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ABSTRACT

Topological data analysis (TDA) is a new area of geometric data analysis that
focuses on using invariants from algebraic topology to provide multiscale shape
descriptors for point clouds. One of the most important shape descriptors is persis-
tent homology, which studies the topological variations as a filtration parameter
changes; a typical parameter is the feature scale.

For many data sets, it is useful to consider varying multiple filtration parameters
at once, for example scale and density. While the theoretical properties of single
parameter persistent homology are well understood, less is known about the multi-
parameter case. Of particular interest is the problem of representing multiparameter
persistent homology by elements of a vector space for integration with traditional
machine learning.

Existing approaches to this problem either ignore most of the multiparameter
information to reduce to the one-parameter case or are heuristic and potentially
unstable in the face of noise. In this article, we introduce a general representation
framework for multiparameter persistent homology that encompasses previous
approaches. We establish theoretical stability guarantees under this framework
as well as efficient algorithms for practical computation, making this framework
an applicable and versatile tool for TDA practitioners. We validate our stability
results and algorithms with numerical experiments that demonstrate statistical
convergence, prediction accuracy, and fast running times on several real data sets.

1 INTRODUCTION

Topological Data Analysis (TDA) (Carlsson, 2009) is a methodology for analyzing data sets using
multiscale shape descriptors coming from algebraic topology. There has been intense interest in
the field in the last decade, since topological features have allowed practitioners to compute and
encode information that classical approaches do not capture. Moreover, TDA rests on solid theoretical
grounds, with guarantees accompanying many of its methods and descriptors. TDA has proved useful
in a wide variety of application areas, including computer graphics (Carriere et al.l 2015a}; [Poulenard
et al., 2018), computational biology (Rabadan & Blumberg, 2019), and material science (Buchet;
et al., [2018} [Saadatfar et al., |2017), among many others.

The main tool of TDA is persistent homology. In its most standard form, one is given a finite metric
space (e.g., a finite set of points and their pairwise distances) and a continuous function f : X — R.
This function usually represents a parameter of interest (such as, e.g., scale or density for point clouds,
marker genes for single-cell data, etc), and the goal of persistent homology is to characterize the
topological variations of this function on the data. Of course, the idea of considering multiscale
representations of geometric data is not new (Chapelle et al., |2002; Ozer}, |2019; |Witkin, [1987); the
contribution of persistent homology is to obtain a novel and theoretically tractable multiscale shape
descriptor. More formally, this is achieved by computing the so-called persistence diagram of f,
which is obtained by looking at all sublevel sets of the form {f~!((—o0, a])}. and by computing a
decomposition of these sets, that is, by recording the appearances and disappearances of topological
features (connected components, loops, enclosed spheres, etc) in these sets. When such a feature
appears (resp. disappears), e.g., in a sublevel set f ~1((—oo, ap)), we call the corresponding threshold
oy (resp. «q) the birth time (resp. death time) of the topological feature, and we summarize
this information in the persistence diagram D(f) := {(a, @q)}aca C R% Moreover, it is also



Under review as a conference paper at ICLR 2023

usual to consider the distance to the diagonal ag — v, as a proxy for the statistical significance of
the corresponding feature. The most important foundational result in the subject establishes that
persistence diagrams are stable — they will not change much when computed on a small perturbation

f of the function f (]Cohen-Steiner et al.l, |2007|).

However, an inherent limitation of the formulation of persistent homology is that it can handle
only a single filtration parameter f. However, in practice it is common that one has to deal with
multiple parameters. This translates into multiple filtration functions: a standard example is given
in Figure [} where both feature scale and density functions are necessary to obtain meaningful
topological representation of a noisy point cloud. An extension of persistent homology to this more
general setting is called multiparameter persistent homology (Botnan & Lesnick], [2022}; [Carlsson|
& Zomorodian|, 2009), since roughly speaking it amounts to studying the topological variation of a
continuous multiparameter function f : X — R™ with n € N*. This setting is notoriously difficult
to analyze theoretically, as there is no general decomposition theorem and hence no analogue of
persistence diagrams.

Still, it remains possible to define topological invariants, even in this setting. The most common one
is the so-called rank invariant, which describes how the topological features associated to any pair of
sublevel sets {z € X : f(z) < a}and {x € X : f(x) < B} such that « < f (w.r.t. the partial order
in R™), are connected. Since it is defined as an algebraic construction, and, as such, not suitable as
input for subsequent data science purposes, the task of finding appropriate representations of this
invariant, i.e., embeddings into Hilbert spaces, is critical. Hence, a number of such representations
have been defined recently (Corbet et al 2019 [Coskunuzer et all, 2021}, [Vipond, [2020).

However, while the rank invariant is equivalent to the persistence diagram in the single-parameter
case, it is known to be much less informative in the multiparameter case, even when the function
admits a decomposition: many functions have different decompositions yet same rank invariants.
Therefore, all aforementioned representations can encode only limited multiparameter topological
information. Instead, in this work, we define representations based on candidate decompositions
of the function, in order to create descriptors that are strictly more powerful than the rank invariant.
Indeed, while there is no general decomposition theorem, there is now a whole body of work that
allows to define stable, candidate decompositions (Asashiba et al. [2019; [Botnan et all, 2021},
et al.l 2020; [Dey & Xin|, 2021} [Loiseaux et al.}[2022), that are more informative than the rank invariant
and that agree with the true decomposition when it existsﬂ Our representation is motivated from this
series of recent contributions, and expects one of such candidate decompositions as input. Closely
related to our method is the recent contribution (Carriere & Blumberg} 2020)), which also proposes a
representation built from a given decomposition. However, their approach, while being efficient in
practice, is a heuristic with no corresponding mathematical guarantees. In particular, it is known to
be unstable: similar decompositions can lead to very different representations. Our approach can be
understood as a subsequent generalization of the work of (Carriere & Blumberg| 2020), with new
mathematical guarantees that allow to derive, e.g., statistical rates of convergence.
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Figure 1: (left) Example of point cloud X filtered by both feature scale (computed from unions of
balls centered on X with increasing radii) and (co)density. A point will be in the bifiltration if its
density is high enough, and if it is close enough to X . Note that the circle is present in the red zone,
and can be detected as a large summand in the decomposition of the corresponding module (middle),
or in a representation of it (right).

!Strictly speaking, multiparameter persistent homology can always be decomposed in an abstract way 1
[2022] Theorem 4.2). However, such abstract decompositions are hard to interpret and work with,
hence the motivation for finding candidate decompositions that are more visual and intuitive.
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Contributions. Our contributions in this work are listed below:

* We provide a general framework that parametrizes representations of multiparameter persis-
tent homology (Definition [3.1)) and which encompasses previous approaches in the literature.

* We identify parameters in this framework that result in representations that have stability
guarantees while still encoding more information than the rank invariant (see Theorem [3.4).

* We illustrate the performance of our framework with numerical experiments: (1) We
demonstrate the practical consequences of the stability theorem by measuring the statistical
convergence of our representations. (2) We achieve the best performance with the lowest
runtime on several classification tasks on public data sets (see Sections i.T|and [4.2).

Outline. Our work is organized as follows. In Section[2] we recall the basics of multiparameter
persistent homology. Next, in Section [3| we present our general framework and state our associated
stability result. Finally, we showcase the numerical performances of our representations in Section 4}
and we conclude in Section[3

2 BACKGROUND

In this section, we briefly recall the basics of single and multiparameter persistent homology, and
refer the reader to (Oudot, 2015; Rabadan & Blumberg, 2019) for a thorough treatment.

Persistent homology. A standard procedure for studying a data set provided as a finite metric space,
i.e., a set X with a distance dx : X x X — R, is to form a graph with vertex set X and an each edge
connecting ; and z; when dx (x;, ;) < e. Persistent homology is a simultaneous generalization of
this procedure, replacing the graph with a simplicial complex (a combinatorial model of a topological
space) and aggregating information across different scale parameters e.

More generally, given a filtered topological space X, by which we mean a topological space X
together with a function f: X — R, the system of inverse images F(a) := f~!((—o0,q]) fit
together to produce a system F(a;) C F(ag) C ... C F(a;) C ..., where o; < «;y1. This
system is an example of filtration of X, where a filtration is generally defined as a sequence of
nested subspaces X; C ... C X; C ... C X. Then, one can apply the kth homology functor Hy,
on each F'(«;). We do not define the homology functor explicitly here, but simply recall that each
Hi.(F(«;)) is a vector space, whose basis elements represent the kth dimensional topological features
of F(«;) (connected components for k = 0, loops for k = 1, spheres for k = 2, etc). Moreover the
inclusions F'(cv;) C F(cvj4+1) translate into linear maps Hy, (F'(cv;)) — Hy(F (a;+1)), which connect
the features of F'(«;) and F'(«a;41) together. Such a sequence of vector spaces connected with linear
maps is a persistence module, which is generally defined as a functor from (R, <) (regarded as a
category) to Vec, the category of vector spaces.

Multiparameter persistent homology. The persistence modules defined above extend straight-
forwardly when there are multiple filtration directions. An n-filtration, or multifiltration, is a family
of subspaces F = {X, C X },ern such that X, C X, whenever o < o’ (in the partial order
of R™). Moreover, we say that a multifiltration is /-critical if there exists a function f : X — R"
such that X, is homeomorphic to the sublevel set {z € X : f(z) < a} (note that single parameter
filtrations are always 1-critical). Again, applying the homology functor H), on a multifiltration F
induces a multiparameter persistence module Ml = M(F). The support of M is then defined as the
set supp (M) := {& € R" : dim(M(«)) > 0}. Any module which is of dimension 1 everywhere
on its support is called an indicator module, and, in addition, when its support is an interval of
R™ (Botnan & Lesnick, {2022}, Definition 2.1), it is called an interval module.

A multiparameter persistence module M can always be decomposed in a unique way: M =

M, (Botnan & Lesnick, 2022, Theorem 4.2), where the M; are indecomposable modules
that are called the summands of M. See Figure [1| (middle) for an example of decomposition. For
single parameter filtrations, the summands of the decomposition are known to be interval modules
M = @ I[ay,, arg, ], and can be summarized in a persistence barcode D(M) = {(aw,, @a; ) }1<i<m.
This result does not extend to the multiparameter setting however since summands can have dimension
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larger than 1 on their support. Hence, the rank invariant has been introduced as a weaker invariant
for such modules: it is defined as the function RI : (o, 8) — rank(M(a)) — M() for any a < .

Finally, multiparameter persistence modules can be compared with two standard distances: the
interleaving and bottleneck (or (°°) distances. Their explicit definitions are technical and not
necessary for our main exposition, so we refer the reader to, e.g., (Botnan & Lesnickl 2022, Sections
6.1, 6.4) for more details. The stability theorem (Lesnickl 2015, Theorem 5.3) states that 1-critical
multiparameter persistence modules are stable: di(M,M’) < | f — f'||.,, where f and f’ are
functions associated to the 1-critical modules Ml and M respectively.

3 A FRAMEWORK FOR PERSISTENCE MODULE REPRESENTATION

Even though multiparameter persistence modules are known to encode useful data information,
their algebraic definitions make them not suitable for subsequent data science and machine learning
purposes. Hence, in this section, we propose a general framework for studying representations of
multiparameter persistence modules, i.e., maps defined on the space of multiparameter persistence
modules and taking values in an (implicit or explicit) Hilbert space. Defining such maps is crucial for
subsequent data science tasks, as most of the standard methods in statistical machine learning expect
the input to be Euclidean vectors, or at least to be equipped with a scalar product.

3.1 PERSISTENCE MODULE REPRESENTATION

Framework. In this article, we study the following general representation framework:

Definition 3.1. Let M be a multiparameter persistence module. Let Ml = @] ; M; be its decomposi-
tion (note that the M; need not be intervals), and let M be the space of indecomposable persistence
modules. A multiparameter representation of M is:

Vop,w,s (M) = op({w(M;) - ¢(Mi)}21), M

where op is a permutation invariant operation (sum, max, min, mean, etc), w : M — R is a weight
function, and ¢ : M — H sends any indecomposable module to a vector in a Hilbert space .

This general definition is inspired from a similar framework that was introduced for single-parameter
persistence with the automatic representation method Perslay (Carriere et al., [ 2020).

Remark 3.2. Definition [3.1]requires being able to decompose multiparameter persistence modules.
Several approaches have been proposed for this problem in the literature, that provide either exact (Dey
& Xin, [2022} [Lesnick & Wright| 2015)) or approximate (Loiseaux et al.|[2022)) decompositions, or
decompositions that are restricted to specific homology dimensions (Cai et al., [2020)).

Relation to previous work. Interestingly, specific choices of op, w and ¢ can reproduce the
previous work from the literature. For sake of simplicity, assume M = @& ; M; can be decomposed
into indicator modules (we can thus identify any summand M; with its support), then:

R* — R

e Usingw : M; — 1,¢: M; — { " . A($>Mi’£ ) and op = kth maximum, where

I, is the diagonal line crossing x, and A(-, £) denotes the tent function associated to any
segment ¢/ C R", induces the kth multiparameter persistence landscape (Vipond, 2020).
R™ x R* — RY

p,q Hw/(Miﬁ[p7Q]) '¢/(Miﬂ[paQ])
op = op’, where op’, w’ and ¢’ are the parameters of any persistence diagram representation
from Perslay, induces the multiparameter persistence kernel (Corbet et al., 2019).
R* — R

xr exp(—mingeLd(m,Mi’£)2/02)
op = Y, where L is a set of (pre-defined) diagonal lines, induces the multiparameter
persistence image (Carriere & Blumberg, 2020).

-Usingw:MiH1,¢:MiH{ and

and

e Using w : M; — vol(M;), ¢ : M; — {

Concerning the first two approaches, it is worth noting that they do not depend on the decompositions
and the global geometric shapes of the support of the summands since they are equivalent to the rank
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invariant. In particular, it is easy to build different modules with same rank invariants and thus same
landscapes and kernels (see (Loiseaux et al.} 2022} Section 7.1) for examples). On the other hand, the
third approach does use the module decomposition but is known to be unstable (Figure 11 in (Botnan
& Lesnickl 2018)) provides two modules that are close in the interleaving distance but that also have
multiparameter persistence images that are far away from each other). In the next section, we study
representations that allow to encode the summand shapes while also enjoying stability guarantees.

3.2 METRIC PROPERTIES

In this section, we study specific parameters within our framework in Definition [3.1} and prove
associated theoretical properties about their associated representations.

Definition. We begin by defining parameters that we call geometric and stable (GS) in the sense that
they capture shape information about the summands, and that they also lead to robust representations.

Definition 3.3. The geometric and stable (GS) representation parameters are:

1. the weight function w : M — sup{e > 0: 3y € R"s.t. £, . C supp (M)}, where ¢, . is
the segment betweeny —e - [1,...,1Jandy +¢-[1,...,1],

2. the individual summand representations ¢5(M) : R™ — R:
(@) ¢s(M)(x) = %w(supp (M)NRys), (b)gs(M)(x)= (2(%)” vol (supp (M) N Ry 5),
(©) ¢5(M)(2) = (gzy suPy 5 {vOl(Rur60) : Ror 50 C supp (M) N Ry 5},

where R, s is the hypersquare {y e R" : 2 —d <y <z +d} CR", d:=6-[1,...,1] €
R™ for any § > 0, and vol denotes the volume of a set in R".

3. the permutation invariant operators op = Y, and op = sup.

In other words, our weight function is the length of the largest diagonal segment one can fit inside
supp (M), and summand representations (a), (b) and (c) are largest diagonal length, volume, and
largest hypersquare volume one can fit locally inside supp (M) N R, 5 respectively.

Equipped with these GS parameters, we can now define the two following GS representations, that
can be applied on any multiparameter persistence module M = ®;2 ; M;:

N w(M)P
Vos (M) =Y w5 (M), | €R,, 2
p76( ) P Zj_l 'U.)(M])p ¢5( ) or some p + ( )

Ve s(M) = sup gs(M;). 3)

These GS parameters allow for some trade-off between computational cost and the amount of
information that is kept: (a) and (c) are very easy to compute on interval modules, but (b) encodes
more information about summand shapes. See Figures [I] (right) and 2b|for visualizations.

Stability. The main motivation for introducing our GS representations is that one can show that
they are stable in the interleaving and bottleneck distances, as stated in the following theorem. We
assume that persistence modules have support included in a compact set X' C R" for simplicity (but
our results extend straightforwardly to modules restricted to K if their supports are infinite).

Theorem 3.4. LetM = & M,; and M’ = EB}”ZIIM | be two multiparameter persistence modules that
w(M;), 2 > jw(Mj) > C,

' m/

can be decomposed with indicator modules. Assume that we have % >
for some C' > 0. Then for any parameter § > 0, one has

%

IV6,5() — Vs (M), < 2(dn (M, M) A 6)/5. @
Vi1 = Va0l < |1+ 3] (anoa 1) A o)/, ®)
Vo) — VM), < (s, 1) 1)/ ©
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These results are the main theoretical contribution in this work, as the only other decomposition-based
representation in the literature (Carriere & Blumberg, [2020) has no such guarantees. The other
representations (Corbet et al., 2019; [Coskunuzer et al., 2021} |Vipond, 2020) enjoy similar guarantees
than ours, but are computed from the rank invariant and do not exploit the information contained in
decompositions. Theorem shows that our GS representations bring the best of both worlds: they
are richer than the rank invariant and stable at the same time.

A proof of Theorem [3.4] can be found in Appendix [C] One might worry that the minimum with ¢
encountered in the upper bounds in Theorem [3.4] show that our GS representations are too stable
and not discriminative enough for practical purposes; while we did not observe such behaviour in
our numerical experiments, we also provide an additional stability result with a similar, yet slightly
different representation in Appendix B} with an associated upper bound without minimum.

Remark 3.5. Our GS representations are injective on indicator modules: if the support of two modules
are different, then the GS representations (evaluated on a point that belongs to the support of one
summand but not on the support of the other) will differ, provided that ¢ is sufficiently small.

4 NUMERICAL EXPERIMENTS

In this section, we illustrate our GS representations with numerical experiments. First, we explore
the stability theorem in Section 1| by studying the convergence rates of our GS representations on
various data sets. Then, we showcase the efficiency of our GS representations on classification tasks
in Section@ Our code for computing GS representations is based on the MMA (Loiseaux et al.,
2022) and Gudhi (The GUDHI Project} [2022)) libraries and is publicly availableﬂ and described in
Appendix [D] We also provide a few (favorable) running time comparisons in Appendix [E]

Decomposition. Our GS representations require to compute a persistence module decomposition
first. Many different approaches can be used for this task (Loiseaux et al., 2022} |Dey & Xin, [2022;
Cai et al.| [2020; [Lesnick & Wright, 2015). In our experiments, we always use the MMA approximate
decomposition (Loiseaux et al.,|2022) because of its simplicity and rapidity.

4.1 CONVERGENCE RATE

In this section, we study the convergence rate of our representation with respect to the number
of sampled points. Similar to the single parameter persistence setting (Chazal et al., |2015)), these
rates are derived for free from our stability theorem. Indeed, since concentration inequalities for
multiparameter persistence modules have already been showed in the literature, these concentration
inequalities apply directly to our representations. Note that while Equations and (8), which
provide such rates, are stated for GS representation (3), they also hold for GS representation (2).

Measure bifiltration. Let 1 be a compactly supported probability measure of R, and let j,, be
the discrete measure associated to a sampling of n points from . The measure bifiltration associated
to /1 and jup is defined as 77, := {o € RP : u(B(x,r)) < t}, where B(z, r) denotes the Euclidean
ball centered on x with radius r. Now, let M and M],, be the multiparameter persistence modules
obtained from applying the homology functor on top of the measure bifiltrations F* and F#~. These
modules are known to enjoy the following stability result (Blumberg & Lesnick, 2021, Theorem 3.1,
Proposition 2.23 (i)):

dr(M, M) < dpy (1, ) < min(dfy (u, pn) 2, diy (1, 102) 77,

where dj}, and dp, stand for the p-Wasserstein and Prokhorov distances between probability mea-
sures. Combining these inequalities with Theorem [3.4] then taking expectations and applying the
concentration inequalities of the Wasserstein distance (see (Leil 2020, Theorem 3.1) and (Fournier &
Guillin, 2015, Theorem 1)) lead to:

OF [|[Veo,s (M) — Voo s (M) ] < (cp,qE(|X|q)n*(zﬁ)A%fé 10ga/qn) o

wherea =2if2p=q=d,a =1ifd # 2pand g = dp/(d—p) AN2porqg>d=2pand o« = 0
otherwise, ¢, 4 is a constant that depends on p and ¢, and X is a random variable of law .
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Cech complex and density. A limitation of the measure bifiltration is that it can be difficult to
compute. Hence, we now focus on another, easier to compute bifiltration. Let X be a compact
d-submanifold of R” (d < D), and z be a measure on X with density f with respect to the uniform
measure on X. We now define the 1-critical bifiltration F"/ with:

fi’vf = Cech(u) N f_l([v,oo)) = {a? cRP . d(z,X) <u, f(zx) > U}.

Moreover, given a set X,, of n points sampled from p, we also consider the approximate bifiltration
FCIn where f,: X — Ris an estimation of f (such as, e.g., a kernel density estimator). Let Ml and
M, be the multiparameter persistence modules associated to F<>/ and F¢>7». Then, the stability of
the interleaving distance (Lesnick, [2015 Theorem 5.3) ensures:

dI(Man) < ”f* anoo \/dH(XaXn)’

where dg stands for the Hausdorff distance. Moreover, concentration inequalities for the Hausdorff
distance and kernel density estimators are also available in the literature under some conditions (see
(Chazal et al.| 2015 Theorem 4) and (Kim et al., 2019} Corollary 15)). More precisely, when the
density f is L-Lipschitz and bounded from above and from below, i.e., when 0 < fin < f <
Sfmax < 00, and when f,, is a kernel density estimator of f with associated kernel k, one has:

log(1/hy,)

logn a
B ) S (E0) T and B(1S  fulle) S LhaBAIE L) + 220,

where h,, is the (adaptive) bandwidth of the kernel k, and K is a random variable of density k. In
particular, if p is a measure comparable to the uniform measure of a d = 2-manifold, then for any
stationary sequence h,, := h > 0, and considering a Gaussian kernel k, one has:

1
JE [||Voo,5<M) - Voo,&(Mn)”oo} ,S \/?+ L\/ QIOg(d)h (8)

Empirical convergence rates. Now that we have established the theoretical convergence rates of
our GS representations, we estimate and validate them on data sets. We will study a synthetic data set
and a real data set of point clouds obtained with immunohistochemistry.

Annulus with non-uniform density. In this synthetic example, we generate an annulus in R? with a non-
uniform density, displayed in Figure Then, we compute the bifiltration 7<= corresponding to the
Alpha filtration and the sublevel set filtration of a kernel density estimator, with bandwidth parameter
h = 0.1, on the complete Alpha simplicial complex. Finally, we compute the representations (see
Figure[2b) of the associated multiparameter module (in homology dimension 1), and their normalized
distances to the target representation, using either ||||§ or ||-|| .- The corresponding distances for
various number of sample points are displayed in log-log plots in Figure One can see that the
empirical rate is roughly consistent with the theoretical one (—1/2 for ||-|| and —1 for ||-||,), even
when p # oo (in which case our GS representations are stable for dg but not for d).

Immunohistochemistry data. In our second experiment, we consider a point cloud representing cells,
taken from (Vipond et al.| 2021), see Figure @ These cells are given with biological markers, which
are typically used to assess, e.g., cell types and functions. In this experiment, we first triangulate
the point cloud by placing a 100 x 100 grid on top of it. Then, we filter this grid using the sublevel
set filtrations of kernel density estimators (with Gaussian kernel and bandwidth A = 1) associated
to the CD8 and CD68 biological markers for immune cells. Finally, we compute the associated
multiparameter modules in homology dimensions 0 and 1, and we compute and concatenate their
corresponding GS representations. The convergence rates are displayed in Figure[3b] Similar to the
previous experiment, the theoretical convergence rate of our representations is upper bounded by the
one for kernel density estimators with the co-norm, which is of order ﬁ with respect to the number

n of sampled points. Again, the observed convergence rate are consistent with the theoretical ones.
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Figure 3: Convergence rate of immunofluorescence data set.
4.2 CLASSIFICATION

We illustrate the efficiency of our GS representations by using them for classification purposes. We
show that they perform comparably or better than existing topological representations as well as
standard baselines on UCR benchmark data sets. We work with point clouds obtained from time
delay embedding on time series from the UCR data sets, following the procedure of
[2020). Furthermore, we show that on the immunohistochemistry data set of point clouds
from the previous section, where each point cloud represents single cells of a given type (CDS8, CD68,
etc), our method is significantly better than the competition. In both tasks, every point cloud has a
label (corresponding, e.g., to the type of its cells in the immunohistochemistry data), and our goal is
to check whether we can predict these labels using the bifiltration defined in the previous section.
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We also compare the performances of our GS representations (evaluated on a 50 x 50 grid) to the
one of the multiparameter persistence landscape (MPL) (Vipond, 2020), kernel (MPK) (Corbet;
et al., [2019) and images (MPI) (Carriere & Blumberg, 2020) I’} We also compare to some non-
topological baselines: we used the standard Ripley function evaluated on 100 evenly spaced samples
in [0, 1] for immunohistochemistry data, and k-NN classifiers with three difference distances for
the UCR time series (denoted by B1, B2, B3), as suggested in (Dau et al., 2018)). All scores on
the immunohistochemistry data were computed with 5 folds after cross-validating a few classifiers
(random forests, support vector machines and xgboost). We also evaluated the performances of
a few different GS representation parameters p and J separately. For the time series data, our
accuracy scores were obtained after also cross-validating the following GS parameters; p € {0, 1},
op € {sum, mean}, 6 € {0.01,0.1,0.5,1}, h € {0.1,0.5,1, 1.5} with homology dimensions 0 and
1. All results can be found in Tables |I| (immunohistochemistry) and |Z| (time series—note that there
are no variances since train/test splits were provided in the data sets). One can see that our GS
representations almost always outperform topological baselines, and are comparable to the standard
baselines on the UCR benchmarks. Most notably, all tested GS parameters showed improvement over
the baselines for the immunohistochemistry data.

Dataset Bl B2 B3 MPK MPL MPI Ours

DPOAG | 62.6 626 770 || 676 705 719 | 71.9

ppoc || 71.7 725 717 || 746 69.6 717 | 73.8

Ours | p 5 Accuracy (%) DPTW || 63.3 633 590 || 612 561 619 | 62.6
— PPOAG | 785 785 805 | 780 785 810 | 819

10 74.14+2.9 proC || 80.8 790 784 | 787 787 818 | 794

_ -3 PPTW || 70.7 75.6 756 || 795 732 761 | 75.6

1 107 4 75.6 £3.4 ECG200 || 88.0 88.0 770 || 770 740 83.0 | 83.0

10 68.7 £ 3.0 IPD 955 955 950 | 807 786 719 | 81.2

=) MI 684 747 737 || 554 557 600 | 64.3

1073 77.81+ 2.0 P 962 100.0 100.0 | 924 848 97.1 | 99.0

- 0] 10 76.0 £ 3.3 SL 789 84.6 792 || 782 646 838 | 83.8
—4 GP 913 913 907 || 887 940 90.7 | 96.3

10 70.5£3.0 GPAS |/ 89.9 965 918 || 93.0 851 905 | 88.0

MPL - - 60.5 + 3.5 GPMVF | 975 975 997 || 968 883 959 | 953
: - - GPOVY [ 952 965 838 | 99.0 97.1 100.0 | 100.0
Ripley 67.2+2.3 PC 933 922 878 || 856 844 867 | 93.1
sc 880 983 993 || 507 603 600 | 613

Table 1: Accuracy scores for immunohisto-
chemistry data. Table 2: Accuracy scores for time series.

5 CONCLUSION

In this article, we study the general question of representing multiparameter persistence modules in
Topological Data Analysis. We first introduce a general theoretical framework that allows to recover
existing approaches in the literature, as well as to define new ones. Then, we identify and prove the
stability of some specific representations in that framework, that we call geometric and stable (GS)
representations since they are able to encode the shapes of the summands comprised in the modules,
making these representations more powerful than already existing ones. We finally showcase the
stability and efficiency of these GS representations in various theoretical and numerical applications
about statistical convergence and classification accuracies.

Several questions remain open for future works:

* The framework that we introduced in Definition [3.]is similar to the Perslay framework of
single parameter persistence (Carriere et al., 2020). In this work, each of the framework
parameter was optimized by a neural network. It is thus natural to investigate whether one
can optimize the module representation within our framework in a data-driven way as well.

* In our numerical applications, we focused on representations computed off of MMA decom-
positions (Loiseaux et al.;[2022)). In the future, we plan to investigate whether working with
other decomposition methods (Cai et al., [2020; |Dey & Xin, |2022)) lead to better numerical
performances when combined with our representation framework.

* Even though our experiments were done on data sets equipped with bifiltrations, our code
and framework is well-defined for any number of filtrations. Investivating the dependences
and performances of our framework on more than two filtrations is thus of particular interest.

3Note that the sizes of the point clouds obtained from immunohistochemistry were too large for MPK and
MPI using the code provided in https://github.com/MathieuCarriere/multipers)


https://github.com/MathieuCarriere/multipers

Under review as a conference paper at ICLR 2023

REFERENCES

Hideto Asashiba, Emerson G. Escolar, Ken Nakashima, and Michio Yoshiwaki. On approximation of
$28$D persistence modules by interval-decomposables. arXiv:1911.01637 [math], November 2019.
URLhttp://arxiv.org/abs/1911.01637.

Andrew J. Blumberg and Michael Lesnick. Stability of 2-parameter persistent homology.
arXiv:2010.09628 [cs, math], February 2021. URL http://arxiv.org/abs/2010.
09628.

Magnus Botnan and Michael Lesnick. An introduction to multiparameter persistence. In CoRR.
arXiv:2203.14289, 2022.

Magnus Bakke Botnan and Michael Lesnick. Algebraic stability of zigzag persistence modules.
Algebraic & Geometric Topology, 18(6):3133-3204, October 2018. ISSN 1472-2739, 1472-2747.
doi: 10/gkw5xh.

Magnus Bakke Botnan, Steffen Oppermann, and Steve Oudot. Signed barcodes for multi-parameter
persistence via rank decompositions and rank-exact resolutions. arXiv:2107.06800 [cs, math],
July 2021. URL http://arxiv.org/abs/2107.06800.

Mickaél Buchet, Yasuaki Hiraoka, and Ippei Obayashi. Persistent homology and materials informatics.
In Nanoinformatics, pp. 75-95. Springer-Verlag, 2018.

Chen Cai, Woojin Kim, Facundo Mémoli, and Yusu Wang. Elder-rule-staircodes for augmented
metric spaces. In 36th International Symposium on Computational Geometry (SoCG 2020), pp.
26:1-26:17. Schloss Dagstuhl-Leibniz-Zentrum fuer Informatik, 2020.

Gunnar Carlsson. Topology and data. Bulletin of the American Mathematical Society, 46(2):255-308,
2009.

Gunnar Carlsson and Afra Zomorodian. The theory of multidimensional persistence. Discrete &
Computational Geometry, 42(1):71-93, 2009.

Mathieu Carriere and Andrew Blumberg. Multiparameter persistence image for topological machine
learning. In Advances in Neural Information Processing Systems 33 (NeurIPS 2020), pp. 22432—
22444, Curran Associates, Inc., 2020.

Mathieu Carriere, Steve Oudot, and Maks Ovsjanikov. Stable topological signatures for points on 3D
shapes. Computer Graphics Forum, 34(5):1-12, 2015a.

Mathieu Carriere, Steve Oudot, and Maks Ovsjanikov. Local signatures using persistence diagrams.
In HAL. HAL:01159297, 2015b.

Mathieu Carriere, Frédéric Chazal, Yuichi Ike, Théo Lacombe, Martin Royer, and Yuhei Umeda.
PersLay: a neural network layer for persistence diagrams and new graph topological signatures.
In 23rd International Conference on Artificial Intelligence and Statistics (AISTATS 2020), pp.
2786-2796. PMLR, 2020.

Olivier Chapelle, Vladimir Vapnik, Olivier Bousquet, and Sayan Mukherjee. Choosing Multiple
Parameters for Support Vector Machines. Machine Learning, 46(1):131-159, January 2002. ISSN
1573-0565. doi: 10.1023/A:1012450327387.

Frédéric Chazal, Marc Glisse, Catherine Labruere, and Bertrand Michel. Convergence rates for
persistence diagram estimation in topological data analysis. Journal of Machine Learning Research,
16(110):3603-3635, 2015.

Frédéric Chazal, Vin de Silva, Marc Glisse, and Steve Oudot. The Structure and Stability of
Persistence Modules. SpringerBriefs in Mathematics. Springer International Publishing, Cham,
2016. ISBN 978-3-319-42543-6 978-3-319-42545-0. doi: 10.1007/978-3-319-42545-0.

David Cohen-Steiner, Herbert Edelsbrunner, and John Harer. Stability of persistence diagrams.
Discrete & Computational Geometry, 37(1):103-120, 2007.

10


http://arxiv.org/abs/1911.01637
http://arxiv.org/abs/2010.09628
http://arxiv.org/abs/2010.09628
http://arxiv.org/abs/2107.06800

Under review as a conference paper at ICLR 2023

René Corbet, Ulderico Fugacci, Michael Kerber, Claudia Landi, and Bei Wang. A kernel for
multi-parameter persistent homology. Computers & Graphics: X, 2:100005, 2019.

Baris Coskunuzer, Ignacio Akcora, Cuneyt Dominguez, Yuzhou Chen, Zhiwei Zhen, Murat Kantar-
cioglu, and Yulia Gel. Smart Vectorizations for Single and Multiparameter Persistence. In CoRR.
arXiv:2104.04787, 2021.

Hoang-Anh Dau, Anthony Bagnall, Kaveh Kamgar, Chin-Chia Yeh, Yan Zhu, Shaghayegh Gharghabi,
Chotirat Ratanamahatana, and Eamonn Keogh. The UCR time series archive. In CoRR.
arXiv:1810.07758, 2018.

Tamal Dey and Cheng Xin. Generalized persistence algorithm for decomposing multiparameter
persistence modules. Journal of Applied and Computational Topology, 2022.

Tamal K. Dey and Cheng Xin. Rectangular approximation and stability of $2$-parameter persistence
modules. arXiv:2108.07429 [cs, math], August 2021. URL|http://arxiv.org/abs/2108,
07429.

Nicolas Fournier and Arnaud Guillin. On the rate of convergence in Wasserstein distance of the
empirical measure. Probability Theory and Related Fields, 162(3):707-738, August 2015. ISSN
1432-2064. doi: 10.1007/s00440-014-0583-7.

Jisu Kim, Jachyeok Shin, Alessandro Rinaldo, and Larry Wasserman. Uniform convergence rate of
the kernel density estimator adaptive to intrinsic volume dimension. In Proceedings of the 36th
International Conference on Machine Learning (ICML 2019), volume 97, pp. 3398-3407. PMLR,
2019.

Claudia Landi. The rank invariant stability via interleavings. In Research in Computational Topology,
pp. 1-10. Springer, 2018.

Jing Lei. Convergence and Concentration of Empirical Measures under Wasserstein Distance
in Unbounded Functional Spaces. Bernoulli, 26(1), February 2020. ISSN 1350-7265. doi:
10.3150/19-BEJ1151.

Michael Lesnick. The theory of the interleaving distance on multidimensional persistence modules.
Foundations of Computational Mathematics, 15(3):613-650, 2015.

Michael Lesnick and Matthew Wright. Interactive visualization of 2D persistence modules. In CoRR.
arXiv:1512.00180, 2015.

Michael Lesnick and Matthew Wright. Computing Minimal Presentations and Bigraded Betti
Numbers of 2-Parameter Persistent Homology. arXiv:1902.05708 [cs, math], February 2022. URL
http://arxiv.org/abs/1902.05708.

David Loiseaux, Mathieu Carriere, and Andrew Blumberg. Efficient Approximation of Multiparame-
ter Persistence Modules. In CoRR. arXiv:2206.02026, 2022.

Steve Oudot. Persistence theory: from quiver representations to data analysis, volume 209 of
Mathematical Surveys and Monographs. American Mathematical Society, 2015.

Sedat Ozer. Similarity domains machine for scale-invariant and sparse shape modeling. IEEE Trans.
Image Process., 28(2):534-545, 2019. doi: 10.1109/TIP.2018.2868380.

Adrien Poulenard, Primoz Skraba, and Maks Ovsjanikov. Topological function optimization for
continuous shape matching. Computer Graphics Forum, 37(5):13-25, 2018.

Rail Rabadan and Andrew Blumberg. Topological data analysis for genomics and evolution.
Cambridge University Press, 2019.

Mohammad Saadatfar, Hiroshi Takeuchi, Vanessa Robins, Nicolas Francois, and Yasuaki Hiraoka.
Pore configuration landscape of granular crystallization. Nature Communications, 8:15082, 2017.

The GUDHI Project. GUDHI User and Reference Manual. GUDHI Editorial Board, 3.6.0 edition,
2022. URL https://gudhi.inria.fr/doc/3.6.0/.

11


http://arxiv.org/abs/2108.07429
http://arxiv.org/abs/2108.07429
http://arxiv.org/abs/1902.05708
https://gudhi.inria.fr/doc/3.6.0/

Under review as a conference paper at ICLR 2023

Oliver Vipond. Multiparameter persistence landscapes. Journal of Machine Learning Research, 21
(61):1-38, 2020.

Oliver Vipond, Joshua Bull, Philip Macklin, Ulrike Tillmann, Christopher Pugh, Helen Byrne, and
Heather Harrington. Multiparameter persistent homology landscapes identify immune cell spatial
patterns in tumors. Proceedings of the National Academy of Sciences of the United States of
America, 118(41), 2021.

Andrew P. Witkin. Scale-space filtering. In Readings in Computer Vision: Issues, Problems,
Principles, and Paradigms, pp. 329-332. Morgan Kaufmann Publishers Inc., San Francisco, CA,
USA, January 1987. ISBN 978-0-934613-33-0.

A ADDITIONAL BACKGROUND

Definition A.1. Let n € N* and F = {FM) ..., F} be a multi-filtration on a topological
space X. Let e,b € R”, and fe; : R — R™ be the line in R™ defined with le () =t - e+ b,
that is, {e is the line of direction e passing through b. Let Fe; : R — P(X) defined with
Fop(t) = Ny FO([lo,5(t)]:), where []; denotes the i-th coordinate. Then, each F is a single-
parameter filtration and has a corresponding persistence diagram, or barcode Be p. The set B(F) =
{Beyp : €,b € R"} is called the fibered barcode of F.

The two following lemmas from (Landi, 2018) describe two useful properties of the fibered barcode.

Lemma A.2 (Lemma 1 in (Landi, [2018)). Let e,b € R" and le , be the corresponding line. Let
é = min;[e];. Let F, F' be two multi-filtrations, M, M be the corresponding persistence modules
and Be, € B(F) and B, € B(F') be the corresponding barcodes in the fibered barcodes of F

and F'. Then, the following stability property holds:
dr (M, M)

€

dp (Be,ba ;,b) < ©)
Lemma A.3 (Lemma 2 in (Landil 2018)). Lete,€’,b,b’ € R™ and lep, Ler 1y be the corresponding
lines. Let é = min;[e]; and ¢ = min,[€’];. Let F be a multi-filtration, M be the corresponding
persistence module and Be p, Ber v € B(F) be the corresponding barcodes in the fibered barcode of
F. Assume M is decomposable Ml = @ | M;, and let K > 0 such that M; C B, (0, K) := {x €
R™ : ||z||, < K} foralli € [1,m]. Then, the following stability property holds:

(K + max{[|blloc , [l }) - lle — el + 116 = V'l

e-é

dB(Be,p; Ber ) < (10)

B AN ADDITIONAL STABILITY THEOREM

In this section, we define a new GS representation, with a slightly different type of upper bound. It
relies on the notations introduced in Appendix [A] We also slightly abuse notations and use M; to
denote both an indicator module and its support.

Proposition B.1. Let o > 0, and let 0 < § < §(M), where
(M) := inf{d > 0 : I'yy achieves dp(Be, o, Ben,z+su) forall z,us.t. ||ufl , =1, (ea,u) = 0},

where Ty is the partial matching induced by the decomposition of M. Let N (z,c) denote the

R* —R
Sfunction N (z,0) : b o exp (_ ”p2_;2”2) and let

R — R

V};,U(M):{ T maXi<icm MaXecsnr) N (@ o) Il an

where C(x,d, M;) stands for the set of indicator functions from R™ to {0,1} whose support is
T5(£) N M;, where { is a connecting component of im(le, ) N M; andea = [1,...,1] € R", and
where Ts({) is the 5-thickening of the line L({) induced by {: Ts(¢) = {x € R* : ||z, L({)| . < &}

lloo

12
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Then, Vs, satisfies the following stability property:
1Vio (M) = Vso (M) o < (VT0)" - /274167 Ldr (M, M) + Cn (9), (12)

where C.,(+) is a continuous function such that C,,(0) — 0 when 6 — 0.

Proof. Let M = @ | M, and M’ = EB?LllM 1 be two persistence modules that are decomposable
into indicators, let x € R¥ and let 0 < 6 < min{d(M), §(M')}.

Notations. We first introduce some notations. Let N (resp. N') be the number of bars in Be,
(resp. B ,z)» and assume without loss of generality that N < N ’. Let T be the partial matching
achieving dB( en,zs Bb N 2)- Let Ny (resp. N2) be the number of bars in B, , that are matched
(resp. not matched) to a bar in B, o under I', so that N = N; + N,. Finally, note that Be, , =
{€ : Jisuchthat £ € C(im(Le, ) N M;) and im(le, ) N M; # 0}, where C stands for the set
of connected components (and similarly for B, ), and let F : Be, » — BJ A,z De a function
defined on all bars of B, , that coincides W1th F on the Ny bars of B, , that have an associated
barin By, ., and that maps the N, remaining bars of Be, . to some arbitrary bars in the (N’ — Ny )

remaining bars of B,

A reformulation of the problem with vectors. We now derive vectors that allow to reformulate
the problem in a useful way. Let V be the sorted vector of dimension N containing all weights
|N(z,0) - f|l;, where f is the indicator function whose support is T5(¢) N M; for some M;, where
¢ € Be, . is a connected component of im({e , ;) N M;. Now, let V" be the vector of dimension N’
obtained by concatenating the two following vectors:

« the vector V/ of dimension N whose ith coordinate is ||\ (x, o) - f'||,, where f’ is the
indicator function whose support is 75 (¢') N M for some M, and ¢’ € By, , is the image

under F of the bar ¢ € B, , corresponding to the ith coordinate of V,ie., ¢’ = Fr 0)
where [V]; = |N(z,0) - f||, and f is the indicator function whose support is T5(¢) N M;,

for some M, . In other words, V7 is the (not necessarily sorted) vector of weights computed

on the bars of B, . that are images (under the partial matching I" achieving the bottleneck

distance) of the bars of B, , . that were used to generate the (sorted) vector V.

en,

« the vector V3 of dimension (N’ — N) whose jth coordinate is |\ (x, ) - f||,, where f’ is
an indicator function whose support is 75 (¢') N M} for some M, and ¢’ € By, , satisfies

¢ ¢ im(Fr). In other words, Vy is the vector of weights computed on the bars of B/, A (0
an arbitrary order) that are not images of bars of Be, , under I'.

Finally, we let V' be the vector of dimension N’ obtained by filling V (whose dimension is N < N”)
with null values until its dimension becomes N', and we let V’ = sort(V") be the vector obtained
after sorting the coordinates of V. Observe that:

V.o (M) (2) = Voo (M) ()] = [V = V'L = [V — sort (V')]s (13)

An upper bound. We now upper bound HV v

. Let ¢ € [1, N']. Then, one has [V], =
N (z,0) - f|l;» where f is an indicator function whose support is T (¢) N M; for some M; with

{ € Be, 5 if ¢ < N and ¢ = ) otherwise; and similarly [V'], = [N (x,0) - f'||;, where f’ is an
indicator function whose support is Ts(¢') N M; for some M} with £ € By, .. Thus, one has:

[V =V'y =[N (z,0) - fll, = [N (z,0) - f]]; |
< |WN(x,0) - f—N(z,0)- f'|, by the reverse triangle inequality
= [[N(z,0) - (f = f)l; by linearity
< |WN(x, )|l If — f'll, by Holder’s inequality
= (Vro)* - (If = f'lly

13
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Since (f — f’) is an indicator function whose support is (75(¢) N M;)A(T5(¢') N Mj), one has
Nf=rflly = \/|(T5(£) N M;)A(T5(¢') N M;)|. Given a segment £ and a vector u, we let £y, denote
the segment u + ¢, and we let /" denote the (infinite) line induced by ¢,,. More precisely:

2 !
I = F'llz = [(Ts(€) 0 M) A(T5(€") N M)
= [ nan)a @) n )
where u ranges over the vectors such that |luf| <, (u,ea) =0

< [ I n)AE@) 0 1) du

< /u [(€% N M) AL M )| + [(60 M) o AN M)u| 4+ (600 M) o A((E)" N M;)|du
< / 4dB(BeA7-'L'7 BeA,-'L"'Fu) + 4dB(BeA7-'L'7 B:aA,w) + 4dB(B:aA,x7 Bt/eA,w—&-u)du (14)

< 4/ . + di(M, M) + [[u]l. du by LemmafAZand[&3]

Inequality (T4) comes from the fact that the symmetric difference between two bars (in two different
barcodes) that are both matched (or unmatched) by the optimal partial matching is upper bounded
by four times the bottleneck distance between the barcodes, and that (by assumption) the partial
matchings achieving dg(Be, o, Ben z+u) and dg (B B! ) are induced by Ml and M.

ea,zr Pea,a+u
Conclusion. Finally, one has
[Vs.0 (M) (2) — V.o (M')(2)| = [V = V']y = [V — sort(V")]; from Equation
<SIV =Vl
< (Vao)h - /20 5m = Tdy (M, M) + C (6), (15)
with Cy,(6) = 8 [, |lul|, du — 0 when § — 0. Inequality comes from the fact that any upper

bound for the norm of the difference between a given vector V' and a sorted vector V, is also an

upper bound for the norm of the difference between the sorted version V' of V' and the same vector
V (see Lemma 3.9 in (Carriere et al.,[2015b))). ]

While the stability constant is not upper bounded by 4, V5 . is more difficult to compute than the GS
representations presented in Definition [3.3]

C PROOF OF THEOREM [3.4]

Our proof is based on several lemmas. In the first one, we focus on the GS weight function w as
defined in Definition 3.3]

Lemma C.1. Let M and M’ be two indicator modules with compact support. Then, one has

di(M,0) = sup  min(d; — bj)y = w(M). (16)

b,desupp(M) 7

DN =

Furthermore, one has the equality

lw(M) —w(M")| < di(M, M"). (17)

Proof. We first show Equation (I6) with two inequalities.

First inequality: < Let M be an indicator module. If d;(M,0) = 0, then the inequality is trivial,
so we now assume that dy(M,0) > 0. Let § > 0 such that § < dy(M,0). By definition of dj, the
identity morphism M — M 2] cannot be factorized by 0. This implies the existence of some
b € R™ such that rank(M (b) — M (b + 24)) > 0; in particular, b, b + 28 € supp (M ). Making ¢
converge to di(M, 0) yields the desired inequality.

14
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Second inequality: > Let (K, ),en be a compact interval exhaustion of supp (M), and b,,, d,, € K,
be two points that achieve the maximum in

1
— sup min(d; — bj)+.
2 pdeK, I

Now, by functoriality of persistence modules, we can assume without loss of generality that b,,
and d,, are on the same diagonal line (indeed, if they are not, it is possible to transform d,, into

cZn such that b,, and dNn are on the same diagonal line and also achieve the maximum). Thus,
rank(M (b,) — M(dy)) > 0, and dy(M,0) > 3 ||dy, — by || .. Taking the limit over n € N leads to
the desired inequality.

Inequality follows directly from the triangle inequality applied on dj.
O

In the following lemma, we rewrite volumes of indicator module supports using interleaving distances.

Lemma C.2. Let M be an indicator module, and R C R™ be a compact rectangle, with n > 2. Then,
one has:

vol (supp (M) N R) = 2/

d M 7O d)\n—l(y)
{yeR™:y,, =0} I( ‘lyﬂR )

where l,, is the diagonal line crossing y, and A"~ denotes the Lebesgue measure in R™ 1,

Proof. Using the change of variables y; = x; — x,, and ¢ = x,, (which has a trivial Jacobian) yields
the following inequalities:

vol(supp (M) N R) = / d\"(z)
supp(M)NR

= / / ]]-supp(M)ﬂR(y + t) dtdA™ ! (y)
{yeR™:y, =0} JteR
— / diam . (supp (M) NIy NR) d)\”fl(y)
{yeRn:yn:O}
where [, is the diagonal line passing through y. Now, since M is an indicator module, one has
diamy.| (supp (M) NI, NR) = 2d1(M|l g+ 0), which concludes the proof.
R Y
O

In the following proposition, we provide stability bounds for single indicator modules.

Proposition C.3. If M and M’ are two indicator modules, then for any § > 0 and GS parameter ¢
in Definition[3.3] one has:

1. 0 < gs(M)(z) < w A1, for any v € R,

2. [lgs(M) = ¢s(M")|| oo < 2(dr(M, M) A )/

Proof. Claim 1. is a simple consequence of Equation (16).
Claim 2. for GS parameter (a) is a simple consequence of the triangle inequality.
Let us prove Claim 2. for (b). Let z € R™ and § > 0. One has:

/ 2 / n—1
050 (@) s (M) < g [ (Ml 0) — i (M, 00) 1N 0

2 / n—1
(26)m ~/{y:yn—0} dy <M|1ymRm,57M |zymRM> A" (y)

< 2(dy(M,M')N8)/6,

A

15
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where the first inequality comes from Lemma [C.2] the second inequality is an application of the
triangle inequality, and the third inequality comes from Lemmal[A.2}

Finally, let us prove Claim 2. for (¢). Letz € R" and § > 0. Let b < d € supp (M) N R, 5. Let
also y > 0. Then, using Lemma|[C.2] one has:

1 2 e
(26)" o vol(supp (M) N Rya) = W »/{yG]R” — dI(M}Rb,dmy’O) ")

<2 2
<5 @ | (M 0) AN (y),
5 (25) {yeRn:ynzo} ’Rb+‘y,d——ymly
|RM)- If b+ ~ or

) =~ > di(M, M') which is impossible. Thus,

using the convention R,;, = @ if a £ b. Now, set v := dI(MfR’ 57M’

d—~ & supp (M) thendI(M|RI(;,M”RIJ5

1
(25) VOl(Rb d) < 2d1 M|R /|R:):,5)/6
2

+ sup —— / di(M ,0)dA" " (y)
a,cER, sNsupp(M’) (25)n {yeR™:y,, =0} |Ra,cl’7ly

= 20 (M [, M, )3+ 65 2)

Finally, taking the supremum on b < d € supp (M) N R, s yields
Bs(M)(w) — 65(M)(w) < 2i(M] M|, )/6 < 2(di(M.AL) A ) 6
The desired inequality follows by symmetry on M and M’.

Equipped with these results, we can finally prove Theorem 3.4}

Proof. Theorem

LetM =& M; and M’ = @}”zllM ; be two modules that are decomposable into indicator modules
and x € R".

Inequalltyl 5} To simplify notations, we define the following: w; := w(M;), @i 5 := ¢s5(M;)(x) and
wh = w(M]), ¢} , = ¢s(z, M;). Let us also assume without loss of generality that the indices
are consistent w1th a matching achieving the bottleneck distance. In other words, the bottleneck
distance is achieved for a matching that matches M; with M/ for every ¢ (up to adding O modules in
the decompositions of M and M’ so that m = m’). Finally, assume without loss of generality that

>, wi > Y. w;. Then, one has:

|V1,5( )( ) Vl 5(M/)< ‘ sz¢zm - Z Z (bzz

1 ;L 1
T |Zw(ZS RN ‘zi T SR

Now, for any index 4, since dy(M;, M]) < dg(M,M’) and |w; — w}| < di(M;, M) < dg(M, M)
by Lemma[C.T] Proposition[C.3|ensures that:

|widi 0 — Wi 5| < Jwi = wildia + wildia — & 4| < 2(w; + w;)(ds(M, M) A6)/0

and 1 ) ] < 1 i g mdB(M,M’)
Finally,
Vis(M)(o) Vi o)) < | S 4 e Bt 2(dn(0, 1) 1 3)/0

< [4 + 2] (ds (M, M) A 5) /6.

C
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Inequality 4| can be proved using the proof of Inequality [5| by replacing every w; by 1.
Inequality @ Let us prove the inequality for (b). Let R := R;_s ,+s. One has:

[\

Voo,s(M)(2) = Voo s (M) () =
sup

di(M;|, .,0)d\" " (y)
7 (2 )n »/{yER":y,L—O} |lyﬁR
2 / ! -1
— sup dr(M; ;0)dA" ™ (y)
J (25)71 {yeR":y,,=0} ! {lyﬂR
2
(for any index j) < sup

M, — M n—1
i (25)71 /{yER“:yn_o}dI( 1|lyﬁRa0) dI( J‘lyﬂR’O)d/\ (y)

2
< inf dy(M; M/ dyznt
~(20)" /{ZIER":yn_O} P 1( ‘lvﬂR J‘ly”R) )

(2

(%)

Now, as the interleaving distance is equal to the bottleneck distance for single parameter persistence
(Chazal et al., 2016, Theorem 5.14), one has:

dp(M], M di(M], e M < di(M,M') A6

|lymR) - ’lymR)

sup in}f dI(Mi|l,ymR’ Mjl'|lymR) <
! ;

which leads to the desired inequality. The proofs for (a) and (c) follow the same lines (upper bound
the suprema in the right hand term with either infima or appropriate choices in order to reduce to the
single parameter case). O

D PSEUDO-CODE FOR OUR REPRESENTATIONS

In this section, we briefly present the pseudo-code that we use to compute our GS representations.
Our code is based on implicit descriptions of the decompositions of multiparameter persistence
modules (which are the inputs of our GS representations) through their so-called birth and death
corners. These corners can be obtained with, e.g., the public softwares MMA (Loiseaux et al., |2022)
and RIVET (Lesnick & Wright| 2022).

In order to compute our GS representations, we implement the following procedures:

1. Given an indicator module M and a rectangle R C R", compute the restriction M R

2. Given a module M (or M ] R), compute di(M,0). This allows (combined with the first
algorithm above) to compute our weight function and first summand representation in
Definition 3.3

3. Given a module restricted to a rectangle, compute the volume of the biggest rectangle in the
support of this module. This allows (combined with the first algorithm above) to compute
the third summand representation in Definition [3.3]

For the first point, Algorithm [T corresponds to “pushing” the corners of the module on the given
rectangle in order to obtain the updated corners.

17
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Algorithm 1: Restriction of a module to a rectangle

Data: birth and death corners of a module M, rectangle R = {z €¢ R" : m < z < M}
Result: new_summands_corners, the birth and death corners of M ’ R
for summand = {summand_birth_corners, summand_death_corners} in M do
new_birth_list < [];
for b in summand_birth_corners do
if b < M then
‘ b = {max(b;, m;) fori € [1,n]};
Append b’ to new _birth_list;
end

end
new_death_list + [];
for d in summand_death_corners do
if d > m then
‘ d = {min(di, Mz) for i € ﬂl,nﬂ},
Append d’ to new_death_list;
end

end
new_summands_corners < [new_birth_list, new_death_list];

end

For the second point, we proved in Lemmathat our GS weight function is equal to d;(M, 0) and
has a closed-form formula with corners, that we implement in Algorithm 2]

Algorithm 2: GS weight function

Data: birth and death corners of a module M
Result: distance, the interleaving distance d (M, 0).
distance < 0;
for b in M _birth_corners do

for d in M _death_corners do

‘ distance <+ max (result, % min; (d; — bi)+);

end

end

The third point also has a closed-form formula with corners, leading to Algorithm [3]

Algorithm 3: GS summand representation

Data: birth and death corners of a module M
Result: volume, the volume of the biggest rectangle fitting in supp (M)
volume <+ 0;
for bin M _birth_corners do

for d in M _death_corners do

| volume «— max (result, IT; (d; — b;)1);

end

end

E RUNNING TIME COMPARISONS

In this section, we provide running time comparisons between our GS representations and the MPI
and MPL representations from the literature. It is worth noting that our implementation relies on
an implicit description of the summands in the module decomposition, which are characterized
with their corners (Loiseaux et al.,|2022). This is in contrast with the implementations of the other
representations that are available in the mult ipersﬂ library, which require slicing the modules
with many lines first. This shows from Table [3] where it can be seen that our representations

*nttps://github.com/MathieuCarriere/multipers
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(computed on the pinched annulus and immunohistochemistry data sets defined in Section ) can
be computed much faster than the others, by a factor of at least 25 (all representations are evaluated
on a grid of size 100 x 100, and we provide the maximum running time over p € {0,1, 00}).
All computations were done using a Ryzen 4800 laptop CPU, with 16GB of RAM. Interestingly,
this sparse and fast implementation based on corners can also be used to improve on the running
time of the multiparameter persistence landscapes (MPL), as one can see from our pseudo-code in
Algorithm 4] (which retrieves the persistence barcode of a multiparameter persistence module along a
given line; this is enough to compute the MPL) and from the second line of Table

Algorithm 4: Restriction of a module to a line

Data: birth and death corners of a module M, a diagonal line [
Result: barcode, the persistence barcode associated to M ‘l

barcode + [];
y < an arbitrary point in [;

for summand = {summand_birth_corners, summand_death_corners} in M do

birth « Yy +1x minbEsummand,birth,corners max; bi — Yis
death < y 4+ 1 X maXgesummand.death_corners Min; d; — Yi;

bar < [birth, death];

Append bar to barcode;
end
Annulus Immuno

Ours (GS) 250ms &+ 2ms 275ms + 9.8ms

Ours (MPL) | 36.9ms £ 0.8ms | 65.9ms 4+ 0.9ms
MPI (50) 6.43s + 25ms 5.67s + 23.3ms
MPL (50) 17s £+ 39ms 15.6s + 14ms
MPI (100) 13.1s £ 125ms 11.65s £ 7.9ms
MPL (100) 35s +193ms 31.3s £+ 23.3ms

Table 3: Running times for our GS representations and competitors.
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