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Abstract

Mapper graphs are a widely used tool in topological data analysis and visualization. They
can be viewed as discrete approximations of Reeb graphs, offering insight into the shape and
connectivity of complex data. Given a high-dimensional point cloud X equipped with a function
f: X = R, a mapper graph provides a summary of the topological structure of X induced by f,
where each node represents a local neighborhood, and edges connect nodes whose corresponding
neighborhoods overlap. Our focus is the interleaving distance for mapper graphs, which arises
from a discretization of the interleaving distance for Reeb graphs. Notably, computing both
distances is NP-hard in general. The interleaving distance for mapper graphs quantifies their
similarity by measuring the extent to which they must be “stretched” to become comparable.
Recent work introduced a loss function that provides an upper bound on the interleaving distance
for mapper graphs. More specifically, this loss function evaluates how far a given assignment
is from being a true interleaving and is computationally tractable, offering a practical way to
estimate the distance.

In this paper, we employ a categorical formulation of mapper graphs and develop the first
framework for computing the associated loss function. Since the quality of the bound depends on
the chosen assignment, we optimize this loss function by formulating the problem of finding the
best assignment as an integer linear programming (ILP) problem. To evaluate the effectiveness
of our optimization, we apply it to small mapper graphs where the interleaving distance can
be computed by hand, demonstrating that the optimized upper bound successfully matches the
interleaving distance in these cases. Additionally, we conduct an experiment on the MPEG-7
dataset, computing pairwise optimal mapper loss on a collection of mapper graphs derived from
images and leveraging the distance bound for image classification.

1 Introduction

In order to provide a graphical representation of data, mapper graphs [57] are an increasingly
popular tool arising from the field of topological data analysis, with interest both in theory [2, 16, 20]
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Figure 1: An example of an input space in 2D (a cup from the MPEG-7 data set), and the mapper
graph computed using filtration function given by pixel location on the y-axis is shown at right.

and practice [49, 52, 54, 61, 48]. The basic idea used in practice for defining the mapper graph is
as follows. Given a dataset x which has a distance measure d : x X x — R and a filter function
f:x — R, fix a cover U of the image f(x). Then the mapper graph has a vertex for each cluster
in f~Y(U) for all U € U, and an edge between vertices representing overlapping clusters. In the
more continuous setting, this can be constructed by assuming an input topological space X with a
function f : X — R, and then the mapper graph is the nerve of the connected components of the
inverse cover {f~}(U) | U € U}; see Figure 1 for an example. With this latter viewpoint, we can
view the mapper graph as a discretization of a Reeb graph [50], although that full generalization
will not be used in this work.

A limitation of mapper graphs is that they have largely been restricted to qualitative evaluation
and exploratory data analysis in practical settings. This is due in large part to the fact that
quantitative analysis of the quality of a mapper graph has been restricted to theoretical guarantees
only. Specifically, if we want to evaluate an output mapper graph relative to some ground truth
mapper graph, we need access to a measurement of similarity. While distances between mapper
graphs and Reeb graphs have been defined in theory (see Section 1.2), nearly all are severely limited
in practical applications by computational complexity issues.

In this paper, we focus on the interleaving distance for mapper graphs. This construction arises
from a discretization of the interleaving for Reeb graphs [28], which in turn came from a translation
of this distance for algebraic topological data analysis representations [23, 17, 56] to graph objects.
However, as with nearly all of the available metrics, it is NP-hard to compute in general [11, 17].
In this paper, we use the framework given in [21] to bound the interleaving distance. Formally, we
encode our mapper inputs as cosheaves (see e.g. [26, 51]) of the form F' : Open(U) — Set for a
given cover U. We can define a thickening operation on the elements of Open (i), which amounts
to a discretized version of thickening of open intervals in R, and then define the smoothing of a
functor F™ by post composing with this thickening operation. Then an n-interleaving is a pair of
natural transformations ¢ : F' — G™ and ¥ : G — F™ which commute with each other up to this
thickening operation. The interleaving distance dj(F, G) is given by the minimum n for which such
an interleaving can be found.



1.1 Owur contribution

This paper provides the first framework for providing an optimized bound for the interleaving
distance between mapper graphs. In this section, we give a general description of our results, with
details provided in the rest of the paper. We start with a simple discretization of the real line given
by a simplicial complex K with vertices o; = i and edges 7; between vertices o; and o;41. This
results in a cover of R, with cover elements of the form

{Us; =((i—1)0,(i+1)0) |t e [-L+1,--- ,L —1]}
and intersections of the form
{Us, = (0, G+ 1)3) | i € [~Ly-- , L — 1]},

where we write U = {Us,,} U{Uy,}. We write p € K and similarly U, € U when we want to talk
about cells of either dimension. Since U is a poset, we can give it the Alexandrov topology and then
following [21], we write S™ for the n-thickening of a set S € Open(U) representing a discretized
thickening of intervals in R, (a,b) — (a — n,b+ n). Details of this operation can be found in
Section 2.2.

Definition 2.1 Let F,G : Open(U) — Set be cosheaves and n € Z>p. An n-interleaving is a pair
of natural transformations ¢ : F' = G™ and ¢ : G = F™ such that the diagrams

F[SCS?7)

F(S) y F(S%") F(S™)

psn
¥s

G(s™) GS) ——grgzga— O™

commute for all S € Open(U). The interleaving distance is given by
dr(F,G) = inf{n > 0| there exists an n-interleaving},
and is set to be d(F,G) = oo if there is no interleaving for any n.

In this paper, we work with the idea of an n-assignment, (y,1), which has the structure of the
aforementioned pair of natural transformations but without the commutativity promises that come
either from being natural transformations or from being an interleaving. The loss function given
n [21], L(y,v), is a measure of how much additional shift is needed to turn the given assignment
into an interleaving. The basic idea is that we can work with diagrams that look like those of
the above definition, but that might not commute and define a distance (Equation (1)) between
objects in the terminal set of the diagram. That is, we give a distance df : F(S) x F(S) — R for
every open set S; defined similarly for G. This distance is used to define the amount of thickening
needed before commutativity is promised for each of the diagrams required to ensure the pair gives
an interleaving; these diagrams can also be seen in the Diagram column of Table 1. The losses for
the two triangle-type diagrams for a given n-assignment are denoted L%(gp, ¥) and L2 (p, ); while
the losses for the parallelogram-type diagrams that ensure that the input assignment is actually a
natural transformation are denoted L%’T(go) and L%T(@Z)). Then, these values are collected together
to give a single maximum which defines the full loss function for an input n-assignment. Further
specifics for these computations are given in the full version of the following definition.
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Table 1: The list of loss terms, the relevant diagram, and the matrix multiplication representation.
The final column gives the result taken from the final matrix: either the maximum, or the ceiling
of half the maximum.
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Figure 2: (Left) An example of a line and torus mapper graph, where the latter has a loop of height
11. (Right) Loss function and upper bound computed for this pair of graphs for varying n.

Definition 2.6 Fiz an n-assignment (,1). The (extended basis) loss function is defined to be

180 15080 1 5pSE 1 SuSE 1S, 1S
Ly(p, ) = max {LQ (LSS 50 P,LAP,LVP} (4)
O’<TI€<K
pe

where the max is taken over all cells p € K of any dimension; or of pairs of an edge T adjacent to
a vertex o.

The results is that this loss function, combined with the n chosen for the assignment, can bound
the interleaving distance as seen in the following theorem.

Theorem 2.7 (Cor. of [21, Thm 3.16]) Given an (extended) basis n-assignment ¢ and 1, we
have
dr(F,G) <n+ Lp(e, ).

In Section 3.1, we show that the structure of the input mapper cosheaves can be stored as a
graph, where the graph of F': Open(U/) — Set has a vertex for every element in every F(S,) and
an edge for every F(S;). Then, in Section 3.2, we show that we can represent all used natural
transformations as well as the input assignment in matrices so that the loss function becomes the
maximum entry in a collection of matrix multiplications. Specifically, the distance matrices are
denoted by D, the boundary matrices for the graph representations by B, the inclusion natural
transformations by I, and the assignment information as M, and My, Then each diagram shown
in Table 1 can be checked for the k£ needed for commutativity using the multiplication shown in the
Matrix Multiplication column. Then the loss contribution for each particular diagram comes from
finding either a maximum entry or half the ceiling of the maximum as seen in the final column;
then the theorem promises that the interleaving distance is bounded by d;(F,G) < n + k where k
is the computed loss value by this procedure.

Note that this loss function is dependent on the input n-assignment (¢, ). With a poor choice
of input comes a bad bound. For this reason, we utilize an integer linear programming (ILP) solver
to find an optimal n-assignment, and thus the best available bound n + L(¢, ) for a given n. As
an example, see Figure 2. In this case we look at the interleaving distance between a line graph at
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Figure 3: (Left) Example images for the used categories of images from the MPEG-7 dataset.
(Right) MDS plot computed on the pairwise optimal upper bound for the interleaving distance.
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left and the mapper graph of an upright torus in the middle. We can manually compute that the
interleaving distance in this case is [%1 if the height of the torus loop is h. In the right of Figure 2,
we show the bound found by the ILP for different choices of n for the input n-assignment structure.
This graph includes both the computed loss function, as well as the upper bound which is n + loss.
We see that up ton =3 = [%], the bound actually achieves the true interleaving distance. After
finding the actual interleaving distance, the bound increases since the loss is always 0 so the bound
is simply given by n.

From this example, it is tempting to think that we need only compute the bound for some n
that is less than the true interleaving distance. Unfortunately, in Section 5.2 we give an example of
a pair of graphs for which the bound cannot achieve the interleaving distance. For this reason, we
perform an exponential search over possible n’s to achieve an optimal bound for the interleaving
distance between two given mapper graphs.

In addition to providing simple examples, we also run an experiment on the MPEG-7 data set,
with details given in Section 5.3. The results can be seen in Figure 3. In this experiment, we used
5 classes of images: apples, cups, forks, horseshoes, seasnakes. We construct an MDS plot with the
pairwise distance matrix constructed with our optimized mapper loss. We can see from this example
that different shapes tend to cluster together, though some shapes have more difficulty clustering
than the others. Often, this is due to what the interleaving distance is designed to measure; namely
that the distance will be small for mapper graphs with the same graph and function, so seasnake
examples in different orientations or cups that do or do not have connected handles have large
interleaving distance despite coming from the same class. Section 6 gives additional details on
potential improvements and extensions for the work presented here.

1.2 Related work

The mapper graph can be thought of as a discretization of the Reeb graph [50], which tracks the
connected components of level sets of a topological space. Because a Reeb graph is indeed a graph
with the added structure of a function, one can use any of the many existing graph distances
(e.g. the graph edit distance [32]) to compare Reeb graphs by forgetting the function information.
However, given the topologically-motivated construction of Reeb graphs, a notion of distance that
is sensitive to the function is desirable.

There is now an extensive family of available distances between Reeb graphs, including the



interleaving distance [28, 22], the functional distortion distance [6], the universal distance [7, 5],
the functional contortion distance [5], the bottleneck distance between the relevant persistence
diagrams [19], and graph edit distances [4, 7]. See [13, 59] for surveys. There has been work using
the interleaving distance in particular for evaluating mapper graphs, including showing convergence
for the mapper graph to the Reeb graph [45, 16]. However, those works convert a mapper graph
into a Reeb graph and use the continuous distance whereas in this paper, we directly construct
an interleaving distance between the mapper graphs themselves. There is also extensive work
understanding the effect of the parameter choices on the constructed mapper graph [20, 18, 1].

Further, the idea of the interleaving distance appears widely in the TDA literature for many
kinds of input objects. This includes persistence modules [23], where the definition got its start.
However, the family of distances has expanded to include multiparameter persistence modules
[39, 8], filtered spaces [12], merge trees [43, 9], labeled Reeb graphs [38], labeled merge trees
[44, 33, 60, 27], and more general categorical constructions [29, 41, 25, 15, 37, 55]. However, it has
been shown that in a broad collection of these, computation is NP-hard [11, 10], thus rendering the
interleaving distance to be a tool that is extensively used in theory but never used in practice.

Among these works, most do not include implementation in any form. There are a few exceptions
which we will briefly note, although none of them apply to our setting of mapper/Reeb graphs. The
interleaving distance for labeled merge trees [44] is in P, so implementations are easily available,
such as in [60]. In [27], they use labelings found using Gromov-Wasserstein couplings to give
bound on the interleaving distance between unlabeled merge trees. Finally, [47] uses an ILP on a
formulation of the interleaving distance specific to merge trees [30] to provide bounds on the merge
tree interleaving distance.

2 Background

We now provide the necessary background for this paper, largely following the terminology which
was presented in [21].

2.1 Functors, cosheaves and mapper graphs

We work in a category-theoretic setting and provide a brief overview of the necessary definitions,
with more details provided in [51, 26]. A category C is a collection of objects X, Y, Z, ... along with
morphisms f, g, h,... such that

1. each morphism f has a designated domain X and codomain Y,
2. every object has an identity morphism 1x : X — X,

3. any pair of morphisms f: X — Y and g: Y — Z has a composite morphism go f : X — Z
which satisfies an identity axiom, where f : X - Y =1y o f = f o 1x, and an associativity
axiom, where ho (go f) = (hog)o f.

Many settings in mathematics can be viewed as categories, for example: Set is the category whose
objects are sets and morphisms are set maps; Top, whose objects are topological spaces and
morphisms are continuous functions; and, for a given topological space X, Open(X) is the category
whose objects are the objects are open sets and morphisms are given by inclusion. A category is
small if the collections of objects and morphisms are both sets.

Given two categories C and D, a functor F' : C — D maps each object x € C to an object
F(z) € D and each morphism f: X — Y to a morphism F|[f] : F(X) — F(Y) that satisfies the



following properties: for any X € C, F[lx] = 1p(x); for any f,g € C for which gf[z] is defined, we
have Fgf] = F[g|F[f]. Given two functors F,G : C — D, a natural transformation n: F = G is a
collection of maps nx : F(X) — G(X) such that for any morphism f: X — Y in C, the diagram

F(X) 2 q(X)

X
Jf Pl |t
Y

F(Y) 25 QY)

commutes. One example of a functor is my : Top — Set, where mo(X) denotes the set of path-
connected components of a topological space X, and the morphisms are set maps mo[f] : 7o(X) —
mo(Y') sending a path-connected component A in X to the element f(A) in Y.

In the special case where J is a small category, a diagram is simply a functor F' : J — C. Letting
¢ € C, we abuse notation to define the constant functor ¢: J — C, ¢(j) — ¢ for all j € J. In this
setting, a cocone is a natural transformation A : I — c. We denote A; : F'(j) — ¢ and note that
for any f:j — kin J, Ay o F[f] = Aj. A cocone A : F' — c is a colimit if, for any other cocone
N : F — ¢, there is a unique morphism u : ¢ — ¢ such that the diagram

PG — L p

\/

C
I
I
I

u
<

CI

commutes for all f:j — k in J. We denote this by mI(F).

For the rest of this paper, we turn our attention to functors of the form F' : Open(X) — Set,
called pre-cosheaves. We are particularly interested in the case when a pre-cosheaf is a cosheaf.
In short, a cosheaf is a presheaf that is entirely and uniquely defined by any open cover of
U € Open(X). More rigorously, given an object U € Open(X) and a cover {Uy}aca of U,
define a category U = {U, NUy | a,a’ € A} with morphisms given by inclusion. As these open
sets U, are themselves objects in Open(X), the functor F' : U — Set is well-defined, so we can
consider its colimit A : F' — L. A cosheaf is a functor F' whose unique map L — F(U) given by
the colimit definition is an isomorphism.

2.2 Mapper cosheaves and the interleaving distance

In this section, we show how we can represent the data of a mapper graph as a cosheaf. We assume
that we are given data in the form of a compact topological space with a function f : X — R. Fix a
resolution > 0. We assume Im(f) C [-dL,dL]. This choice of resolution induces a discretization of
[-0L,0L] into a cell complex K where the 0-cells are given by the points {o; := 0 | i € [-L,---, L]},
and edges given by {7; := (0, (i + 1)0) | i € [-L,L — 1]}. Further, this cell complex K induces a
cover of the image with cover elements of the form

{Us; =((1—-1)6,(: +1)0) |t € [-L+1,--- ,L—1]}
and intersections of the form

{Us, = (@0, (i + 1)d) |i € [-L,--- , L —1]}.
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Figure 4: The notation used for the cover of R. At left, we emphasize the difference between the
cover element U,, and the open set in the Alexandrov topology, S,, which is a discrete set of three
objects. At right, we show the 1-thickenings S,, and S;, for the two types of basis open sets.

Together, we write U = {U,, } U{U-,} and note that this is a poset (I, C) given by inclusions. We
write p € K and similarly U, € U when we want to talk about cells of either dimension.

We define open sets in this poset using the Alexandrov topology, following [3] and [21]. Given
this poset (U, C), for any set S C U, the up-set is ST ={U e U | V C U, V € S} and the down-set
is Sy ={U|UCV,VecS} AsetSCUissaid to be open iff S+ = S; equivalently if for any
UecS,and any V C U, V € S. Tt can be checked that this topology has a basis given by the set
of downsets: write S, = {U,}}, then the basis for Open(l) is given by {Sf, | p € K} and we call
S, a basic open set. See the left of Figure 4 for a visualization of this notation.

We will often use these combinatorial subsets of U interchangeably with their geometric real-
ization, given by |S| := (JycgU C R. We can check that this notation is then reasonable on our
set. First, for o; = i6 and Uy, = ((i — 1)6, (i + 1)§) C R, then we have {U,, }¥ = {Ux,,Us,, Ur,,, }
and |{Uy, }}| = U,,. Similarly, for U,, = (id, (i + 1)), {U, }¥ = {U,}, and of course |{Uy, }}| = Uy,.
See Figure 4 for a visual of the notation.

We denote the functor returning the set of connected components of a given topological space
by mp : Top — Set. Then the mapper cosheaf of (X, f) at resolution ¢ is given by the functor

F: OpenlU) — Set
S = mo(fH(IS])

By functoriality of mg, for open sets S C T, F' induces a map
F[S CT]: mofH(IS]) = mof H(IT)),

so that F' satisfies the requirements of being a functor. Furthermore, this functor satisfies the
definitions a cosheaf, which we leave as an exercise to the reader. Thus, we call any functor of the
form F : Open(U) — Set a mapper cosheaf. For notational simplicity, we write the induced map
as F[C]: F(S) — F(T) when S C T is clear from context.

We next show that we can define an interleaving on these mapper cosheaves. Given any open
set S € Open(U), we construct the I-thickening by taking the downset of the upset of S, denoted
by S! = (ST)*. The n-thickening is defined to be n repetitions of this process, given recursively as

an _ S n=20
ClsmHN >



Each S™ is an element of Open(i), if S C T, then S™ C T™. Thus we can view the thickening
operation as a functor (—)" : Open(U) — Open(Uf). It is easy to check that for a basic open S,
1S3 | = ((i —n)d, (i +n)d) and for Sy, |S]| = ((i —n)d, (i +1+4n)d). See the right of Fig. 4 for an
example of 1-thickenings of basic opens.

As shown in previous work [21], the thickening can be used to build an interleaving distance
which compares mapper cosheaf functors F,G : Open(U) — Set. We use F" to denote the com-
position of functors F o (—)" : Open(U) — Set, so that F"(S) = F(S™), and similarly for for G™.
We define an n-interleaving to be a pair of natural transformations ¢ : F = G™ and ¢ : G = F"
given by set maps g : F(S) — G(S™). We note the map at S", pgn : F(S™) — G(S?"), can also
be viewed as constituent maps of a natural transformation " : F" = G?". Therefore, when ¢ is
indeed a natural transformation, we use the notation ¢g» and ¢% interchangeably.

Definition 2.1 Let F,G : Open(U) — Set be cosheaves and n € Z>q. An n-interleaving is a pair
of natural transformations ¢ : ' = G™ and ¢ : G = F™ such that the diagrams

F[SCS?")

F(9) y F(S%) F(S™)
G(S™) G(S) e G5

commute for all S € Open(U). The interleaving distance is given by
dr(F,G) = inf{n > 0| there exists an n-interleaving},
and is set to be d(F,G) = oo if there is no interleaving for any n.

As shown in [21], this definition fits in the framework built by Bubenik et al. [17] and thus it is
an extended pseudometric.

2.3 Loss Function Definition

In this section, we outline the loss function used in this paper, which will largely follow [21] with
some necessary technical modifications noted as they are given. First, we have the idea of an assign-
ment, inspired by [53] and [46], which gives names to collections of morphisms of the structure used
to define an interleaving without guaranteeing these morphisms define a natural transformation.

Definition 2.2 (Modified from [21]) Given functors H,H' : Open(U) — Set, an unnatural
transformation® 7 : H — H’ is a collection of maps ng : H(S) — H'(S) with no additional promise
of commutativity. For a fixed n > 0 and cosheaves F and G, an assignment, or more specifically
an n-assignment, is a pair of unnatural transformations ¢ : F' = G™ and ¢ : G = F™.

An (extended) basis unnatural transformation 1 : H ~» H' for mapper cosheaves H and H' is
a collection of maps

n={ns, : H(S,) = H'(S}) | pe K}U{nsn : H(S}) = H'(S>") | p € K}

for all basis elements S, from p € K. A basis n-assignment (or simply a basis assignment) is a
pair of extended basis unnatural transformations

@ F~~G" and VG~ F"

1A natural transformation is an unnatural transformation which obeys commutativity properties, so the two sets
are not mutually exclusive.
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The modification presented here from [21] is to include the maps 7gy along with 7g, as part of the
basis n-assignment. In the previous paper, we used the fact that the maps ng, could be used to
determine 7g». However, in this paper, the matrix representations introduced in Section 3 do not
allow for easy computation of this extension. Thus, we have modified the definition so that the
maps H(S?) — H(S?") are also given as input. For the remainder of the paper, we use the term
“basis unnatural transformation” to imply the extended definition given here.

We will be taking these basis unnatural transformations and extending them to natural trans-
formations after a shift using a value k.

Definition 2.3 Given a basis unnatural transformation ¢ : F' = G™ and a fixed k, define the basis
unnatural transformation ® : F = G"F by &g = F[S™ C S"*] 0 g for

Se{S;|oce K}U{S}|oe K}.

We adopt the following notation in this paper: when an assignment might not commute, we denote
its maps by lower case ¢ : F' ~» G™ and ¢ : G ~» F™ with squiggly arrows; for assignments which
are constructed to be natural transformations, we denote them by ® : F' = G" and ¥ : G = F"
with double arrows.

We measure the quality of an n-assignment ¢, using collections of distances for all open sets,
{dE | S € Open(U)} and {dS | S € Open(U)}, defined as follows.

Definition 2.4 The distance d% (A, B) for A, B € F(S) is defined to be
d5 (A, B) = min{k > 0| F[S C S*](A) = F[S c S*|(B)}. (1)
If no such k exists, then we set d5 (A, B) = oo.

Note that geometrically, this can be thought of as the smallest integer n such that the connected
components represented by A and B in f~1(|S|) are in the same connected component when
included into f~1(]S™|). Further, we can see that this distance is an ultrametric since if for
A,B,C € F(S), k = max{d5 (A, B),d5(B,C)}, then A, B, and C all map to the same object
in F(S*), and thus d5(A,C) <k.

If ¢ defined a natural transformation, we would have that G[C] o pg = ¢ o F|C] for all S.
Since we do not have that assumption, we look instead to ensuring k is large enough that the
compositions from F(S) to G(T"*) in the diagram

F(s) 25 )

@s\ @1\ (2)

are equal so that ¢ can be extended to an n + k interleaving ® as given in Defn. 2.3. With the
distance definition, this is
k> max df.(ps o FIC)(a), G[C] o ps(a).
a€F(S)
If we also want to ensure that ® and ¥ constitute an interleaving, we need to have that the two

paths in
FIC]

F(S) F(S*) —— F(S2(nth))

. (3)

G(S™)
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from F(S) to F(S*"+*)) are the same, which is equivalent to

k > max { d52n( [C](a),1hsn 0 ps(a ))—‘

a€cF(S)
We give the loss function for each diagram in the following setup.

Definition 2.5 Fiz an n-assignment (,). We define four diagram loss functions:

LE" () = max_df. (%o F[S C T](a), G[S™ € T"] o ps(a))

a€F(S)
LY (W) = ma dfu(y 0 GIS € T)(a), FIS" C T o is(a))
L3 (¢, 9) = R, % don (FIS C 5%"(a), togn 0 905(04))-‘

Lale,v) = max |4+ dGn(GIS € §7")(0), psn 0 (@) .

Putting these ideas together, we have the following definition for the loss function between given
n-assignments.

Definition 2.6 Fiz an n-assignment (¢,1). The (extended basis) loss function is defined to be

Sr,S Sr,S Sm Sp,Sy
= max L3777, L7577, L, Ly,
(90 dj) o<T€K{ B

peEK

LYY 4

where the max is taken over all cells p € K of any dimension; or of pairs of an edge T adjacent to
a verter o.

Again, note the slight modification from the definition given in [21] where two additional terms,
L&’ %% and L?’S‘? , are included in this new loss function. Because the extended basis unnatural
transformation provides the maps pgn : F(SZ) — G(S2") as inputs rather than being determined
from the maps ¢g,, these terms are used to ensure that the resulting ¢ will be a true natural
transformation. Since we are taking a maximum over more inputs, it is an immediate corollary of

Thm. 3.16 in [21] that this function gives a bound on the true interleaving distance between F' and

G.

Theorem 2.7 (Cor. of [21, Thm 3.16]) Given an (extended) basis n-assignment ¢ and 1, we
have

di(F,G) <n+ Lg(p, ).

3 Data Structures

In this section, we show how a given mapper cosheaf F': Open(U/) — Set can be stored as a graph,
and then how given unnatural transformations ¢, can be stored as binary valued block matrices.
Finally, we show that the entries of the basis loss function are represented by matrix multiplication.

12



?0i+2

00;+1

[ Xor;

Ti—2

Figure 5: Example portion of a mapper cosheaf graph representation. For example, the vertices
from F(S,,) are b and ¢; while the edges from F(S,) are bd and cf.

3.1 Representing mapper cosheaves as graphs

Given a mapper cosheaf F' : Open(U) — Set, we will build a graph (Vp, EF) as follows. Recall
that K, the one-dimensional cubical complex discretizing R, consists of vertices o_r,--- , o with
heights contained in the bounding box [—Ld, Ld], along with edges 7; = (0, 0,41). The graph for
the mapper cosheaf F': Open(U) — Set is constructed by generating a vertex for every object in
every F(S,,), an edge for every object in every F(S;,) and connecting them using the constituent
morphisms of F. This resulting vertex and edge sets are Vi = [[2_, F(S,,) and Er = [[25' F(S.,),
noting the difference in index sets is a result of having an edge for every object in every F(S;,),
of which there is one fewer by construction. The endpoints of any edge e € F(S;,) C EF can be

found via the attaching maps:

F[S;, € S,,](e) € F(S,,) and

F[Sﬂ C Sa'i+1](e> € F(SUi+1)'
For example, (c, f) € F(S7,) in Figure 5 has endpoints ¢ € F(U,,) and f € F'(Uy,,,). This data is
stored in a standard adjacency list, noting that each vertex v € F(U,,) stores the associated value
1 as a representation of its height.

We next use F to construct graph representations for both the functors F™ and F?". See
Figure 6 for a figure to follow along. Since building F?" from F" is the same as building F™ from
F' up to indexing, we only focus the construction of F™. For any p € K, F"(S,) = F(S5}), and
because of the cosheaf properties, this means

F"(S)) = colim FI(S) = colim F(Sy). (5)
Sesy S, €sn

If p is a vertex oy, then checking indices shows that the colimit is taken over the set
{peK|SyeS)t={ojljeli—ni+n]}U{r|jeli—n—1i+n]} (6)

The result is that F™(Sy,) is the set of connected components of the graph induced by the vertex
set

T 7., cve (7)

je[i7n7i+n}
Each connected component results in a vertex in the graph representation of F”. Note that this
induced graph does not include any edges representing elements of F'(S;, ) or F(S;,, ) although

Ti+n
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Figure 6: An example pair of input mapper cosheaf graphs, ' and G, are shown in the left column.
The middle and right columns give the n and 2n smoothing of these graphs, respectively. Note that
vertex labels have no correspondence from one graph to the next; instead, they are an artifact of
the construction methods for the later graphs. These examples correspond to the matrix examples
shown in Figures 7 to 10.

these are both sets involved in the colimit of Equation (5). However, since these “half edge” elements
have maps only to F'(Sy,_, ) and F'(S,,, ) respectively, dropping them does not change the resulting
colimit.

Similarly, for an edge 7; € K, the colimit is taken over the set

{(eK|SyesSit={oj|ljeli-n+Li+n]}U{r|je€[i—ni+n]}

and thus is the connected components of the graph induced by vertex set

II 7S, Ve (8)

jE[i—n+1,i+n]

Each connected component of this graph gives an edge in the graph representation of F”. The end-
points of the edges are determined by the induced map on colimits since S7: C Sg and ST C Sz, .

Note that since connected components of a graph (V, E') can be determined in O(|V|+|E|) time
using breadth first search, F* can be built from F in O(L- (|Vp|+|EFr|)) time. Further, during this
construction the natural transformation F' — F™ can be stored at the same time; see Section 3.2.2
for more details on this. Similarly, F2" can be built from F, so getting all four additional graphs
from F' and G can be done in O(L - (|Vp| + |EF|)) time.

Given a graph representation of one of the three functors F, F™ or F?", we need to determine
the distance dg, (v,v") between any two vertices, as defined in Equation (1). Assume the graph
representation for mapper cosheaf H € {F, F", F?"} is given by vertex set V and edge set E, which

14



the stored information that each vertex v € V is associated to a o; and each edge e € F is associated
to a 7. Let v,v' € H(S,,) be given. Ensuring that H[S,, € S¥](v) = H[S,, C S¥](v') is equivalent
to making sure that v and v’ are in the same connected component of the graph induced by the
vertices in Sfji. This amounts to finding the minimum height path between the two vertices, which

can be done via a BFS traversal in O(|Vr| + |EF|) time.

3.2 Representing maps and relationships as block matrices

Our next job is to represent the information of the relevant (un)natural transformations. First,
recall that an (un)natural transformation n : H — H' is a collection of set maps ng : H(S) — H'(S)
for S € {S, | pe K} U{S} | p € K}. Denote the vertex and edge sets for the representations as
(Vi, Eg) and (Vyr, Egs). In particular, this means that each set map sends vertices (resp. edges)
representing elements of H(S,,) (resp. H(S7,)) to vertices (resp. edges) with the same associated
element of K, namely H'(S,,) (resp. H'(S;,)). Thus, we fix a total order on the vertices of each
graph such that if v is associated to o; and v’ is associated to o with ¢ < j, then v < v/. A similar
procedure is done for the edges. Then we store 1 as a pair of block matrices, My € {0, 1}|VH"X|VH |
and Mg € {0,1}/Pa/IXIEul with entry associated to pair (a,a’) equal to 1 iff ns,(a) = a for the
relevant choice of p € K.

Note this means that all non-zero entries are in the blocks given by label sets H'(S,) x H(S,).
Further, every column has exactly one entry of 1 and the rest are 0. We next go through constructing
all the relevant matrices used in the loss function computation.

3.2.1 Boundary Matrices

The boundary matrices describe the relationship between the edges and vertices of a graph repre-
sentation of a given mapper cosheaf. For a mapper cosheaf H € {F, F",G,G"}, this is a matrix
By € {0,1}/PulxIVil with a 1 in entry Byle,v] iff v is an endpoint of e. Unlike the other matri-
ces used, this matrix has two non-zero entries per column. However, we can split it up into two
single-entry column, block matrices as follows. Let B}{ € {0, 1}1PuxIVEl have a 1 in entry Ble, ]
iff v is an endpoint of e for v € F(0;) and e € F(7;); while B}{ € {0,1}/FalxIVil haye a 1 in entry
Ble,v] iff v is an endpoint of e for v € F(o;) and e € F(7;—1). Then By = B; + B%I. See Figure 7
for an example. In this case, we will have eight matrices to work with, which we denote by B},

Bﬁ, B}n, Bli,n, Bg, and Bgn. Note that we do not compute the boundary matrices for either 2
or G?" since, as can be seen in Table 1, these matrices are never used. Because these are simply
matrix encodings of the adjacency information of the relevant graphs, they can be constructed
in O(Viaz © Emae) time during construction, where V., = max{|Vy| | H € F,F",G,G"} and
Free = max{|Eg| | H € F,F",G,G"}.

3.2.2 Inclusion matrices

The inclusion matrices represent the natural transformations F' = F,, = Fy, and G = G,, = Goy,.
Focusing on the first of these, F' = F", the component morphisms take a vertex v € F(S,,)) to
the vertex v' € F™(S,.) representing the connected component containing v’. The edge maps are
determined similarly. Thus the vertex inclusion matrix is written as I}, € {0, 1}VFmXIVFl with a 1
in entry Ip[v’,v] if v is in the connected component represented by v’. A similar matrix is built for
the edges, IE € {0, 1} ErnIXIEF - The result is that each inclusion natural transformation is given
by a pair of matrices, so from this construction we have the matrices I}f, 1 I? , I}V/n, 1 gn, Ig , Ig , I‘G/n,

Ign. See Figure 8 for an example. Note that these matrices all satisfy the block decomposition and
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Boundary Matrices, B

Down boundary, B¢ Up boundary, B
E(F) E(F)
LQUT VO O_ X E:oo C')_Inu3>>g>)<>- QUT UV O _ X Ecoo D'x_vlu3>>;>)<>\

AAAAAAAAAAAAAAAAAAAA

r nan

V(F)
<XE<KCAN-QTOI3 _x..TQ DN T
c oy S S T T

V(F)
<KXE2<KCAW-2TO033 _x..TQ4DQNTO

A S S S S

vvvvvvvvvvvvvvvvvvvvvvvvv -

Figure 7: Example boundary matrices of the graph of F' shown in Figure 6

have exactly one non-zero entry in each column. Also, because they track the representatives of
objects in the n-smoothed connected components, they can likewise be built during the construction
of the smoothed graphs, with only constant overhead.

3.2.3 Distance matrices

The next collection of matrices give the distance from Eqn. (1). In particular, for a pair of vertices
v,w € F(S,), we want to determine the minimum & such that they map to the same object in F(Sf,f).
Equivalently, this is the minimum £ such that v and w are in the same connected component of the
subgraph induced by the vertex set [ s F(S,,). For example, in the graph of F' from Figure 9,
vertices 15 and 22, which are both at level 09, are not in the same connected component until £ = 3
using the path that goes down to vertex 8 and back up; or alternatively the path that goes up to
1 and back down. Similarly, edges (3,15) and (22, 23) have distance 3 since they are connected via
the path through vertex 1.

This distance is stored as a pair of matrices DY € {0, VN and DE € {o, 1HEEN - For
the vertices, D% [u,v] = dg,_ (u,v) if u,v € F(Sy,) C Vp, and is 0 otherwise. The matrix DE is
defined similarly for the clements of F (Sr,). As with previously mentioned matrices, these matrices
have the block structure following the heights in the mapper cosheaf structure. See Figure 9 for
examples corresponding to F' from Figure 6. The result is that we have 12 distance matrices, two
each for the 6 input matrices. However, as we can see from Table 1, only the eight for F" F?"
G™, and G?" need to be calculated.

These distance matrices are calculated from the graph representations as follows. For each level
i € [-L, L], we construct the block for o; in DY and the block for 7; in DE. For the vertex version,
we build a union find data structure by adding the edges in order of the thickening. Recall (and see
Figure 4 for a reminder of the notation), that the elements of F(S¥ ) correspond to the subgraph
induced by the vertices in [;c(;_, ;40 £(So;), which includes the edges in [;cp;_y ;1) F'(S7)-
So for k = 1, we add all the edges for 7;,_1 and 7;, and check to see if any of the vertices in F’ (Sﬁl) are
now in the same connected component. For any pair v and v that are, we set Dg [u,v] = 1. Then for
k = 2, we add the edges for 7;_5 and 7,19, and repeat the same check for pairs that were not already
in the same connected component at & = 1, setting these distances to 2 if they are now in the same
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Inclusion Matrices, Fo = F,

E(Fo)
V(Fo)
COUT VL OC._._¥_EcoQTruns3>3 x>
0 0,1
1 1,2
24 2,3 1
3 3,4
44 4,5
5 57
6 6,8
74 7.9
J 7,10
8] 8,11 1 0
—~ 101 9,11+
R WS 10, 12 4
151 T 11,13
121 11,14 1
12 12, 15 A
] 13, 16 1 nan
151 14, 16 -
161 15, 16 A
171 16, 17 A
18 A 16, 18 A
194 17,19 A
20 18, 20 1
214 19, 214
224 21, 22 A

Figure 8: The inclusion matrices I}, (left) and IE (right) giving the inclusion natural transformation
F = F, for the example shown in Figure 6

Distance Matrix, DY, Distance Matrix, Df,

V(F)
MTNON~0OO
Or-rANMSTNONOIAAAAA A A~ NN

22

CONUARWNE

LNouswNEO

Figure 9: Distance matrix example for F™ from Figure 6
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component. We continue until all pair distances are determined. A similar sweep for each level
is used to construct D% 7, with the difference being that the edges added at step k& are those from
F(Ti—k+1,Ti+k—1)- We will have V4, entries in our union-find data structure, so amortized time
per operation is O(a(Vinaz)), with a total of Epax operations. Thus, since the union find structure
is built at each level, the pair of matrices for a given graph takes time O(L - Eynap - @(Vinaa)), where
a(+) is the inverse Ackermann function.

3.2.4 Assignment matrices

The assignment matrices encode the given n-assignment ¢ and 1. We split these representation
into the portions defined on S, and S7'; and then split these into the portions defined on vertices
p = 0;, and the portions defined on edges p = 7;. The four resulting matrices for ¢ are denoted

MY € {0, 1}VEIVIOL Y e fo, 13V EIXIVEL
Mf € {0, 1HEEMIXIEWE)] ME e {0, 1}|E \><|E(F")|

the four matrices for 1 are denoted similarly.

As with other matrices, these are block matrices aligned with the o; and 7; indices, and have
a single one in every column. Matrix M} has M} [u,v] = 1 iff ¢s,, (u) = v for u € F(S,,) and
v € G(S7). See Figure 10 for an example of the matrices for an input ¢. In this particular
case, the ¢ was randomly generated to place a 1 in each column. Of course, this is an unnatural
transformation since the relevant parallelogram diagram does not commute for this example. In
what follows, we will use this representation in the ILP formulation to find a good choice of
unnatural transformations; thus we need only initialize empty matrices in setup.

3.3 Representing each term in Lz by matrix multiplication

To convert the problem as an ILP, we first show how the entries in the loss function

5,85 157,85 15055 18055 1S, 1S }
= mma L THRo L TR0 L P L P L P L P
“0 7/]) U<T€XK { Y
peK
correspond to matrix multiplication in this setting. Due to symmetry, we limit our discussion to
Sp, . .
LST’S" L & , and L@", however the full list can be found in Table 1.

First, consider the entry for L%T 5o Further, assume for the moment that o is the lower vertex

of 7,80 0 = 0; and T = 7. See the top row of Figure 11 for examples of matrices used in the
following proof.

Lemma 3.1 max; L"* = max {x |« € DY, (MY - Bf - By, - ME) }
Proof 3.1 7To start, fit an ¢ and for simplicity, throughout the proof we write 0 = o; and T = T;.

We are looking for the distance between images landing in the bottom right of the diagram

F(S,) —<h F(S,)

e
ws,

G"(S;) ——

aic G"(Ss).

in order to determine L%“S”. Fiz any element e € F(S;). If it has lower vertex v € F(S,) with
s, (v) =, then the composition along the top of the diagram sends e — v'. This means that the

18



Matrices storing randomly generated ¢

V(G2n)

V(Gp)

— T T T T T T T T T T
E E(
4 NMNITINOOON0NO =N
E(F) A A AAAA A AN NN
o e
(=3 O-H-HANMSTINOWON~N0O -
QUODOw D _ =¥ EcO0p [T-0e3>>3>X> NoorAdadA Ao AN
COUJUT VI oc. 22 ECO0dao s 3sSxK T T S S r nan
P P S ,

i
NOUBMWNKHO
ONOUAWNKH

L

L
L

NOUUBWNRO
WONOUAWN R
L

71 | 5y
~ 7,91 | < 7,91 .
© 8,10 | & 8,101
T 9,114 o 9,114 | ]

10, 12 A -l 10, 12 A
11, 131 11,121
12, 14 -I 12.13 4
13, 14 A 13, 14

14,15 14,15
15, 16
15, 16
16, 17 o
17,184 ,
17 18 |

Figure 10: All the matrices for a random input unnatural transformation ¢ for the example graphs
shown in Figure 6.
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column for e in Mg : Bl{ﬂ has exactly one 1 in the row corresponding to v'. If ps_(e) =€’ € G™(S;)
which has lower vertex v”, then the composition along the bottom of the diagram sends e — v".
Similarly, the column for e in Bén ~M£ has exactly one 1 in the row corresponding to v"’. Writing
A= M;/ : Biﬂ — B}, ‘Mf, the column for e in A is either entirely 0 if v/ = v”; or its only non-zero
entries are A[v',e] =1 and A", e] = —1.

We can then think about left-multiplying the matriz A by the distance matriz D = Dgn. Clearly,
if v/ =" and thus the column in A for e is 0, the column for e in D - A is entirely 0. If v' # 0",
the entries for the column e are

—d(v',v") if u="1'
/

(D - A)u, e] = { d(
(

v’ ") ifu=1"

u,v') — d(u,v") else

where d denotes the distance function d%,. However, since d(u,v') — d(u,v") < d(v',v") by the

triangle inequality, the mazimum entry in the column occurs at entry [v” e]. This means that
S+, \So

L is the maximum in the columns corresponding to e € F(S;,). Further, the mazimum of

S, .S, . .
L7777 over all i is the mazimum over all columns, so the lemma follows.

A similar argument gives the following lemma.

S, S0,
Lemma 3.2 max; L' ' = max{x | z € DY, (MJO/ . B} — Bgn Mf)}

. . . . Sp,Sy . .
Next we turn our attention to the thickening matrix type, L"*, starting with the vertex case
where p = 0.

So. .87
Lemma 3.3 max; L.”” 7' = max {z | z € D{. (MJO/;L I M;/)}

Proof 3.2 We are looking for the distance between images in the bottom right of

F(S,,) 25y prs, )

50591

G (S0.) 5 O (5.

A similar argument to the proof of Lemma 3.1 says that if we have elements in the diagram of the

form
v — v
w
W w'!

then column corresponding to v in DY, (M;/ . B% — Bén Mf) will be entirely 0 if w' = w”; and

will be dg:n (w',w") in the entry [w”,v] otherwise. The lemma follows.

Again, a parallel argument shows the edge thickening diagram contribution.

Sr. 87
Lemma 3.4 max; L' " =max {xz |z € D§. (MZ. - Iy — 1§, - ME)}.
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Parallelogram Matrix, Edge-Vertex, g

My -Bd By -ME My-Bg —Bf -ME DY, (My-B¢ — B - ME)
@OOWLOT——,_ 5200000 DOOWLOT——, =zC000xn DUOWLOT——,_FzCa00xn 0oL OT——, Ez0a.00&n0
<HUOOWLOT W iSZ0a 0  <8U00WLOI_ ¥/ iSZ0a0x  <oU00WGT ¥ iSZ0a 0 1.00 <HUO0UWIW T ISZ0ac g 2-0

(1) 9 (1) e (1) .
24 24 24 ' 24 '
1] 2] 2] 1]
54 54 5 0.50 £ ] 1.0
6] || ¢ &1 &1 i
8 8 8 0.25 8 0.5
18 ﬁ 181 161 . 181
11 A 11 l. 11 0.00 11 .I 0.0
12 A 12 12 12
12 1] P 1] 1
15 1 151 151 —0.25 151 -05
177 17 w177 17
18 18 18 —0.50 184 -10
3 30 30 30
21 A 21 A 21 -0.75 21 A -1.5
22-lllllllllllllllllll 22-lllllllllllllllllll 22-lllllllllllllllllll 22-lllllllllllllllllll

-1.00 -2.0

Parallelogram Thickening Matrix, Vertices, ¢
Y Y14 VovV_ . MY VoMY Y — o MV

Mg, - I¢ lgn-Mg Mg - I¢ = lgn-MJ 1.00 Dgan - (Mg -1 = Ign - M) 1.00
@autw-ac_ ¢ Ecoant tu>Ex> moUDw-or— ¢ Ecoant nuS>3x> @auow-ac_ ¢ Ecoant nuS>3x> 0.75 @QuUTW- % Ecoant nuS>3x> 0.75
] ] ] 0.50 ] 0.50
] ] ] 0.25 ] 0.25
] ] ] -— ] ]

1 1 1 0.00 1 0.00

] — ] -— ] ] ]

] ] ] —__.. -0.25 131 -0.25

] ] ] -0.50 18] -0.50

B B R e e —0.75 B R R ~0.75
-1.00 -1.00

Triangle Matrix, Vertices, Starting at F
VoV V.V VoV V.V Vogvov Y%
Ign - 1Y My - My Ign - If =My - M, Dan - (Ifn - If = Myn - Mg)

©QUTW-OC ¢ Ecoant nuS>3x> @QUTW-Oc % Ecoant nuo>3x> mauow-ac— ¢ Ecoant nuS>Ex> 1.00 ©QUTW-TC ¢ Ecoant nuS>3x> 2.0

b 0.75 15

] ] 050 21 1.0

] h n ]

] = ] 0.25 h i 0.5

] == ] = ]

] h 0.00 ] 0.0

] ] -0.25 171 -0.5

] n ] —-0.50 191 -1.0

] " 357 " B -075 287 -15

100 0

Figure 11: Examples of the matrix multiplications used to determine the value of the loss function.
The top shows a case for the edge-vertex parallelogram; the middle shows a case for the parallelo-
gram thickening; and the bottom shows a case for the triangle diagram. Note that the associated
loss function is the maximum absolute value of the entries in the first two cases; and is the ceiling
of half of the absolute maximum value in the last.
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The last type of loss contribution is that of the triangle diagrams. The representation of the
commutativity of the diagram is similar to the two previous examples. For example, for the vertex

triangle loss Lé‘”, we are checking the diagram

F(S,,) el F2(S,,)
@% %ng
G™(S,,)

which amounts to looking for non-zero entries in Dgzn (I}fn . I};/ — MT})/" . M‘X) However, the one

difference in this case is that the resulting loss function is the ceiling of half of maximum, so in this
case we have the following.

Lemma 3.5

max L7 = max {[£] | € DYan (Ifn - 1Y — MY - MY)},

)

Sr.,
max L_"

ax L = max {[§] | # € Dyan (Ign - If — M - M)}

The result is that the loss function, Equation (4), can be computed by finding the maximum over
the entries in the relevant matrices given in Table 1. Explicitly,

Theorem 3.6

Lp(p, ) = max{
{e1@e Db (MY Bl - BL.-MF)}
U{a |z €Dfn (MU - I — Ik - MY)}
u{z e Dl (MY - BL- Bl - ME) |
U{z |2 €D (M% Iy — 16, - MF)}
U{I5] 1% € Dyan (I - Iy = My - M)}
U{I5] 1= € Dan (I - IF = My - M)}

4 Implementation: Integer Linear Programming

Our matrix formulation above leads to the natural question: can we formulate loss function compu-
tation as a linear program? Indeed, we will show that both the objective function and constraints
of the loss function optimization problem can be expressed as linear relationships. However, due
to the discrete setting of our problem, our problem formulation will take the shape of an integer
linear program. This comes with a potential trade-off in complexity, as integer linear programming
is NP-complete, but is necessary since non-integer optima would be meaningless in our setting.
Nevertheless, developing efficient LP solvers is an active area of research, resulting in many solvers
that are extremely efficient in practice, which we will show work quite well on our problem in
Section 4.2.
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4.1 ILP model description

The goal of this optimization is to minimize the loss function. Hence, the objective function
for the ILP is to minimize Lp(p,1). We denote the objective function as ¢ in the ILP. As the
loss is calculated on assignments, the entries in the blocks of the eight assignment matrices M;‘
for n € {p,¢", ¥, 9"} and A € {V,E} serve as decision variables. Following the discussion in
Section 3.3, we know that the loss for each individual diagram can be computed by finding the
maximum absolute value or the maximum of the ceiling of half the value among the entries of
matrix multiplication terms listed in Table 1. Thus, we impose constraints in the ILP to connect
the matrix representation of each term in Lp(p,1). We model the loss ¢ to be greater than or
equal to the relevant entry in these matrices. Since it is a minimization problem, the ILP seeks
the smallest ¢ that satisfies this condition, ensuring the equality. Below we describe how the three
diagram types (see Table 1) contribute to the ILP formulation.
Reiterating above, our goal is
Minimize /¢
with respect to the variables {.%7-7714 € MA | n € {p, " ¢, v"}, A € {V,E}} restricted to those

entries in the blocks of the relevant matrices (we can implicitly assume ZL‘WJ’A = 0 outside of these

blocks). To ensure that the resulting matrices have a single one in each column, we include the
first collection of constraints,

Subject to Zx?fl =1 Vm?]?A € M;,4777 €{p, " ¥y} Ae{V,E},
i

which ensure that all columns sum to 1.

The next set of constraints are associated to the edge-vertex parallelograms, where the corre-
sponding diagrams are L%T 97 and L%T 57 For example, in the diagram L%T ’S", the loss is given
by

1% = max{a | v € DY, (MY - B - Bl - ME)}.
Therefore, we set the constraint that the objective function ¢ must be larger than any entry in the
multiplied matrix. Thus, we include the constraints

Subject to £ >xfi1 v afjT € D (MY -
|4
©

? > oIy xf;‘L € Dgn (M

B}~ Bl - M[)
B}~ Bh - ME)

G, G1 T T E
(2ot v 2t e DE. (MY - Bl - Bl - MF)

)

Gl Gl 1 { E
(=Gt v ot e Df. (MY - BL - BhMf).
We note that, the D and B matrices are constants in the ILP. Therefore, the matrix multiplication

expression is linear and suitable for ILP.

. . . Sy, ST Sp, ST .
For the thickening parallelograms, the corresponding losses are L and L ”. As in the
vertex edge case, we need to ensure that all entries in the relevant multiplied matrices from Table 1

are bounded by ¢. Thus we add the following constraints
Subject to £ > yij’v Vyij’v € Dgn (Mvn . Il‘p/ — IGn X)
0>yet Wit e DG (ML - IF — 15, - ME)
> yij’v Vyl]’ € Di (szn I — Ijm - M)
> yZE VZJ”’ € D (Mwn 5)

Ik —IE. -
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Similar to the edge-vertex parallelograms, the D and I matrices are constants in ILP, which makes
these constraints linear.

Finally, we include constraints to control the entries on the triangle diagram matrices with
corresponding loss functions L@" and Li”. We first discuss the diagram Li’” which operates on
vertices. The loss contribution from this type of diagram can be obtained by finding

max L7 = max {[2] | ¢ € DYan (Ifu - 1Y — MY, - MY)}.

(2

Unlike the previous two types of diagrams, the expression Dg% (I }fn -1 1‘7/ - M 12/” - M, JD/ ) is quadratic

rather than linear, as it includes the term Mgn . Mg , which is a multiplication of two variable ma-
trices. However, we can linearize the problem by introducing a collection of integer and binary
reparametrization variables and adding them to the constraints. Furthermore, the ceiling func-
tion that we need to compute here is also not a linear function either. This is taken care of
another reparametrization integer variable. Specifically, we have the variables {z;;}, one to rep-

resent each entry x;/’j"’vq:ﬁv so that if we construct the matrix M where M;, = Zj Zijk, then

M = (MQL/”)Z](M%) jk- Then, we get the following constraints for Li”"’
Subject to  2c;; > ki V' kij € Djan (Ifpn - I}y — M)
Zijk < x;pj",v A xi@n’v € Ml‘p/n
Zijk < x}P;;V v xf,;v € M;/
Zijk = x?} v + w}p,;v -1
0> cj

These constraints are only for one of the four relevant triangle diagrams, however the other setups
are similar. Thus our full linear program is setup to minimize ¢ given all the relevant constraints
listed above.

4.2 1ILP optimization implementation approach

We implement the ILP using PuLLP library in Python which is is an open-source software package
in Python specializing in modeling and solving mixed-integer linear programming problems [42].
Specifically, PuLP is equipped to solve integer linear programming problems involving integer and
binary variables, as in our case. PuLP also integrates seamlessly with popular ILP solvers, both
commercial (e.g. Gurobi [34]) and open source (e.g. CBC [40], GLPK [31]), without having to alter
the model formulation. It is important to note that PuLP is exclusively designed to model linear
optimization problems, hence the extra work done in Section 4.1 to linearize our ILP. We choose
PuLP over available non-linear modeling frameworks like Pyomo [35] because it is lightweight and
has a simpler syntax, making it easier to interpret and update. Further, the design of PuLP is
streamlined for ILP computation, reducing the computational overhead.

We test our ILP implementation with simple input examples to make a choice of solver for use
in PuLLP; the specifics of this particular example pair will be given in Section 5.1. In this example,
increasing loop size increases the size of the input graphs, thus the size of the ILP increases. We test
two open-source solvers, CBC (COIN-OR Branch and Cut) and GLPK (GNU Linear Programming
Kit), as well as the commercial solver Gurobi. The results are shown in Figure 12. We see that
for smaller problem size (up to a loop size of 20 in the torus mapper), all the solvers perform
reasonably well. However, as the size of the loop increases, the GLPK solver becomes significantly
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Figure 12: Time taken by different solvers to optimize the loss for the torus and line mappers

slower than CBC or Gurobi. In fact, for loop sizes of 70 and above, GLPK fails to complete
computation even after 15 minutes of runtime. As expected, the commercial solver Gurobi is
highly optimized, resulting in superior performance. Both CBC and Gurobi’s computation times
increased approximately linearly with the loop size. Among the open-source solvers we tested,
CBC is slower than Gurobi but is still able to optimize large problems effectively. Since CBC is
the default solver in PuLP, it is also more accessible from a user’s perspective. Thus, for the rest
of the experimental section, we exclusively use the CBC solver inside of PuLLP. The code for our
implementation is available in the Python package ceREEBerus”.

4.3 Search for the optimal n

To this point, all discussion has been focused on the case where we are provided a fixed n, and
then we can use the structure given to determine an optimal bound Lg = k, so that n+ k, bounds
the interleaving distance. However, as we will see in Section 5.2, there exists a pair of mapper
graphs and a choice of n for which any n-assignment ¢, has n + Lp(p, ) strictly greater than
the interleaving distance. For this reason, an additional step in the optimization must be taken
to search over the possible choices of n to determine if this can also result in a better bound.
To search for the most optimal upper bound efficiently, we implement a mixed exponential-binary
search approach described as follows. Initially we find a plausible interval [A, B] within which to
search for n by doubling n € {0,1,2,4,---} iteratively until the computed loss found is k, = 0.
That is, B = 2/ is the first n in the list that has k, = 0, and then A = 2/~1. Once the range is
narrowed down, we set up a binary search scheme to find the n which provides an optimal bound
n + ky,. Specifically, We select n to be the midpoint of the interval [A, B] to be n and find the
corresponding ILP optimized k,, so that we know that d;y < n + k,. If k, = 0 (meaning an n-
interleaving exists), choose the next n to be the midpoint of [4,n]. Otherwise, choose the next n
to be the midpoint of [n, B], and repeat the process.

2github.com/MunchLab/ceREEBerus
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Figure 13: (Left) Relationship between the computed upper bound and true interleaving distance
between a line mapper graph, and a torus mapper graph of height given on the z-axis. (Right) Time
taken to optimize the loss for different loop sizes (n = 1) including and excluding the initialization
(to set up the B, D, I matrices).

5 Experiments

5.1 Experiments with Line and Torus Mappers

We validate our optimization of the loss function by testing it on two simple Mapper graphs, where
the interleaving distance can be determined by hand. One is the line mapper graph L, which consists
of a single vertex at each integral function value. The other is the torus mapper T}, which features
a loop in the middle with height h. Note that the justification for the name torus is that this is
the mapper graph from the common example of a height function on an upright torus; not that the
graph is isomorphic to a torus in some way. Both mappers are set to have the same range of function
values; see the left of Figure 2 for an example with h = 11. We can check that the true interleaving
distance between a line mapper and a loop mapper with loop height h is d;(L,Ty) = [%]

In the right of Figure 2, we see that the loss computed for varying choices of n for the n-
assignments achieves the true interleaving distance bound for all n up to and including n equal to
the true interleaving distance. Thus in this particular example, the search over n would not be
necessary, but we do not know a priori whether this is the case; see Section 5.2 for an example
where the search is necessary.

In Figure 13, we have the final results for the distance computed for varying height of the loop h.
At left, we see that the computed bound in fact achieves the interleaving distance in these examples.
At right, we have the time taken for the code to run, for both the entirety of the computation,
as well as just the time for the PuLP to solve the ILP. We measure the time to optimize the loss
function for these two mappers, with increasing torus heights for n = 1. We notice that the time
increases linearly with the loop height h of torus mappers. We also run multiple iterations of loss
optimization for a pair of these mappers and the ILP always outputs the optimal solution with the
same optimized loss value, indicating that this optimization pipeline is stable.

5.2 An example requiring a binary search

As noted previously, a search over n is necessary. In this section, we provide an example of a pair
of graphs and a choice of n for which any assignment has d; < n + Lp(p,1). Consider the two

26



g10 F G 3 4
L ] L ]
[oF] [} °
] o0 2] e N
o6 ow [ 2 } —— Computed Loss
Bound: Loss +n
[ X J [ ] [ ]
=== True d,
0. [ ] L ] [ ] [ ] .
4 1
. ° ° ° :
09 [ ] L ] [ ]
ox 0z oy
01 ;
ao [ ] [ ] T T T
1 2 3

Figure 14: (Left) An example of a pair of mapper graphs where the binary search on n is required.
(Right) The computed loss and interleaving bound for this example.

example mapper graphs in the left of Figure 14 and fix n = 1. Focusing on the vertices x and z,
the only possible assignment for p(z) = ¢(z) = [y] where we write [y] for the connected component
containing y in the 1-smoothing of G; i.e. [y] € G (Sol_l). In the other direction, there is a choice for
y, so ¥(y) is either [z] or [2] in F(S;,). Then in the diagram

F(S,,) » F(S2) z 12

\
7
?’/
s
s
s
-
s

G(Sh) (]

either choice for y will result in the other object not commuting. Then the loss will be given by
2

Sz,
k= ldgy" ([x],[y])/2] = [3/2] = 2, so the interleaving bound is n +k = 1+ 2 = 3. However, we can
build an interleaving for n = 2 by sending the left tail of F' to the left tail of G, showing that the
true interleaving dj(F, G) = 2 is strictly less than any possible bound found by the solver.

5.3 Classification of binary images

To evaluate our approach, we conduct a simple classification experiment on MPEG-7 dataset [36],
specifically MPEG-7 CE Shape-1 Part B, which is a widely used benchmark for shape analysis and
classification with binary images. Our methodology involves computing mapper graphs from the
dataset and analyzing their interleaving distance for classification tasks.

We choose five categories of images: apple, cup, fork, horseshoe, and seasnake; and select 10 im-
ages from each class. See Figure 3 (left) for examples from each category. We convert these images
to Mapper graphs using KeplerMapper [58], where the lens function is given by the y-coordinate of
each pixel. For each resulting mapper graph, we ensure that there is only one connected compo-
nent in the graph, and that the node heights are in the range [0,20]. This normalization ensures
consistency in mapper size, simplifying loss computation. For every point cloud, we use a cover of
10 elements with a 0.3% overlap, and set the epsilon value for DBSCAN to 3. We choose these
parameters to generate a mapper that best represents the point cloud.
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Figure 15: (Left) Accuracy of KNN classifier for different &k values during 5-fold cross-validation.
The optimal k = 7 achieved 84% accuracy.

(Right) Confusion matrix showing how the actual classes match with the predicted class. Each
(i,7)-th cell indicate number of times an image from category i was classified as category j.

Once the mapper graphs are obtained, we compute the optimal upper bound of the interleaving
distance between them using the optimization strategy discussed earlier, which serves as a measure
of similarity between Mapper graphs. To visualize the distance performance, we construct a multi-
dimensional scaling (MDS) [14] plot (Figure 3, right) using the computed distance matrix. MDS
is chosen for visualization as it accepts an arbitrary distance matrix as input.

As we see in Figure 3 (right), the optimal upper bounds on distance successfully cluster similar
shapes together. Among all categories, apple exhibits the most well-defined grouping. Additionally,
some of the other shapes are well separated, such as apple and fork or seasnake. However, certain
shapes are not differentiated by this distance. For instance, the cup category in the MPEG-7
dataset includes two types of cups: one with joined handles, forming a loop, and another without
joined handles. This structural difference is reflected in the Mapper representation, causing several
to appear far apart despite belonging to the same category. This is to be expected since the mapper
interleaving distance is built to find similar topological structure in the resulting graph, and does not
take the geometric similarity into account. Likewise, the horseshoes and sea snakes, despite being
similar structurally have a large distance between them since the mapper graph lens function takes
the embedding direction into account; thus the horseshoe with opening of the U-shape pointing
down and the sea-snake with the opening point up are considered very different under this distance.

We also use the pairwise distances to classify the images into their correct classes using k-nearest
neighbor (KNN) [24], based on the optimized loss computed on the mappers. To determine the
most optimal number of neighbors (k) and avoid overfitting or underfitting, we first perform a
5-fold cross-validation on the data, testing values of k£ from 1 to 30. The optimal k£ was selected
to be 7, which resulted in the highest and most stable accuracy of 84%, as shown in Figure 15
(Left). For a more robust evaluation, we also implement Leave-one-out cross-validation (LOO-
CV), where data point is used as a test case while the rest are used for training the model. To
visualize the classification and misclassification, we display a confusion matriz, which highlights
the categories that are being misclassified, see Figure 15 (Right). The LOO-CV results confirm
the model’s accuracy of 84%, indicating that while the model is generally effective, there are still
some misclassifications. It is important to note that this is a preliminary experiment with only
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10 images per category (totaling 50 images), and expanding to the full MPEG-7 dataset might
improve accuracy. As we see in the confusion matrix in Figure 15 (Right), the categories that suffer
from misclassification are cup and seasnake. As discussed before, the some of the cups have joined
handles and some do not, which contributes to the reclassification. Additionally, the sea snake
images are highly varied in how they are oriented, leading to misclassification due to differences in
their embeddings, which results in generation of very different mapper graphs.

6 Discussion

In this paper, we have given the first available method to compute a bound for the interleaving
distance; and to our knowledge, the first code for understanding interleavings on mapper graphs.
Note that we are being careful to not say that this result “computes” the interleaving distance, since
the only theoretical guarantee we have is that the algorithm will return a bound on the interleaving
distance. However, we have shown that in some small examples where the true interleaving distance
is known, the bound achieved is indeed equal to the interleaving distance. We have also shown a
basic proof of concept where our code to bound the interleaving distance can be used to compare
input images from the MPEG-7 data set.

This work is the first step towards the truly practical use of the interleaving distance in applica-
tions. The computations in the implementation likely have many avenues for further optimization
and speedups. The most clear place to look for this is in the computation of the distance matrix
D (Section 3.2.3). Our current implementation uses a breadth first search with a union find data
structure to compute the distances at each level individually; we suspect some variant of all-pairs
shortest paths algorithms may be employable to somehow compute these distances in a single sweep
rather than level-by-level.

In future work, we hope that this code and any future improvements can lead to new under-
standing and optimization of mapper graphs. For instance, the interleaving distance could be used
to measure quality of parameters chosen in the mapper construction by either measuring how close
a computed mapper graph is to either a ground truth. It would also be interesting to benchmark
the classification done with the interleaving distance against existing graph distances. Once the
computation time can be improved, a larger experiment comparing the MPEG-7 images as done in
Section 5.3 would be very exciting.

In addition, the loss function definition is largely categorical; this means that it has the potential
to be translated for us in the interleaving distance for other constructions from TDA such as merge
trees and multiparameter persistence modules. We hope that this ILP viewpoint will make it
possible to extend the use of computation for the interleaving distance to new settings where prior
use was also limited to theoretical results.
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