is a map q: (mod A)y —
G for some set G such that the following diagram commutes for some q':

(mod A)g
—
ql (mod A)g/ = -
G

Here (mod A)y/ = is the set of isoclasses of P-persistence modules, and 7 is the
canonical projection.

If one further desires the additivity on the invariant, then the following concept
of additive invariant is needed.
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Definition 5.1.4. An additive invariant of the incidence category A is an algebraic
invariant q taking values in an abelian group G, satisfying q(M & N) = q(M)+q(N).

Remark 5.1.5. We note that the concept of additive invariants defined in [15,
Definition 2.15] is slightly different from the one we proposed here. Recalling that an
additive invariant of mod A defined in [15] is a group homomorphism p: K9(A) —» G
for some abelian group G. From the following commutative diagram, one can easily
see that the concept of additive invariant in this thesis is more general than that
in [15], because every additive invariant q factors through the canonical map that
sends each module M with an indecomposable decomposition M = € M; to

1€[n]

Example 5.1.6. Let P be a poset and let A = k[P].
(1) The dimension vector, denoted by dim, is an additive invariant of A given by
dim: (mod A)y — Z¥, M +— dim M,

where we recall that dim M is the dimension vector of M defined in Defi-
nition 2.5.3. To extend the definition starting from K®(A), for each [M] €
K®(A) with [M] = [M;] — [M-] and M,,M_ € mod A, we set

dim [M] := dim M, — dim M_. (5.1.1)

(2) The rank invariant, denoted by rank, is an additive invariant of A given by
rank: (mod A)g — Z5®) M s ([z,y] — rank M(p,.)),
where we denote the above function ([z,y] — rank M(p, ,)) by writing
ranky, ) M = rank M (p,,) = rank M, ,.

It is evident that the rank invariant is a generalization of the dimension vector
because [z, z] is trivially a segment of P and rank M (p, ) = dim M (z).

(3) The generalized rank invariant [40], denoted by GRI, is an additive invariant
of A given by

GRI: (mod A)y — ZI®), M s (I s rank (@Mh LN @Mh)) ,

where M|y is regarded as a functor I — modk, l&th (resp. hﬂM’I) de-
notes the limit (resp. colimit) of M| in modk, and gy, is the unique linear
map determined by the universality of limit and colimit. We refer to Defini-
tion 5.3.20 for a thorough treatment. It is evident that the generalized rank
invariant is a generalization of the rank invariant because Seg(P) C I(P) and
GRI(M)|seg(py = rank M holds for all M € mod A.
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(4) The multiplicity invariant, denoted by mult,, is an additive invariant of A
given by
mult,: (mod A)y — Z*, M s dyy,

where we recall that dj; denotes the multiplicity function (Theorem 2.5.15).
In particular, restricting to only interval modules provides another invariant
called the interval multiplicity invariant of A given by

multI: (mod A)O — ZI, M — dM|Z
Note that we can compute multz by utilizing formulas provided in Chapter 3.

We say an additive invariant q is complete if q(M) = q(NN) implies M = N, and
incomplete otherwise. It is clear that mult, is complete by Theorem 2.5.15.

5.2 Compression systems and multiplicities
From now on, we simply write I instead of I(P) for brevity.

Definition 5.2.1. A compression system for P is a family & = (&1)1er of order-
preserving maps &;: IS — P from a connected finite poset I¢ satisfying the following
conditions for each I € .

(1) & factors through the poset inclusion t1: I — P;
(2) The image &(I°) contains sc(I) U sk(I).

(3)

If T = [z,y] € Seg(P), then there exists a pair (z/,y') € [<]g such that
(gl(x/)agl(y/)) = (xvy)

Example 5.2.2 (tot). Let I € I. Obviously, the poset inclusion ¢r: I < P satisfies
the above three conditions. In this case, we denote by tot; the poset inclusion
It — P where I'*" := I. The family tot := (toty)1e is called the total compression
system for P.

Example 5.2.3 (ss). Let I € I, and let I* := sk(I) U sc(I) be the full subposet of
I. Set ssp: I*® — P to be the poset inclusion. This defines a compression system
ss = (ssy)1er for A, which is called the source-sink compression system for P.

Example 5.2.4. Let P := G;, as in Example 2.2.10 (1), and I be the interval
with sc(I) := {(1,2),(2,1)} and sk(I) := {(3,2)}. Take I* := {(1,2),(2,2),(3,2),
(2,1)} C 1, and take &: IS — P to be the inclusion, then this & can be taken as a
component of a compression system for P, which satisfies ssy # & # toty.

We have the following observation for the poset I¢.

Proposition 5.2.5. If I¢ has a unique source and a unique sink, i.c., |sc(I¢)| =
|sk(I¢)| = 1, then I also has a unique source and a unique sink.
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Proof. We can set sc(I¢) = {a} and sk(I¢) = {b} for some a,b € I¢. Assume

sc(I) = {x1,...,z,} and sk(I) = {y1,..., Ym}- (5.2.2)

Since the image &(I¢) contains sc(I) U sk(I), there exist subsets {ai,...,a,} and
{b1,..., by} of I¢ such that &(a;) = z;, &(b;) = y; for all @ € [n], j € [m]. Then
for any ¢ € [n], j € [m], the relations a < a;, b; < b in I¢ show that &(a) <
zi, y; < &(b). Hence &(a) = @, y; = &(b) by (5.2.2) for all i € [n], j € [m]. Thus
n=1=m. U

Remark 5.2.6. The converse of the proposition above does not hold in general. For
example, let P = Gop = I, and I¢ == {(1,1),(1,2),(2,2)} with the order relations
defined by the Hasse quiver (1,1) — (2,2) < (1,2), not a full subposet of P. Define
&r: I¢ — T as the inclusion. For other intervals J € I, let £5: J¢ — J be the identity
of J. Then this ¢ satisfies all three conditions in Definition 5.2.1 and thus it is a
compression system for P. In this case, I has a unique source and a unique sink,
but I¢ does not.

Notation 5.2.7. Let I € I. Set F' = k[u]: k[I] = A to be the linearization of the
inclusion map ¢1: I — P, and R = R,;: mod A — modk[I] the restriction functor
induced by ¢;. Then the order-preserving map &: I§ — P factors through ¢ by
the condition (1) in Definition 5.2.1, and the functor Fy = k[&]: k[I¢] — A factors
through F' as in the following diagrams:

| L SN, k[I*] = A
k[T]
Hence we have a factorization of the restriction functor Ry by R as in the diagram

mod k[I¢] mod A

\/

mod k[I

The restriction functor Ry sends all interval modules in mod A to indecomposable
modules in mod k[I*] by Proposition 2.5.14. Subsequently, we have the following
definition.

Definition 5.2.8. Let M € mod A, and I € . Then the number
(1) = dryr)(Ra(V1))
is called the compression multiplicity of I in M under £.

Clearly, C§v1 can be viewed as a function cfw : I — Z. We provide several properties
of the compression multiplicity.

Lemma 5.2.9. Let £ = (&1)1e1 be a compression system for P, and let 1,J € T with
I<J. Then Ry(Vy) = Ry(V4) in mod k[I¢].
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Proof. For each ' € I¢, we have

Ri(V3)(a') = V3(Fi(2') = Va(&a(2')) = Va(u(£'(2))) = Va(€'(2)) = Va(€'(2")).

The last equality holds because £'(2) € I C J. For every morphism p, . € k[I¢];
where (2/,y') € [<]ie, we have

Ri(Vy)(py o) = Va(Fi(py o)) = Vi (k[&](py o)) = Vi (P a@)) = Vi (Paw)ae)) -

The last equality holds because pe, (). () is the morphism in k[P](¢'(2"),£'(v')) by
noticing &r(2’) = £'(2') and &(v') = £'(Y). -

Lemma 5.2.10. Let I € I. Then I = conv(sc(I) Usk(I)). In particular, if J € 1
and sc(I) Usk(I) C J, then I < J.

Proof. The assertion follows immediately from Lemma 3.2.2. O
Proposition 5.2.11. Let { = (&1)1er be a compression system for P, and let 1, J € 1.

Then
1, ifI<]
13 ) =
¢ (I) =
i {0, otherwise.

Proof. 1f T < J, then C%,J(I) = dpyvy)(Ri(V1)) = dpyop(R1(V1)) = 1 by notic-
ing Lemma 5.2.9. Otherwise, Lemma 5.2.10 ensures the existence of a vertex
z € sc(I) U sk(I) that is not in J. By assumption on &, there exists 2/ € I¢
such that &1(2') = x. By definition, 2’ satisfies Rr(V1)(2") = k and Ry(Vy)(z') = 0.
Hence in particular, Ry(V7) is not a direct summand of Ry(Vj), so C%(I) =0. O

Proposition 5.2.12. Let M, N € mod A, and I € 1. Then

Sran(X) = ¢ (D) + ¢y (D).

Proof. This is a direct consequence of the additivity of Ry and the uniqueness of
dprany in Theorem 2.5.15. O

Under certain conditions, the compression multiplicity has a monotonically de-
creasing property.

Proposition 5.2.13. Let £ = (&1)1e1 be a compression system for P. Suppose that
& further satisfies the following condition:

o For all intervals 1,J € T with I < J, there exists an order-preserving map
®: I¢ — J¢ such that & = &5 0 ©.

Then for any intervals I, J € 1 such that I < J and for every M € mod A, we have
(D) = ¢,(J).

Proof. We write s = ¢§,(J) and r = ¢§,(I). Recall the notation Ry given in Nota-

tion 5.2.7. By Definition 5.2.8, we have the decomposition

Ry(M) = [R3(V3)]® @ N in mod k[J¢], (5.2.3)
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where N has no direct summand that is isomorphic to Ry(Vy). Applying the re-
striction functor Rg induced by @ to (5.2.3) yields

Ry(M) = [Ry(V5)]® ® Re(N) in mod k[I¢].
By noticing Lemma 5.2.9 and I < J, Ry(M) = [R;(V})]’® Rs(N). Hence r > s. [

Corollary 5.2.14. Let £ = tot. Then for all intervals I,J € T with I < J and for
every M € mod A, we have

(D) > ().

Proof. The assertion follows by noticing I*** = I, J** = J and taking ® in Proposi-
tion 5.2.13 to be the inclusion map I — J. O

The total compression multiplicity is the least among all compression systems,
which we conclude as follows.

Proposition 5.2.15. Let tot be the total compression system for P. Then for any
compression system &, any interval I € 1, and any M € mod A, we have

¢ir(D) > e (1)

Proof. We write s = ¢t9(I) and r = ¢§,(I). By the definition of compression multi-
plicity under tot, we have the decomposition

R(M) = [R(V)]* & N in modkl[I], (5.2.4)

where N has no direct summand that is isomorphic to R(Vf). Applying the functor
R' (given in Notation 5.2.7) to (5.2.4) yields

Ri(M) = [Ry(W1)]* @ R'(N) in modk[I¢].
Therefore r > s, and the assertion follows. O

Example 5.2.16. Let P = G35 and let M € mod A given by

k 1] y k2
[t
0

\
7

[01]

k
[
k

~ —

1
Take the following interval I of P:

e — @
e —> o

—

Then c3;(I) = 1 while cj7(I) = 0. This shows that ¢ (I) > ¢ (I).
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5.3 Interval rank invariant: a generalization of
rank invariant

In this section, we first explain why the compression multiplicity can be viewed as
a generalization of the rank invariant (Example 5.1.6 (2)). This motivates us to
define an additive invariant of A. Then we provide explicit formulas to compute the
defined invariant.

5.3.1 Definition of interval rank invariants
Proposition 5.3.1. Let £ be a compression system for P. Then for all M € mod A
and [x,y] € Seg(P), we have

i ([z,y]) = rank M(p, ).

In particular, cfw([x,y]) does not depend on &. Therefore, cpr|segpy = rank M.

Proof. For simplicity, we put I == [z, y]. We first compute ¢}’ = drn)(R(V1)). Note
that both R(M) and R(V1) are I-persistence modules, and

R(V1) = 1, = P, in modKk[I].

Here I, (resp. P,) is the injective (resp. projective) indecomposable I-persistence
module at y (resp. x). By the formula (3.1.15) and because sc;(I) = sc(fI) =
sky(I) = sk({I) = @, we obtain

drony (R(V1)) = rank M(py..),

and by Proposition 5.2.15, ¢§,(I) > ¢{'(I) = dran(R(V1)) = rank M(p, ) follows.
Next, we show the converse inequality. Set ¢ = ¢§,(I) = dg,ar)(R1(V1)). Then
we have an isomorphism

Ry(M) = [Ry(V1)]° @ N in modk[I¢]. (5.3.5)

By assumption on &, we have x,y € &(I¢), and there exists a morphism ¢ in k[I¢]
with Fi(q) = py. € A(z,y). Then from (5.3.5), we have Ry(M)(q) = [R1(V1)(¢)]° @
N(q) and hence

rank M (p, ) = rank M (Fi(q)) = rank Ry(M)(q) > ¢ - rank Ry(V1)(q) = ¢

because rank Ry(Vi)(q) = rank Vy(p,.) = 1. Thus, rank M(p,,) > ¢§,(I). Therefore,
the assertion follows. O

It is interesting to see that even for the compression system provided in Re-
mark 5.2.6, the proposition above still holds because the segment I has a unique
source and a unique sink. The following is an immediate consequence of Proposi-
tion 5.3.1.

Corollary 5.3.2. Let M € mod A and I = [z,y] € Seg(P). If R(M) € modkl[I] is
indecomposable and not isomorphic to Vi, then M(p, ) = 0.
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Proof. Here we take the total compression system tot provided in Example 5.2.2.
Then by assumption, we have ¢'%(I) = 0. Hence by Proposition 5.3.1 we obtain

rank M (p, ) = ¢4 (I) = 0, which shows the assertion. O

Example 5.3.3. Let P .= G52 and put I := P. It is known that there exists
an indecomposable k[I]-module M with dimension vector [33331]. Then since
M % Vi, we have to have M(p) = 0 for any path p from (1,1) to (5,2) by the
corollary above.

Indeed, it is straightforward to check that the following module M is indecom-
posable with this dimension vector (thus this dimension vector is realized as this

M):

k2 K3 1 s K3 [(1)?8] k2 [10] k
il MLl T T Joo
k 2 N k3 ]k3 N kZ
[9] {é _?1] ! 489]

It is certain that M satisfies the condition M (p) = 0 stated above. We note that
this M is obtained as the Auslander—Reiten translation M, of the indecomposable
module M, with A = 1 provided later in Example 6.3.3.

Proposition 5.3.1 suggests us to define the following.

Definition 5.3.4. Let £ = (&1)1er be a compression system for P and let M €
mod A.

(1) We set
rank$ M = &, (I)

and call it the I-rank of M under €.

(2) The interval rank invariant under £, denoted by rankﬂg, is an additive invariant
of A given by
rank®: (mod A)y — Z', M — &,

To extend the definition starting from K®(A), for each [M] € K®(A) with
[M] = [M4] — [M-] and M., M_ € mod A, we set

rank$ [M] = rank$ M, — rank$ M_. (5.3.6)

Note that since for each J € 1, rankaJ does not depend on & by Proposi-
tion 5.2.11, we see that for every interval-decomposable module M, rankf M does
not depend on &, and hence we may write it ranky M.

5.3.2 Formulas for interval rank invariants

Now we are in the position to give formulas for computing the interval rank invari-
ant. Notice that the induced restriction functor Ry: mod A — modk[I¢] carries
persistence modules over P to those over I¢, and recall that the interval rank invari-
ant is defined as the multiplicity inside mod k[I¢], we thus obtain an explicit formula
for computing the interval rank invariant under &. We first show the following.
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Lemma 5.3.5. For every I € I, we have Ry(Vi) = Vie as I¢-persistence modules. we
slightly abuse notation by using the same symbol V. for interval modules in different
categories: Vi denotes the interval module in mod A, whereas Vie denotes the interval
module in mod k[I¢].

Proof. Let x € I¢. Then since &(x) € I holds by definition of £, we have Ry(Vy)(z) =
Vi(Fi(z)) = Vi(&(z)) = k. Now let p, . € K[I¥]; for (z,y) € [<]ge. Then &(x) <

&(y) in P, where & (), &1(y) € 1. Hence Ry(Vi)(py) = Vi(F1(pye)) = Vi(per () a(0)) =
Ix. As a consequence, we have Ry(Vi) = Vie. O

Definition 5.2.8 and Lemma 5.3.5 indicate that the compression multiplicity is
indeed the interval multiplicity in mod k[I*]. Thus we shall apply Theorem 3.1.26
to the setting where P = I¢, and substitute the modules M and V; appearing in
(3.1.27) by Ry(M) and Ry(Vi) = Vie, respectively.

We recall notations provided in Notation 3.1.3 and rewrite some notations here
for the case where we are now discussing.

Notation 5.3.6. We recall the symbol C,T for a totally ordered set T, and for any
a € C,T we can write a = {a, a}. Let P = I¢, and I¢ is the full subposet of itself.
Thus the following notations are given with respect to P = I¢.

(1) Suppose |sc(I*)| = n (resp. |sk(I¢)| = m). We give a total order on the set
sc(I®) (resp. sk(I¢)) by giving a poset isomorphism a: [n] — sc(I¢), i — a;
(resp. b: [m] — sk(I®), i — b;), and apply the notation above for T = sc(I¢)
and sk(T¢).

(2) For any a € Cysc(I¢) (resp. b € Cysk(If)), we set
V'a:=sc(feantea) (resp. A'b:=sk(lzebN b))

Note that because I¢ is both an up-set and a down-set of itself (or according
to the fact that I¢ is the ambient poset), then V'a C I¢ (resp. A’b C I¢) by the
definition of up-sets (resp. down-sets). In particular, if |sc(fean @) =1
(resp. | sk(lge bN e b))| = 1), then the unique element is the join (resp. meet)
of a (resp. b).

(3) We set
scy(I8) == |_| V'a={a, = (a,c) |a € Cysc(I®), c € V'a},
aeCyp sc(If)
skiI¥) = || A'b={bs:=(b,d)|be Cysk(I), d € N'b}.
beCy sk(I€)

Note here that the family (V'a)acc, see) (tesp. (A'D)pec, skae)) does not need
to be disjoint.

Furthermore, we equip sc; (If ) with another total order <.y, defined by a, <ex

a/, if and only if (a,a,c) < (a’,@, ), where <., denotes the lexicographic

order from left to right. Similarly, we give a total order to sk (I¢). These total
orders will be used to express matrices having sc;(I¢) or sk;(I¢) as an index

set later.
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We illustrate the notations in Figure 5.1. Note that there are two elements x
and y in V/{as,az}, labeled as {as, a3}, and {as,az}, in sc;(I¢), respectively. The
element w ¢ V'{as,a3} since w is not minimal in Ty ag N Ty a3, but w is in both
V'{ay,as} and V'{ay,as}, thus we write {a1, as},, and {ay,az}, in sc;(I¢), standing
for w € I¢.

Ié

e b\/b _____

{bl.7 b2}z

{a1,a2}w, {a1,a3}w

[ )
{CL2, G3}x

e /\

a1

Figure 5.1: Ilustration of notations in Notation 5.3.6

Theorem 5.3.7. Let £ = (&: I8¢ — P)ier be a compression system for P, and
M € mod A. Then

sc(I8)  sky(I%)

o (T \/ \/
rank$ M = rank sal) (- My 0 — rank (Ml 9 ) (5.3.7)
sk(I¢) M, Ms 0 M;

holds. Here the (a.,a)-entry of My (resp. the (b, by)-entry of Ms) is given by

i Mg (o), a), ifa=a, i Mg@),a@, iHb=D,
(Ml)a(;,a = —M&(c)’gl(a), if a =a, resp. (M5>b,bd = M§1 b), £1(d)> if b= Db,
0, ifada. 0, ith¢b.

Ms is given by a choice of pair (b;,a;) € sk(I¢) x sc(I¢) with (a;,b;) € [<|te. Namely,
the (bj, a;)-entry is the only nonzero entry of My and it is given by Meyv,), ex(a;)-
Index sets of matrices in formula (5.3.7) are allowed to be empty.

Proof. Note that sc(11¢) = sk({/I¢) = & because Ry(M) and Ve are modules over I¢,
and I¢ is the maximum interval of itself. Also, we note that for every p, . € k[I];

((z,9) € [<he)s Ba(M)(py) = M(Fi(py2)) = M(peyiy) ne) = Megiy) n(a) holds.
The assertion therefore follows immediately by Theorem 3.1.26. O
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By adding some assumptions on I¢, we will make the obtained formula (5.3.7)
simpler. From now on, we set sc(I¢) = {ay,...,a,} and sk(I¢) = {by,..., b, }.

Definition 5.3.8. The poset I¢ is said to satisfy the existence condition of pairwise
joins in sc(I¢) (resp. meets in sk(I®)) if a; V a; (resp. b; A bj) exists in I¢ for every
i # j. If this is the case, to shorten notation, we set a;; = a; Va; (resp. b;; == b; Ab;).
Note that we have a;; = aj; for all i # j in [n] (resp. b;; = b;; for all i # j in [m]).

Under Notation 5.3.6, we have the following.

Remark 5.3.9. If I satisfies the existence condition of pairwise join in sc(I¢) (resp.
meets in sk(I¢), then we have V'{a;, a;} = {a;;} for all i # j in [n] (vesp. N'{b;, b;} =
{b;;} for all ¢ # j in [m]). Hence in this case, we may write

SCl(Ié) = {amQ ’ il,ig € [n] with 77 < 19 },
Skl(Ig) = {biliz | 11,10 € [m] with i1 < i }

Namely, the ordered pair (i1,42) with i; < 75 in the subscripts stands for the subset
{i1,49} of I¢ with cardinality 2.

Remark 5.3.10. If I¢ satisfies the existence condition of pairwise joins in sc(I¢)
and meets in sk(I¢), then the matrices My, M5 have the following forms, where we
denote M¢,(b).¢,(a) Simply by Mf‘a for all (a,b) € [<|e:

1 2 3 e n—1 n
12 Mg, —Mg,. 0 0 0
13 M(ﬁs,m _M§{37a3 0 0
In Mgirual 0 0 T 0 _M§{n7an
2 0 Mt%&az _Mgs,as 0
2n 0 Mg, 0 e 0 —Mg, ..,
n- 1’" 0 0 0 e M§i71 n,an—1 _M§i71 n,an
and
12 Im 23 2m m—1,m
&1 &1
1 Mblébm Mbl,blm ? 50 0
I I I
2 _Mb2,b12 0 b2,b23 T Mb2,b2m 0
3 0 0 — M, 0 0
m_1 0 0 0 0 be;il,bmilm
3 3 ¢ ’
m O _Mbihblm 0 - b'rlnab2m - b‘rlnabmfl,m

respectively.
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Remark 5.3.11. Even in the case where I¢ satisfies the existence condition of
pairwise joins in sc(I¢) and meets in sk(I¢), the matrices above are still redundant
for the formula (5.3.7) because the projective presentations appearing in the proof
of formulas are not minimal in general if there are order relations between pairwise
joins in I¢. We provide the following lemma and corollary to explain this redundancy.

Let {i,j} € Cq[n]. For the next lemma, we note again the fact that a;; = aj;.
Thus for the notation a;;, we do not care about the order relation between ¢ and j,
and just assume that i # j.

Lemma 5.3.12. We keep the setting of Theorem 5.3.7 and assume the existing
condition of pairwise joins in sc(I¢) and meets in sk(1¢). Let {i,j,k} C [n]. For any
distinct S and T in Co{i, j, k}, the intersection SN'T has cardinality 1. Without
loss of generality, we may set S := {i,j} and T = {i,k} with SN'T = {i}. Keeping
this in mind, we now consider a;; and a;; in 1. Then the following are equivalent:

(1) aij < a;
(2) a; < Qi
(3) ai,a;,ar < ap.

If one of the above holds, then the formula (5.3.7) remains valid even when M,
in Remark 5.5.10 is replaced by the matrir obtained by deleting the {i, k}-th row of
M. The dual statement can be applied to M5 similarly.

Proof. The equivalence of the three statements is trivial. Now assume that one of
them holds. Then all of them hold. By (3), we have a;; < a;; and a;, < a;,. Thus
there exist morphisms pq,, 4,; and pa,, a;, 0 k[I¢];. The following row operations on
M; can be done without changing ranks (to understand these operations easily, look
at the My in Remark 5.3.10 for (4, j, k) = (1,2,3)):

e To the {i, k}-th row, add the row obtained from the {i,j}-th row by the left
multiplication with —M¢t

Ak, Qg5 "

e To the {7, k}-th row, add the row obtained from the {j, k}-th row by the left
multiplication with —MS, .

By these operations, the {i, k}-th row of M; becomes zero, and thus we can delete
the {i, k}-th row without changing the value of the right-hand side of (5.3.7). O

Utilizing Lemma 5.3.12, the formula in the 2D-grid case becomes much simpler.
As an example, we exhibit the formula in the case where & = tot.

Corollary 5.3.13 (Specialization to 2D-grids). Let P be a 2D-grid and let £ =
tot be the total compression system for P. Take an interval I € T with sc(I) =
{ai,...,a,} and sk(I) = {by,...,b,}. Without loss of generality, we assume that
the first coordinate (i.e., the x-coordinate in Example 2.2.4 (2)) of a; (resp. b;) is
strictly less than that of a1 (i € [n —1]) (resp. bj+1 (j € [m —1])). Then we have

tot _ |\~/|1 0 o Ml 0
rank;”" M = rank [I\7I3 v rank 0 M|’ (5.3.8)
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where My has the form:

1 2 3 n—1 n
12 Ma127¢11 _Mal27a2 0 T 0

23 0 Ma237a2 _Ma237a3 T 0 0
n—2n-1 0 0 0 e _Man_z,n_l,an—l 0
n—1,n 0 0 0 s M —-M

an—1,m,0n—1

Ms has the form:

1 2 3 n—1 n
| My,a, 0 O 0 0
2 0 0 0 0O O
m—1 0 0 0 0O O
m 0 00 0 O
and Ms has the form:
12 1m 23 2m m—1,m
1 Mbl,bm Mbl,blm 0 0 0
2 _Mb2 bi2 0 sz,b23 Mb2 bam 0
3 0 0 _Mb3,b23 0 0
m—1 0 . 0 0 . 0 oo My i
m 0 U _Mbmyblm O U _Mbmbe'm U _Mbmybm—l m

Example 5.3.14. Let £ = (fI: If — P)Ie]I be a compression system for P. Fix
an interval I and assume that the associated poset I¢ has sc(I¢) = {a;,a»} and
sk(I¢) = {by,by}. Further, assume that both the join x := a; V ay and the meet
y = by Aby exist in I¢. Since sk(I¢) = {by, by}, we have a; < by or a; < by, and hence
we may assume that a; < by without loss of generality. Then for any M € mod A

we have

M& —M& 0 &
T,a1 T,as M
rankf(M ) = rank | M;! 0 Mt | —rank [Mg, ,—M&, ] — rank [_ ]\2151 ]
0 0 M, b2y
MEI(@@I(M) MEI(I%EI(GQ) 0 M51($)7€I(a1) M51($)7€I(a2) 0
= rank | Mg a,) g0 0 Mgy &y | — Tan 0 0 Mgy o) | -
0 0 Mey(vy),61(9) 0 0 Mey(2),&1()

5.3.3 Essential covers relative to compression systems

Recall that Ry: mod A — modk[I¢] is the restriction functor induced by &: I¢ — P,
which is given in Notation 5.2.7. For every M € mod A, Ry(M) = MoFy = Mok|[&].
By Notation 4.1.6, Theorem 5.3.7 can be restated as follows.
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Theorem 5.3.15. Let & = (51: If — P)Ieﬂ be a compression system for P. Fix an
interval T of P. Choose any (b,a) € sk(I¢) x sc(I®) with (a,b) € [<|i, and set

g:=g(c,d,(b,a)) = [ e ] |

where g, = [ﬁa,ac] (0.) €51 (I€) xse(I€) with the entries given by

Pea,  ifa=a,
ﬁa,ac = —Pe,as if a = 57
0, if a &€ a,
Jor alla, € sci(I°) and a € sc(If); and g, = [Pop,) (bu.6)sk(TE) ok (1) with the entries
given by
Poa, ifb=Dh,
ﬁb,bd = § —Dbds if b= B,
0. ifbdhb,

for allb € sk(I¢) and b, € ski(1); and g5 is the block matrixz with the size | sk(I¢)] x
|sc(I¢)|, the (b,a)-entry of g5, given by py.a, is the only nonzero entry. Then for any
M € mod A we have

rank$ M = rank Ry(M)(g) — rank Ry(M)(g,) — rank Ry(M)(g,). (5.3.9)

We recall Definition 4.1.10 here. Let (: Z — P be an order-preserving map, and
a: z — y a morphism in @ k[P]|. We say that ¢ covers « if there exists a morphism
o' =y in @K[Z] such that ((¢/) = a (see Example 4.1.2 for {(a)).

Definition 5.3.16. Let & = ({1: It — P) be a compression system for P. Fix

Iel
an interval I of P and let (: Z — P be an order-preserving map. Then we say that
0
¢ essentially covers I relative to £ if there exists some morphism g = B 1 g } in
3 92

@ k[I¢] such that for any M € mod A we have a formula

§ M = ran Ry(M)(g,) 0 _ ran Ry(M)(g,) 0
ranky M =rank | p (M)(g,) RI<M><92>} k{ 0 RI<M><92>}’

(5.3.10)
and there exists an order-preserving map (;: Z — I¢ covering g and making the
following diagram commute

We remark here that Theorem 5.3.15 guarantees that such a morphism g in
@ k([I¢] can always be taken such that the first condition (5.3.10) is always satisfied.
We also caution the reader that g is not unique in general, for example, due to the
redundancy explained in Remark 5.3.11 and Lemma 5.3.12.
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Now, we are in the position to provide the main theorem of this subsection, which
enables one to compute the interval rank invariants by computing the multiplicity
in some essential poset. From now on, the restriction functor induced by ¢ will be
denoted by R..

Theorem 5.3.17. Let £ = (51: If — P)IGJI be a compression system for P. Fiz an
interval I of P and let (: Z — P be an order-preserving map that essentially covers
I relative to &. Then for every M € mod A we have

rank; M = dg () (Rc(V)), (5.3.11)
where R is the restriction functor induced by C.

Proof. We set r = rank{ M and s = dg () (R¢(V1)) for convenience. By the defi-
nition of the I-rank, we have the isomorphism Ry(M) = [Ry(V1)]" @ N. By Defini-
tion 5.3.16 there exists an order-preserving map (;: Z — I¢ such that ¢ = & o (.
Applying the restriction functor R, induced by (i to the isomorphism above yields
R:(M) = [R:(V1)]"® R¢ (N). By Notation 4.1.14, s is the maximal number of copies
of R¢(V1) that can be taken as a direct summand of R¢(M) such that no further
copies of R¢(V;) remain in the complement. This implies s > r.

On the other hand, since s = dg, (ar)(Rc(V1)), we can write Re(M) = [R¢(V1)]*® L

for some module L in modk[Z]. Take g = Bl g()} provided in Theorem 5.3.15.
3 92

Because (; covers g, there exists a morphism g% [glz gOZ] in @ k[Z] such that
2

g3
G(g?%) = k[G](g%?) = g. Then by applying Lemma 4.1.13 to the isomorphism
Re(M) = [R:(V1)]® @ L, we have the following equalities:

rank[ <(M)(g :1%) 0 Z)}:Srank{gc(vx)(m) 0 }

R{(M)(g%) R(M)(g? M)ef) RDeD] 51
(g%) 0 B
“a“k[ L(g?) L(g? )]
and
rank [ROD@E) 0T [Re(@E) 0
k[ 0 RC(M)(QQZ):| k{ 0 RC(VIXQ%)} (5.3.13)
Lig?) 0 -
—i—rank[ 0 L(ggz)]

Note that R:(M) = R¢ (Ri(M)) = Ri(M) o k[¢] for all M € mod A. Then (5.3.12)
and (5.3.13) become

ank |:RI(M)(91) 0 } = srank {RI(VI)(gl) 0 }
Ry(M)(gy) Ri(M)(g,) E(1D(gs) F)(e)] oo
Lgf) 0 -
+ rank [L(gg) L(ggz)} )
and
Ri(M)(g,) 0 _ Ri(Vi)(g1) 0
rank { 0 Ry(M) (92)} = srank { 0 RI(VI)(QQ)} (5.3.15)
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Put M = V1 in the formula (5.3.9). Thus we have

Ri(Vh)(gy) 0 Ri(V1)(g1) 0
dpy(vy) (R(V1)) = rank [RI<VI><§3> R1<v1><gg>] ‘rank[ 0" legg)]'

(5.3.16)
Noticing the equalities (5.3.9) and (5.3.16), the formula (5.3.14) minus the formula
(5.3.15) implies

r=s - dp,vy)(Ri(V1)) + rank Eggg L(gg)] — rank {L@%) 0 )}

otk [ﬁg; L(g@} - rank [L(g

Hence we have r = s, and the proof is completed. O

By using the essential cover relative to the total compression system on the 2D-
grid, we can easily find zigzag posets essentially covering all intervals of the 2D-grid.
Indeed, we first recall the notations for pairwise joins and meets in Definition 5.3.8.
For each I'*** =T € T with sc(I) = {aq,...,a,} and sk(I) = {by,..., by}, we assume
that the first coordinate of a; (resp. b;) is strictly less than that of a;+; (i € [n —1])
(resp. bj+1 (j € [m—1])), and we assign a (not full) subposet I*” of I with elements

so(D) U{ aszsn | i € [ — 1} Usk(D) U{byzia |5 € [m— 1]}
and the order relation is partially inherited from I:
ai < Giiv1, Qg1 < Qiigrs b < bjjg, b < b4, and ag < by (i € [n—1], j € [m—1]).

It is clear that the poset I*” has the following Hasse quiver:

bf

ap — Q12 b12 EE— bQ
Ao — ". ..

o b
Ap—1 —> Apn—1,n bm—l,m E— bm

|

an

Set zzy: I’ — I — P to be the usual inclusion map. It is not difficult to
check that the family (zzr: I”” < P);; is a compression system. We denote this
compression system by zz.

By Theorem 5.3.17 we can show the following.
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Corollary 5.3.18. Let P be the 2D-grid, and we let zz = (zzy: I”” — P); be
the compression system defined above, and tot the total compression system. Then
interval rank invariants under zz and tot coincide, i.e.,

rank;®" = rank}”.

Proof. We show that for every I € I, zzy essentially covers I relative to tot. By Corol-

lary 5.3.13 and Theorem 5.3.15, there exists a morphism g = {gl ;} in Pk[I]
3 92

such that (5.3.10) holds. Here g, has the form:

1 2 3 n—1 n
12 Paiz,a1 —Paiz.az 0 0 0
23 0 pa23,a2 _p11231a3 0 0
n—2n—1 0 0 0 T Dan_9m1,an-1 0
n—1,n 0 0 0 e pan_l,n,an_l _pan—l,n,an
g5 has the form:
1 2 3 cee n—1 n
1 Dby .ay o o0 --- 0 0
2 0 0 0 0 O
m—1 0 0 O 0O O
m 0 0 O 0o O

and g, has the form:

12 im 23 2m m—1m
1 Pb1,b12 T Pby,b1m 0 to 0 0
2 “Pbybiz 0 Pby,baos e Db ,borm 0
3 0 0 —Pbs,bos 0 0
m—1 0 0 0 0  Pbhatbm—1m
m 0 Tt _pbmyblm 0 e _pbm7b2m e _pbmybmfl,m

From the definition of zz;, we naturally have the following commutative diagram:

771

I# > P
CI\,A AZLI

Itot =1
for the inclusion map (;: I — I, and (g covers g because (1(g) = g. We abuse the
notation g since (7 is the inclusion, and we remark that the first g is a morphism in

@ k[I”%]. Thus for every M € mod A,

ranky” M = dg,,, (i) (Res (V1))
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by Theorem 5.3.17. Notice that R,, (Vi) = V,,, is an interval module in mod k[I*],
hence an indecomposable module by Lemma 5.3.5. It follows that

JRZZI(M)(RZZI(VI)) = dRzzI(M)(RZh(VI)) = rank;” M.
Therefore, the assertion follows. O

Remark 5.3.19. Corollary 5.3.18 above gives an alternative proof of Theorem in
[31, Theorem 3.12] by Dey-Kim-Mémoli for the case where P is a 2D-grid because
the interval rank invariant rank;® coincides with their generalized rank invariant
GRI. The latter statement follows by [24, Lemma 3.1], but the description of the
proof was imprecise, and in the process of making it accurate we found a small gap
in the proof. Therefore, we give a precise proof of it by filling the gap below.

We first review the definition of the generalized rank.

Definition 5.3.20. Let I be a finite connected poset, and M € modk[I]. Since I
is finite and M € mod k[I], both lim M and lim M are easily constructed in modk.
By definition, we have a commutative diagram

for any (z,y) € [<]1, which shows that for any z,y € I, we have o,m, = o,m,
if x and y are in the same connected component of I. But since I is connected,
the equality above holds for all z,y € I. The common linear map is denoted by
O @M — hﬂM .

Now, for a (locally finite) poset P, a finite interval subposet I of P, and M €
mod k[P], the rank of the linear map @ gy for the module R(M) € modk[I] is
called the generalized rank of M at 1.

We now give a proof of [24, Lemma 3.1] below.

Lemma 5.3.21. Let I be a connected poset, and M € modk[I]. Then M has a
direct sum decomposition

M~=Vy®N

as k[I]-modules for some N, where rank @, = s, rank ® y = 0. Hence in particular,

we have dy; (Vi) = rank @ ;.

Proof. There exist some vector subspaces P C lim M and T C lim M such that
PoKer®,, = l&lM and Im®,; T = th Leto: P — hﬂM be the inclusion
and 7: @M — Im ©,, the projection with respect to this decomposition. We
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set ¢, = m.0, p, = mo, for all x € I. Then we have the following commutative

diagram:
P — 1

\
/

M(:C
AR

,lglM—>Im@M-

S

M(y

/

Since ©); restricts to an isomorphism y': P — Im®),;, we have p/ = 710)0.
Thus dim P = dimIm®,;, = rank®,;. Set s := rank®,,, the common value.
Then there exists an isomorphism «: k® — P, which gives an isomorphism 3 =
(Wa)™: Im Oy — k. Set ¢, = ¢,a: k¥ — M(z) and pl, = Bp,: M(x) — k.
Then Coker ¢/, = Coker ¢,., Ker p!. = Ker p, for all 2 € I, and we have the following
two commutative diagrams with exact rows:

¢ Ya

0 — k ;”>M:1:)—>Coker¢x—>()
‘ lM(pyz Ify,z ) a‘nd
0 > k* o M (y) — Coker ¢, —— 0
’ / (5.3.17)
0 — Kerp, —— M(z) -2 k* > 0
i y,x lM(Py,Z) ‘ )
0 —— Kerp, —— M(y) > k* > 0

Py

where the vertical map f, , (resp. g,,) is the unique linear map making the diagram
commutative, and 7,: Kerp, — M(z) is the inclusion map for all z € I. The
uniqueness of f, , (resp. g,.) for all (z,y) € [<]; defines a k[I]-module C' (resp. K)
by setting C'(z) := Coker ¢, C(py.) = fyu (resp. K(z) = Ker py, K(pyz) = gyz)
for all z € I, (z,y) € [<|1. Set v = (Vz)zex for all v € {¢',,7,p'}. Then the
commutative diagrams above show that ¢, 1, 7, p’ are morphisms of k[I]-modules,
and give us the following short exact sequences of ]k[I]-modules:

0— V7 SMEC-50ad0 KD ML VI—>O (5.3.18)

We claim p'¢" = 1y;. Indeed, for each = € I, we have pl.¢, = Bp.p.a = fp'a =
Iis. As a consequence, the short exact sequences above split, and hence M has direct
sum decompositions Vi & C' = M (2 K @ V) as k[I]-modules. By the additivity
of both l&n and @, we have rank ©,; = srank ®y; + rank @¢. Here note that
©®y; is given by the identity 1;: k — k, thus rank ®y; = 1, which together with
rank ©,; = s shows that rank ®- = 0. Therefore the assertion holds for N = C.

Note that N does not have direct summand isomorphic to V; because rank © y=
0. Hence we have dy/ (V1) = s = rank © ;. O

Remark 5.3.22. In the proof of [24, Lemma 3.1], the authors said that the de-
composition M(z) = P @ Coker ¢, is preserved by M (p, ), which is equivalent
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to the existence of the commutative diagram with exact rows with a unique mor-
phism f, , in (5.3.17). They continued to say that this fact establishes a direct sum
M = V¥ @ C. This assertion is obvious as vector spaces, but as k[I]-modules it is
not clear. This fact was not proved in their paper. Namely, the missing part is to
show that the exact sequence in (5.3.18) on the left splits over k[I]. For this, we
need one more exact sequence in (5.3.18) on the right that serves us the necessary
retraction p’ for ¢'.

Example 5.3.23. Consider a poset P having the following Hasse quiver:
4

|

l1l——2— 3

Let M, and M, be two P-persistence modules given by

k k
M, = MH and M, = M(l)]
k k2 > k k > k2 ,
[1] [1,0] [9] 1]

We compute the P-rank of both modules under £ = tot. In this case, I = P = I*,
By Theorem 5.3.15, there exists a morphism g = [z; ;J in @Pk[P] such
that (5.3.10) holds. Here g has the form:
g = {91‘ 0 ] _ {p2,1‘—p2,4}‘
gs ‘ g, P31 ‘ 0

Hence, it is now clear that if we take the (not full) subposet Z of P given by

4

Z = l :

1 —— 2 3

then the inclusion map ¢: Z — P essentially covers P relative to tot. By Theo-
rem 5.3.17 it suffices to compute dg, ;) (R.(V1)) = dr, () (Vz) for j € {1,2}. Now,
because

k k 0
RO)= i) = | ® |
k A k2 k k —H\ﬂf/ k 0 <>E/ 0
and
k 0 k
R.(M,) = I = | & | :
k 7] k2 k k @/ k 0 —\Hk/ 0
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we conclude that ranky' M; = 1, but rankp* M, = 0.

Example 5.3.24. Consider a poset P having the following Hasse quiver:

1+—2—3

Let M be a P-persistence module given by

k

M = [1,0,0]T
3 v 2
<o g

We compute the P-rank of M under £ = tot. Again in this case, I = P = I,
By Theorem 5.3.15, there exists a morphism g in @ k[P] such that (5.3.10)
holds. Here we first take g to be:

0 P12 D12 0
g=19s|9,]=|ps2|-ps2 O P32 | - (5.3.19)
0 0 —P42 —P42

Notice that the last column of g, is the linear combination of its first two columns,
hence we may take another morphism g in @ k[P] given by

0 P12 P12
g = [ gs ’Qz ] = | P32 | —D32 0 )
0 0 —P4,2

such that rank M (g) —rank M (g,) = rank M (g) — rank M(g,). This shows that the
new morphism g satisfies the formula (5.3.10) in Definition 5.3.16.
Now, let us take the following finite zigzag poset

2 2/ 2//
3 1 4
and define the order-preserving map (: Z — P by

2, ifze {22, 2",
() = . t J
xz, ifxe{l,3,4}.

Then ( essentially covers P relative to tot. Indeed, we have the following equality:
0 P12 P12 0 P12 P12

k[(] D32 | —P32 0 = | p32| —p32 O
0 0 —DP4,2 0 0 —P42
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Hence by Theorem 5.3.17 it suffices to compute dg, (v (R¢(Vi)) = dg,a;)(Vz). Now,
because

k3 k3 k3

Re(M) = \ [0 (1)(1)]/ \ / Y‘o,o}
[(1]9?] [1,0,0] [1,0,0]

k? k k

we conclude that rankis® M = 1.

We highlight that in the example above, finding a new morphism g such that
the formula (4.1.2) holds is crucial for finding the zigzag poset Z. Indeed, we first
notice that ¢ does not cover the original choice of g given in (5.3.19). Next, it is
straightforward to verify that the following order-preserving map (’': Z' — P covers
both g and g:

2/ 2//

/ \ / \ {27 ifre {2’2/,2//72///}7

7Z = 2—3 1 4 and ('(z) =
nd ¢'(z) z, ifze{l1,3,4}.

However, Z' is not the poset of Dynkin type A.



Chapter 6

Interval replacements

In one-parameter persistent homology, the (interval) multiplicities can be computed
by the ranks. We address the formula (4.1.3) as follows.

dar(Visy) = rank My , + rank My, oy — rank My s — rank M, ,_,

holds for all M € modk[A,]. Conversely, the ranks can be obtained from the
(interval) multiplicities. So far, we have generalized the rank invariant to the interval
rank invariant, but we do not have the corresponding invariant that generalizes
interval multiplicities.

This chapter is devoted to generalizing the standard theory to persistent homol-
ogy over any finite poset P, regarding the relation between the interval ranks and
the generalized interval multiplicities. We will then propose a new additive invari-
ant in terms of the compression systems. Throughout the chapter, the multiplicity
function dy; also stands for a function I(P) — Z by identifying dy;(I) and dy (V1)
for all I € I(P). As before, we write A for k[P] and I for I(P) for short.

6.1 Signed interval multiplicities

We begin with the interval-decomposable case. Suppose M € mod A is interval-
decomposable, it is possible to express the compression multiplicities of interval
modules by multiplicities of interval modules and vice-versa. Recall that I, endowed
with the set-inclusion relation, is a finite poset (see Definition 2.2.15 (6)). Since we
will mostly apply the Mébius inversion formula to the poset T later, we concentrate
on the incidence algebra of I with the field R, denoted by RI.

Proposition 6.1.1. Let £ be a compression system for P. Take M € mod A and
I €l. If M is interval-decomposable, then

(D) =Y du(J).
LJel
1<J
This can be rewritten by (2.3.5) as
C§\/1 = dM|]1 : C

Proof. By assumption, M can be decomposed as a direct sum of interval modules,
ie, M =@, VJdM(J). Now, Proposition 5.2.12 yields

@ =Y du(I) &, (@),

Jel

Proposition 5.2.11 leads to the desired formula. O
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By the Mobius inversion formula, we immediately obtain the following

Corollary 6.1.2. Let & be a compression system for P and let M € mod A. If M
is interval-decomposable, then

dult = ¢ - .
Proof. This follows directly from Theorem 2.3.4. O

By adopting the argument used in [6, Theorem 4.23], it is possible to write p
explicitly. We first define the following by recalling Definition 2.2.7.

Definition 6.1.3. Let I € . The cover of 1 is defined as

Cov(I) ={Le€l|LcoversI}.
Proposition 6.1.4. Let % be a nonempty full subposet of 1. If % has a lower
bound, then the join of % exists.

Proof. Let I be a lower bound of % . Let us write = {I,...,I,} with n > 1.
Then the subset of P defined by J, ¢, Ir is connected since I < 1T for all k € [n].

It follows that conv (Uke[n] Ik) is connected, convex, and thus conv <Uk€[n] Ik> el

Hence conv (Uke[n] Ik> is an upper bound of % since I, < conv (Uke[n] Ik> for all
k € [n].

Now we show conv (Uke[n} Ik> is the least upper bound of . Let W be an
upper bound of %, ie., Iy < W for all k € [n]. Since Jyc;, Ir © W and W is

convex, we have conv (Uke[n] Ik> C W. Thus conv (Uke[n] Ik> =\V%. O

Theorem 6.1.5. Let us define p’' € RI by

p(LI) =) (),
see

for 1, € T with T < J, and where € is the set of all full posets . of I such that
< C Cov(l) and \/ ¥ = J. Note that if . is nonempty, then \/ % is well defined
by Proposition 6.1.4. On the other hand, we set \| @ =1 to simplify notations if .~
is empty. Then we have

=
Proof. Let us prove that {u’ = 1gp, where 1gy denotes the identity of RI. Let I,J €1
with I < J. We have

(Cu) (LI = Y w(LL])

I<KL<J

— Z Z(_l)\=5’\

IKLLI Ye¢

— Z (=)

' CCov(I)
V.7<3

=1- Y  (-p

@5 CCov(I)
V. 7<3
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Now define the function f as follows:
fi2Mh R

Z Y dy,(L)

Lez

where 2M! denotes the power set of 17I. Note that by definition

A tL="1\s

Les

Therefore, we have

f (ﬂ THL> -/ (t\V7)

Lev

0, otherwise,

_{1, it V. <7,

where the last two equalities come from Propositions 5.2.11 and 6.1.1 respectively.
Thus we can write:

Cu)LI)=1—- > it (ﬂ THL>

@#.7CCov(I ) Les

It is easily seen that (1yI,2"1!, f) is a finite measure space. So, by the inclusion-
exclusion principle

Cu)LIh=1-f| | nL

LeCov(I)
=1- Z dVJ (L)
=1 <Z dy, (L) — dy, ( ))
— 1 (f, (D - d, ()
= dy, (I).

The last two equalities hold by Propositions 5.2.11 and 6.1.1 respectively. Finally,
since dy, (I) = 1 if and only if I = J, we have (¢u')([L, J]) = 1r1([I, J]), so Cp’ = 1grs
and we deduce that u = /. O

It is now possible to rewrite Corollary 6.1.2 in the following way:
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Corollary 6.1.6. Let M € mod A and I € 1. If M 1is interval-decomposable, then
0= 3 07 (V7).
#CCov(I)

Now we are in the position to generalize interval multiplicities for any persistence
modules over finite posets.

Definition 6.1.7. Let M € mod A and I € I. We define the signed interval multi-
plicity 5]5\/[ of M under £ as the function (554: I — Z by setting

= Y 07 (V)
#CCov(I)
for all I € I. By Theorem 6.1.5, this can be rewritten as

(5% = c}éw-u.

The signed interval multiplicities give an invariant of A called the interval ap-
proximation invariant under £ (see [39]), given by

appxﬂf: (mod A)y — Z*', M — 634.

Note that appxﬂg is an additive invariant of A. Indeed, by Proposition 5.2.12 we

have
Fron@ = Y (D on (V)

#CCov(I)

= Y (V) & (V)]

#CCov(I)
= 8, () + 03, (T)

for all T € I. Notably, in the case where £ = tot, the pair (I, §}J") coincides with the
generalized persistence diagram of M, proposed by Kim and Mémoli [40].

Remark 6.1.8. Note that in Definition 6.1.7, M is not necessarily interval-decomposable
anymore. If M is interval-decomposable, it is clear that 5% = dy|1 as functions on
I by Corollary 6.1.6.

Proposition 6.1.9. Let M € mod A. For all 1 € 1, we have

=> &)

LJel
1<J

i.e., C§v1 = 55\/[ -C.

Proof. This is a direct consequence of Theorem 2.3.4. O

Remark 6.1.10. Proposition 6.1.9 gives an alternative definition of the signed in-
terval multiplicity 51§v1 without using the Mobius inversion formula. Indeed, it is
possible to define 45, by induction in the following way: first, define 65, (I) = ¢, (I)

for all maximal (in terms of the poset (I, <)) intervals I. Then one can define

inductively 85, (I) = c§, (1) — Sy 85,(3).
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6.2 Interval replacement: an additional invariant

Noting that for each I € I, 65,(I) can be defined even for modules M that are not
necessarily interval-decomposable, we introduce the following.

Definition 6.2.1. Let M € mod A. We set

§(M), = @ V15§4(1)7 §E(M)_ = @ ‘/1(_5§‘4(I)), and

Icl Iel
65, (1)>0 85,(1)<0

5(0) = [, ]) - [50n)-]
where [X] is the element of the split Grothendieck group K®(A) of A corresponding
to a module X. We call 6*(M) the interval replacement of M under £, and we call
§¢(M),, 65(M)_ the positive part and the negative part of §%(M), respectively. Note
that §5(M) is not a module, just an element of the split Grothendieck group, while

both §¢(M), and §%(M)_ are interval-decomposable modules, and that §(M) can
be presented by the pair of these interval-decomposable modules.

Remark 6.2.2. The interval replacement is an additive invariant of A. Indeed, put
G = K%(A) in Definition 5.1.2 and set the map to be

q:=06% (mod A)y — K®(A), M — §(M).

It is easy to check that ¢ satisfies 65(M) = §¢(N) if M = N in mod A, and
6¢(M & N) = 65(M) + 65(N). Alternatively, we can set the map to be

q:=0% (mod A)g — K®(add T), M s 6*(M),

where we recall that Z denotes the complete set of isoclasses of interval modules in
mod A and addZ denotes the additive closure of Z. We also remark that such
a map q: (modA)y — K%¥(addZ) (more accurately, the group homomorphism

K®(A) — K%(addZ) explained in Remark 5.1.5) is recently called the interval-
barcoding invariant by Escolar and Kim [37].

Recalling Definition 5.3.4, we give the definition of interval ranks of the interval
replacement.

Definition 6.2.3. For each I € I, we define the I-rank of 6*(M) under £ to be

rank$ 6°(M) := rank$ 0°(M), — rank$ 6°(M)_
(= rank; 0°(M), — rank; §(M)%).

Note that rank$ 6¢(M) may depend on ¢ because 6¢(M)y depend on £. Thus by
Definition 6.2.1, we have

rank$ 6¢(M) = Z 85,(J) - rank; Vj.
Jel

Using the notations given above, we obtain the following.
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Theorem 6.2.4. Let M € mod A, and I € 1. Then
rank$ 6¢(M) = rank$ M.
In particular, for any |x,y] € Seg(P), we have
rank’ J 6(M) = rank, , M,

[z,

dim 6°(M) = dim M.

Thus, §¢ preserves the interval rank invariants of all persistence modules M. In
this sense, we called 0%(M) an interval replacement of M.

Proof. 1t is enough to show the first equality because the second (resp. third) one
follows by considering the case that I = [z,y| (resp. the cases that [z, z] for all
x € P). By Definition 5.3.4, to show the first one, it suffices to show the following:

Z 5§\4(J) -ranky Vy = rankf M.

Jel

Let I,J € I. Then by Proposition 5.2.11, we have

1, ifI<J
kVi=cd,0)=q" ~—"
ranky Vy CVJ<) {07 otherwise.

Therefore,

Z‘stw(*]) -ranky Vy = Z 85,(J) = &,(I) = rank$ M,
Jel Licl
1<J
where the second equality holds by Proposition 6.1.9, and the last one by definition.
O

Remark 6.2.5. In this research, we developed a computational project hosted on
GitHub for computing interval rank invariant and interval replacement under the
total and source-sink compression systems of persistence modules over any dD-grid
(d > 1), mainly based on Theorem 5.3.7 and Remark 5.3.10. We believe that this
project will be useful and can be integrated into the topological data analysis pipeline
to provide algebraic descriptors from data. For more details on the implementation
and to access the code, we refer the reader to the project repository at https:
//github.com/GauthierE/interval-replacement.

Example 6.2.6. We exhibit an application of utilizing the interval replacement to
distinguish two filtrations J; and F, over the 2D-grid (Figure 6.1). We consider
the 1st homology H,(-;Z/27Z) and denote M; = Hy(-;Z/2Z) o F; (j € {1,2}). By
implementing our computational project mentioned above, the interval replacements
of M; under tot are given as follows (interval modules are written as their dimension
vectors).

5 (M) = [[6*(My)4]] — [[6(M1)-]]


https://github.com/GauthierE/interval-replacement
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and

5t0t(M2) — [[5tot(M2)+:|] _ [[§t0t<Mg),]:|
=[hntelelotiilelfiiiill (6.2.2)

By observing (6.2.1) and (6.2.2), one can easily tell that filtrations F; and F; are
essentially different due to their distinct interval replacement invariants. Moreover,
M; is not interval-decomposable because of the exsience of negative part 0*°(M;)_.
In comparison, M; is interval-decomposable because there is no negative part of its
replacement, and My = §*%(My) .

1 1 1 1 1
- - - -
2 4 2 4 2 4 2 4 2 4
3 3 3 3 3
Ul Ul Ul Ul
1 1 1
- - - -
2 4 2 4 2 4 2 4
3 3 3 3
(a) Filtration Fy
1 1 1 1 1
- - - -
2 4 2 4 2 4 2 4 2 4
3 3 3 3 3
Ul Ul Ul Ul
1 1 1
- - - -
2 4 2 4 2 4 2 4

(b) Filtration F3

Figure 6.1: Two Gy o-filtrations in Example 6.2.6
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6.3 Examples

6.3.1 Computing the maximal interval-decomposable
summand

Let M be a persistence module over P. The first application of the general for-
mula (3.1.27) is to compute the maximal interval-decomposable summand of M
that is defined by

My =P ®. (6.3.3)

Icl

The maximal interval-decomposable summand M; determines the interval de-
composability of M trivially, in the following sense.

Lemma 6.3.1. For any module M € mod A the following are equivalent:
(1) M is interval-decomposable.
(2) dim M = ZIGI[dM(I) -dim V1.
(3) dim M =3 ;1 dp(T) - dim Vi.

We would remark on the difference between our proposed method here and the
algorithm provided in [31] checking the interval decomposability. The key idea
of the algorithm in [31] is depending on [6, Theorem 5.10], that is, a persistence
module M is interval-decomposable if and only if M is isomorphic to the positive
part of its interval placement §5(M),. Thus, they suggest picking up the interval
I appearing in 0%(M), and then checking whether the interval multiplicity dj;(I)
is zero or not by utilizing the [5, Algorithm 3]. However, no explicit formula is
provided in [5] and one has to compute everything involving computing the almost
split sequence of Vj by the computer program, causing a high computation cost. On
the contrary, we provide a direct way to compute the interval multiplicity d(T).
This eliminates the procedure to compute the almost split sequence that is required
to perform [5, Algorithm 3] because this has already been computed theoretically
to give the formula, and then the interval decomposability can be easily verified
by checking the dimension equality in Lemma 6.3.1. On the other hand, another
advantage of our method is that we can find out the maximal interval-decomposable
summand of a given persistence module M (over any finite poset P) that is not
interval-decomposable, while the algorithm in [31] can not.

6.3.2 Interval replacement is incomplete

Although the interval rank invariant of a persistence module M under a compression
system & captures more information than the rank invariant, it can still not retrieve
all the information contained in M in general. Namely, it is possible to construct &
and two objects M, N € mod A not isomorphic to each other such that (554(1) = 5§V (I)
for all T € I. We now give such examples.
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Example 6.3.2. (1) Define a poset P; and P-persistence modules M (6) by

1 ——2 R ——R
P, = l T, M(0) = 1l Te
3+— 14 R<1—R

for 0 € R\ {0,1}. We take £ := tot (see Example 5.2.2). Let 01,6, € R\ {0, 1} such
that 6 # 0. Then M (0;) and M(6,) are clearly not isomorphic to each other but
they have the same interval replacement. One can compute the interval replacement
of M(0) for § = 01,05 by using Remark 6.1.10:

Table 6.1: Computation of dj7, (I) for § € R\ {0,1}.

Interval I-rank Signed interval multiplicity
I rank;® M () 70y (D)

{1,2,3,4} 0 0
{1, 2,3} 1 1
{1,2,4} 1 1
{1,3,4} 1 1
{2,3,4} 1 1
{1,2} 1 -1
{1,3} 1 -1
{2,4} 1 -1
{3,4} 1 -1
{1} 1 0
{2} 1 0
{3} 1 0
{4} 1 0

(2) Define a poset Py and Py-persistence modules N(6) by

3

P2 =

A 1A
‘ ;

/

1 >

for 6 € R\ {0, 1}.
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(3) Define a poset P3 and Ps-persistence modules L(6) by

1

1+—2—3 R<+—R R
P3—l<—l—>l’ L(H):HL g ]11
| | L
7—8—9 R R R

for 6 € R\ {0, 1}.

We give another example satisfying commutativity relations nontrivially that
shows the incompleteness of the interval rank invariant under the compression sys-
tem tot.

Example 6.3.3. Let A € k and M), be the following persistence modules over
P = G5722

e L0l g 1 e il 0
T m] Tl T[)\,fl] T :
0 k y K2 K2 s k

ot T o

Then it is easy to see that the endomorphism algebra of M), is isomorphic to k, and
hence M) is indecomposable, and if A # p in k, then Hom4 (M, M,) = 0. Thus
M, = M, if and only if A = pu. Let A # pin k '\ {0, 1}. it is easy to check that for
any interval I € I, rank{® M) = rank;®* M,

The dimension vector of M, is taken from [46, A2. The frames of the tame
concealed algebras| for E, and the representation M, is constructed by modifying
a homogeneous representation of Dy in [33, Chapter 6 Tables].

6.3.3 Fibered bar and arc codes versus interval
replacements

Lesnick and Wright [41] introduced the fibered barcode, an invariant of persistence
modules over R? given by the collection of barcodes of all 1-D affine slices. In detail,
denoting by L the collection of all (unparametrized) lines in R? with nonnegative
slope and for a fixed R2-persistence module M, each line [ € L induces a one-
parameter persistence module M|; = M o iy, along the inclusion iy, : [ — R% The
fibered barcode of M is then the assignment of each line [ € L to the barcode of M|;.

Closely following the construction of the fibered barcode, and due to bipath
modules having arc codes, given a bipath poset B and an R2-persistence module M,
an order-preserving map f: B — R? induces a bipath module M|; = M o f and we
can define the fibered arc code as follows.

Definition 6.3.4. The fibered arc code of an R2-persistence module M is the as-
signment of each order-preserving map f: B — R?, where B is a bipath poset, to
the arc code of M|;. Note that the image of f is a subposet of R?.
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As we already know, the fibered barcode is an incomplete invariant. The same
applies to the fibered arc code. Still, the fibered arc code gives more information
than the fibered barcode: in Example 6.3.5 below we show two non-isomorphic
persistence modules with equal fibered barcode, but different fibered arc code. At
the end of this subsection, we provide an example demonstrating two filtrations that
cannot be distinguished by the fibered arc code but can be distinguished using the
interval rank invariant or interval replacement.

Example 6.3.5. We take an example in Example 6.3.3. Let P = G5 and let M,
(A € k) be the following persistence module over P:

We focus on the two non-isomorphic modules M; and M_;. Let B = Bsy; be
the bipath poset defined in Section 4.2.1 and consider the order-preserving map
f: B — P whose image is

(3,2) — (4,2) — (5,2)

I I

Then the arc code B(M;|s) consists of two intervals of B that we depict by

(3,2) — (4,2) (3,2)

T . and T

(3,1) ——— (5,1) (3,1)

while the arc code B(M_,|) consists of two other intervals of B that we depict by

(3,2) (3,2) — (4,2)
T , and T
(3,1) ——— (5,1) (3,1)

We conclude that the fibered arc codes of M; and M_; are different.

In comparation, M; and M_; have the same fibered barcodes. It suffices to check
three affine lines in red, as illustrated in Figure 6.2. For the red line [, with slope 0,
M|, and M_4|;, have the same barcodes:

(1,2) —— (2,2) —— (3,2) —— (4,2) , and (2,2) —— (3,2) .
The same happens for the red line [; with slope 1, where the barcodes are given by

(3,1) —— (4,2) , and (3,1) ,
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—

—
L ————
L ———

Figure 6.2: Ilustration of the three affine lines used in Example 6.3.5

and for the red line [y, with slope 1/2, where the barcodes are
(2,1) — (4,2) .

Example 6.3.6. Consider two filtrations over Gy illustrated in Figure 6.3. We

o o o o o o

I I D DA P A AN

o o o o o}

X—>0
[m]

X X [m] X [m] »x—i X X [m] X m]

Figure 6.3: Two different filtrations

apply the O-th reduced homology® with the coefficient field k := Z/27Z on both. The
persistent homology obtained from the left (resp. right) filtration is denoted by M
(resp. N). It is not hard to verify that M and N share the same fibered arc code.
For instance, restricting to the order-preserving map f: By — Gy 2, depicted by

—>0

yields that arc codes B(M|s) and B(N|s) share the same intervals as illustrated
below:

TExplicitly, the 0-th reduced homology Hy(K;k) := Ker(aug)/Im 8, where aug: Co(K;k) — k,
Yoo =y ni (n; € k) is the augmentation map, and 9;: C1(K;k) — Co(K;k) denotes the
usual boundary map. For a detailed account, we refer the reader to [44, Chapter 1, Section 7].
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o———>0
>0

On the other hand, we can distinguish these two filtrations by using the interval
rank invariant. More concretely, if we take the interval J of the grid illustrated in

Figure 6.4 and use the source-sink compression system, then the J-rank of M is 1
while that of N is 0.

l

—> 0

Figure 6.4: The interval J of the grid
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