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Abstract

We analyze statistical properties of plug-in estimators for unbalanced optimal transport
quantities between finitely supported measures in different prototypical sampling models.
Specifically, our main results provide non-asymptotic bounds on the expected error of
empirical Kantorovich-Rubinstein (KR) distance, plans, and barycenters for mass penalty
parameter C' > 0. The impact of the mass penalty parameter C is studied in detail. Based
on this analysis, we mathematically justify randomized computational schemes for KR
quantities which can be used for fast approximate computations in combination with any
exact solver. Using synthetic and real datasets, we empirically analyze the behavior of the
expected errors in simulation studies and illustrate the validity of our theoretical bounds.

Keywords: Unbalanced optimal transport, Barycenters, Statistical deviation bounds,
(p, C)-Kantorovich-Rubinstein distance, Tree-Approximation, Resampling

1. Introduction

Optimal transport (OT) (for a detailed mathematical discussion see e.g. Villani, 2008; San-
tambrogio, 2015) has been a focus of attention in various research fields for a long time.
More recently, its powerful geometric features promoted by improved computational tools
(see e.g. Chizat et al., 2018a; Peyré and Cuturi, 2019; Guo et al., 2020; Lin et al., 2020)
have turned OT into a promising new tool for modern data analysis with applications in
machine learning (Frogner et al., 2015; Arjovsky et al., 2017; Schmitz et al., 2018; Yang
et al., 2018; Vacher et al., 2021), computer vision (Baumgartner et al., 2018; Kolkin et al.,
2019), computational biology (Evans and Matsen, 2012; Gellert et al., 2019; Klatt et al.,
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Figure 1: Transport between two measures (blue and brown) with their support points
located in [0,1]2. The respective transport plans between them are displayed by red lines
where the thickness of a line is proportional to the transported mass. (a) The measures
have been normalized to probability measures (the blue points have mass 1/6, the brown
ones have mass 1/13). (b) All points in the unnormalized measures have mass 1, therefore
the UOT plan for the (2,2)-KRD yields a one-to-one matching between a sub-collection of
points.

2020; Tameling et al., 2021; Bunne et al., 2023), image processing (Pitié et al., 2007; Bonneel
et al., 2016; Tartavel et al., 2016) and statistical inference (Sommerfeld and Munk, 2018;
Lee and Raginsky, 2018; Mena and Niles-Weed, 2019; Panaretos and Zemel, 2019; Hallin
et al., 2021; Hallin, 2022), among others.

The wide range of applications also surfaced limitations of classical OT. In particular, the
assumption of equal total mass intensity of the measures is often inappropriate, e.g., in
the context of image processing and retrieval (Rubner et al., 1998; Pele and Werman, 2008,
2009; Rabin and Papadakis, 2015), for takings means of neuroimaging data (Gramfort et al.,
2015), when comparing radiation patterns of collider events (Komiske et al., 2019; Manole
et al., 2024b), in recovery of developmental trajectories of embryonic stem cells (Schiebinger
et al., 2019; Ventre et al., 2023), and in multi-color super-resolution colocalization analysis
(Naas et al., 2024). If standard OT methodology had been used in these contexts, all
measures would have needed to be normalized in order to overcome the issue of different
total mass. However, this preprocessing step would structurally change the problem and
directly impact the data analysis, in particular the underlying transport plan. For example,
when matching point clouds of different sizes the resulting plan distributes mass among
several points, whereas often it is desired to match points one-to-one which is favorable in
many applications (see Figure 1). Attempts to circumvent this issue have led to a range
of unbalanced optimal transport (UOT) proposals (see above applications and also Figalli,
2010; Liero et al., 2018; Chizat et al., 2018b; Balaji et al., 2020; Chapel et al., 2020; Le
et al., 2021, 2022; Mukherjee et al., 2021; Heinemann et al., 2023). These formulations
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extend OT concepts to general positive measures by either fixing the total amount of mass
to be transported in advance or by penalizing the hard marginal constraints inherent in
OT. These approaches also give rise to barycenters, generalizing the popular notion of OT
barycenters (Agueh and Carlier, 2011) to measures of unequal mass (Gramfort et al., 2015;
Chizat et al., 2018a; Friesecke et al., 2021; Heinemann et al., 2023).

The UOT formulation considered here is the (p, C')-Kantorovich-Rubinstein distance (KRD)
(see Section 1.1) whose structural properties and related (p,C)-barycenter have recently
been studied in detail (Heinemann et al., 2023). The (1,1)-KRD essentially corresponds
to the notion of extended Kantorovich norms (Kantorovich and Rubinstein, 1958; Hanin,
1992) considered in the context of Lipschitz spaces and signed measures. In this context,
Guittet (2002) first introduced a discrete formulation of the problem, where he established
a Linear Program (LP) formulation which carries over to the general (p,C)-KRD. For
illustration, a comparison between the (p, C)-barycenter and the p-Wasserstein barycenter
in a simple example is displayed in Figure 2. From a data analysis point of view we find
it particularly appealing that for the (p, C)-KRD there is a clear geometrical connection
between its penalty C' and the structural properties of the corresponding UOT plans and
(p, C)-barycenter. More precisely, it is shown in (Heinemann et al., 2023, Lemma 2.1) that
C controls the largest scale at which mass transport is possible in an optimal plan. This
interpretation of the (p, C')-KRD allows designing it to respect different structural properties
of the data and thus makes it a prime candidate for statistical tasks in data analysis. In
particular, this emphasizes the robustness of the (p, C')-KRD to spatial outliers, i.e., data
points which are located far in the tails. Furthermore, each support point of any (p, C)-
barycenter is contained in a finite set characterized by the value of C'. This allows to adapt
OT solvers for the unbalanced problems.

Due to the unbalanced nature of the problem, however, the task of sampling from the
underlying measures requires alternative sampling schemes and different statistical mod-
elling. While for OT between probability measures there is a canonical sampling model
by i.i.d. replications from the measures, this fails for UOT, since the considered measures
are not necessarily probability measures. In this work, we address this issue and suggest
a framework underpinning UOT based statistical data analysis. To this end, we analyze
the (p,C)-KRD, the corresponding UOT plan and its barycenter in three specific statis-
tical models motivated by applications in randomized algorithms and microscopy tasks.
Notably, these models also provide a framework which potentially allows treating the alter-
native UOT models mentioned above. Throughout, we focus on finite discrete domains, as
it allows a complete analysis while imposing minimal assumptions on the ground space.

1.1 Kantorovich-Rubinstein Quantities: Distance, Plan, and Barycenter

Let (X, d) be a finite metric space with finite cardinality M := |X| and denote by M (X) =
{peRM | u(z) >0Vz € X} the set of non-negative measures' on X. The total mass of
a measure 1 € M (X) is defined as M(p) == > » () and the subset P(X) C M (&)

1. A non-negative measure on a finite space X is uniquely characterized by the values it assigns to each
singleton {z}. To ease notation we write u(z) instead of pu({z}). The corresponding o-field is always to
be understood as the power set of X.
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Figure 2: (a) J = 10 measures with mass 1 at each support point and different total mass
intensities (each color corresponds to a different measure) superimposed on top of each
other. (b) The OT barycenter (for squared Euclidean cost) of the normalized measures.
(c) The (2,0.3)-barycenter of the unnormalized measures (see (3) for a rigorous definition).

of measures with total mass one is the set of probability measures. If 7 € M (X x X) is
a measure on the product space X x X its marginals are defined as n(z, X) == >, 7(z,2’)
and w(X,2") = Y, m(x,2'), respectively. For two measures u,v € M (X) define the
set of mon-negative sub-couplings as

e (p,v) = {r € Mp (X x X) |n(z,X) < p(z), m(X,2") <v(a )V, 2’ € X}. (1)

Following Heinemann et al. (2023), for p > 1 and a parameter C' > 0, the (p,C)—Kanto-
rovich-Rubinstein distance (KRD) between two measures u,v € M4 (X) is defined as

Z dP(z,2")m x’)—i—Cp(NJWW—M(W)))p. (2)

KRy.c(p,v) = ( min 5
x'eX

7T€H< ,LL,

For p > 1, it defines a distance on M (X)) robust to spatial outliers? and naturally extends
the well-known p-th order OT distance defined for measures of equal total mass (Heinemann
et al., 2023). Notably, by compactness of II<(p, ) and continuity of the objective, an
optimizer m € II<(u,v) of (2) always exists and is called unbalanced optimal transport plan
(UOT plan).

The (p,C)-KRD also allows defining a notion of a barycenter for a collection of measures
with (potentially) different total masses. Assume (X, d) to be embedded in some connected
ambient space® (), d), e.g., a Euclidean space, and define the (p, C)-Fréchet functional

ZK ol ). (3)

2. As a toy example, let fiz,o == ado + (1 — @)z and vq == ado + (1 — @)d1 for z > 0 and « € [0,1]. Then,
KRD1,c(te,a) Vo) = (1 — &) min(jz — 1|, C) and Wi (ts,qa,va) = (1 — a)|z — 1|, asserting for z — oo and
a 21 that KRD1,¢(fte,a, Va) — 0; but if a = 1 — min(1,z7%¢) for € > 0, then W1 (iz,a, Vo) — 00.

3. We assume the metric on X C )Y to be the metric of ) restricted to X.
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Any minimizer of this functional in M (Y) is said to be a (p, C)-Kantorovich-Rubinstein
barycenter of pii,...,py or (p,C)-barycenter for short?. The objective functional F), ¢ is
referred to as (unbalanced) (p, C)-Fréchet functional and the so-called Borel barycenter ap-
plication is defined as TYP(zy,...,x1) € argmin, .y Zle dP(z;,y). Define the full centroid
set® of the measures

Cx(Jp) = {y € V| 3L = [J/2], Hir,-yir) € {1, T},
T1,...,2r 0 2 € supp(p,) (4)
Vi=1,...,L: y:TL’p(l‘l,...,xL)},

and based on it the restricted centroid set

CKR(vav C) = {y = TL’Z’(:L‘L cee 7$L) € CKR(va) | V1 < l < L:

CP(2L — J) } (5)

L
d(w1,y) < CP3 Y dP(ay) < ———

i=1

According to (Heinemann et al., 2023, Theorem 2.5), any (p, C')-barycenter is finitely sup-
ported, and its support is included in the restricted centroid set Cxr(J,p,C). This is
critical, as it allows us to restrict theoretical analysis as well as computational methods to
the scenario all measures involved have finite support. Moreover, it permits an additional
degree of interpretability of the mass penalization parameter C' which might be of interest
for specific applications.

1.2 On Plug-in Estimators for Optimal Transport

In practice, one often does not have access to the population measures p,v,ut, ..., pu’,
respectively, and they need to be estimated from data. For probability measures the most
common statistical model assumes access to i.i.d. data Xi,..., Xy ~ p (and similar for
v,ut, .. ., p?). A commonly used estimator is the empirical measure fiy = (1/N) Zévzl 0x, s
where 0x denotes the (random) point measure at location X. In light of the ongoing field
of statistical OT, there are various topics of interest which have been extensively analyzed.

First, the metric property of the p-Wasserstein distance W), (see, e.g., Villani (2008)) allows
using it to evaluate the statistical accuracy of the estimator fiy in estimating p (Dudley,
1969; Fournier and Guillin, 2015; Weed and Bach, 2019). On the other hand, it is of similar
interest to investigate the behavior of W, (fin,Vy) as an estimator for the true functional
Wy (1, v), which in general yields statistically efficient estimators (Sommerfeld et al., 2019;
Staudt and Hundrieser, 2023; Hundrieser et al., 2024c; Manole and Niles-Weed, 2024),
although for continuous settings under appropriate smoothness assumptions improvements

4. For the sake of readability, the weights in this definition are fixed to 1/J. Adaptation of all results to
arbitrary positive weights A1, ..., Ay summing to one is straightforward.

5. There are scenarios where multiple sets fulfil the definition of the centroid set, since there might be
multiple points that minimize the barycentric application. In this case, a fixed representative is chosen
and there still exists a choice of centroid set which contains the support of the (p, C')-barycenter.
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are possible (Niles-Weed and Berthet, 2022). In addition to that, considerable interest has
been put in deriving distributional limits for the OT plan (Klatt et al., 2022; Liu et al., 2023)
for the discrete setting as well as estimating the OT map in the continuous setting (Hiitter
and Rigollet, 2021; Deb et al., 2021b; Manole et al., 2024a) under smoothness assumptions
and in the semi-discrete setting (Sadhu et al., 2024; Hundrieser et al., 2024b; del Barrio
et al., 2024). For OT barycenters based on empirical measures significantly less is known,
though recently some progress has been made in the context of finitely supported measures
(Heinemann et al., 2022). Extending such results to general measures is not obvious and
requires the need for alternative statistical modelling.

1.3 Contributions: Statistical Models and Deviation Bounds

The key contributions are summarized as follows. First, we propose three prototypical sta-
tistical models for general measures on finite spaces: the multinomial model, the Bernoull:
model, and the Poisson intensity model. Each model gives rise to a specific measure esti-
mator. For each model, we then analyze the statistical performance of plug-in estimators
in approximating one of the following four quantities:

(A) The population measure with respect to the (p, C')-Kantorovich-Rubinstein distance
and in total variation norm (Section 2).

(B) The (p, C')-Kantorovich-Rubinstein distance between two population measures in mean
absolute deviation (Section 2).

(C) The unbalanced optimal transport plan between two population measures with respect
to the Hausdorff distance induced by the total variation norm (Section 3).

(D) The (p,C)-barycenter of a finite collection of population measures in terms of the
excess Fréchet function value and (p, C')-Kantorovich-Rubinstein distance (Section 4).

In addition to our theoretical analysis we show how our results can be employed for ran-
domized computation with statistical guarantees (Section 5). Finally, we perform various
simulations which showcase the performance of the introduced empirical estimators for dif-
ferent quantities above (Section 6).

1.3.1 STATISTICAL MODELS

In the following, we formalize the three statistical models and provide specific motivations
for each. For an illustration of different realizations of these estimators see Figure 3.

MULTINOMIAL MODEL

For the multinomial model, we consider i.i.d. random variables X7, ... ,XNN%, where
the total intensity M(u) is assumed to be known and strictly positive. The corresponding
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unbiased empirical estimator is then defined as

v =" Sk e (1. VY | X = 2] 0
reX

This estimator is exactly the standard empirical measure associated to m but rescaled
with M(p). Insofar, this model extends the classical sampling approach for probability
measures to measures of positive mass. A key motivation for introducing this model is
resampling for randomized computation of UOT quantities. In real world data analysis it is
common to encounter data (e.g., high-resolution images) which are out of reach for current
state-of-the-art OT solvers. One idea in this scenario is to replace each measure by its
empirical version and then compute the respective UOT quantity between these surrogates.
For probability measures, this was introduced for the p-Wasserstein distance (Sommerfeld
et al., 2019) and the p-Wasserstein barycenter (Heinemann et al., 2022). Statistical deviation
bounds allow balancing computational complexity and approximation accuracy in terms of
the sample size N. For more details on randomized computation in the present context we
refer to Section 5.

Multinomial model Multinomial model Multinomial model Multinomial model Multinomial model
Population measure  realization 1 realization 2 realization 3 realization 4 realization 5

Bernoulli model Bernoulli model Bernoulli model Bernoulli model Bernoulli model
Population measure  realization 1 realization 2 realization 3 realization 4 realization 5

i 3 H
Poisson model Poisson model Poisson model Poisson model Poisson model
Population measure  realization 1 realization 2 realization 3 realization 4 realization 5

Figure 3: Realizations of measure estimators for the population measure (left column)
based on the multinomial model with N = 2000 (top), Bernoulli model with homogeneous
thinning s = 0.75 (middle) and Poisson intensity model with s = 0.75 and ¢t = 5 (bottom).
The thickness of each circle represents the mass assigned to the respective point.
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BERNOULLI MODEL

For the Bernoulli model we consider measures p with u(x) = 1 for all = € supp(u). Thus,
the measure p represents a point cloud in the ambient space ) with the total mass being
the cardinality of the point cloud. We restrict the model to this setting, but we stress
that generalizations to arbitrary masses at the individual locations are straightforward.
For each location © € X we assume to observe independent Bernoulli random variables
B,~Ber(sypu(x)) with a fixed success probability s € (0,1]. We denote sy := (Sgy,-- - Sz,,)
where x1, ..., 2/ is an enumeration of all elements of X', |X| = M and refer to sy as success
vector. A suitable unbiased estimator for u is defined by

e = 3 D2, %

zex %

This estimator models a potentially spatio-heterogenous thinning of the measure y in terms
of Bernoulli random variables such that the total mass of [is, is close (but not always
equal) to the total mass of u. Notably, the Bernoulli field (B,).cx is a prototypical model for
incomplete data, where data is missing at random and the Bernoulli variables serve as labels
for this. It further arises, e.g., in the context of generalized linear models where the regressor
X is linked to B, by a link function in a non-parametric fashion. The Bernoulli model also
underlies the sampling scheme for the subsequent Poisson intensity model, which occurs,
e.g., in various imaging devices, such as fluorescence cell microscopy. There, fluorescent
markers are, e.g., chemically attached to each protein within a complex protein ensemble
and then are excited with a laser beam. The resulting, emitted photons indicate the spatial
position of the objects of interest in the proper experimental setup (Kulaitis et al., 2021).
However, the marker has a limited labelling efficiency s, € (0, 1] at each location z € X, and
we only observe a location which has been labelled by the marker and finally emits photons.
We refer to Aspelmeier et al. (2015) for the further discussion on statistical aspects of high-
resolution fluorescence microscopy.

Poi1ssON INTENSITY MODEL

For the Poisson intensity model we fix a parameter ¢ > 0 and a success probability s € (0, 1].
Consider a collection of |X| independent Poisson random variables Py~Poi(tu(z)) with
intensity tu(x) at each location € X and independently of them Bernoulli random variables
B, ~ Ber(s) for each z € X. A suitable unbiased estimator for u is defined by

N 1
fits = — > B.P. (8)
TEX

In contrast to the Bernoulli model, in this model the success probability is assumed to
be homogeneous (as opposed to the inhomogeneous probabilities in the Bernoulli model,
though such generalizations are straightforward) and the values of the population measures
at each support point are not necessarily equal to one. Hence, we have two independent
layers of randomness in the construction of this empirical measure. First, we draw a location
x with a certain probability s, then we observe random photon counts driven by a Poisson
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distribution based on the mass of y and the value of t.

This model is motivated by various tasks in photonic imaging, for example, fluorescence
microscopy, X-ray imaging and positron emission tomography (PET), see Munk et al. (2020)
for a survey. The finite space X represents the center of bins of a detection interface used
to measure the emitted photons. The value u(x) corresponds to the integrated underlying
photon intensity over its respective bin. This intensity is proportional to an external source,
such as a laser duration in fluorescence microscopy and modelled by the parameter ¢ > 0.
The Bernoulli random variable B, models the possibility that in the bin of z a photon
can not be recorded. This might be due to various effects that cause thinning, such as
limited labelling efficiency, dead time of cameras or a loss of photons due to sparse detector
tubes. The value of P, corresponds to the number of photons which have been measured
at the bin of x. Note that besides B, there might be also additional effects present which
do not disable the whole bin, but just prevent a single photon from being measured. All
this causes a thinning of the process and is incorporated in the probability s’ € (0, 1] that
a single photon at any bin and any point in time can not be measured. In this case, the
model can be shown to be equivalent to a Poisson model with parameter ¢s’ > 0 instead of ¢
(Aspelmeier et al., 2015), and is thus a special case of the general Poisson intensity model.

1.3.2 SUMMARY OF STATISTICAL DEVIATION BOUNDS

Concerning approximation of population measure by its empirical counterpart, we show
: : : Mul B Poi

in Section 2 th.at thejre ex1stA cor}stants EP?EL(C), o, (C): p"jéju'(C') such that. for any
measure p and its estimator iz, with p > 1, in each of the three statistical models it holds,

5%)%{2(0)% N_Tl”v if o =pn, (Multinomial)
E[KRyc (1, m)] < 51]35;7“(0)5 Y(sx)r, if g=s,, (Bernoulli) 9)

. 1 N R ]
511:3(1‘,;1(0)17 d)(tﬂ S) ) lf on = Mt,sy (POISSOH)

"= Y=

1
where for the Multinomial model we obtain a scaling rate of N~ 2r, for the Bernoulli model
(2 erX(l - sr)) ;A C <dpin = Hlinz;éx/ d(x, :L‘/),
1
(erx 1;?) ’ ) else,

and for Poisson intensity model

(200 = M) + 5 T Vil@)) s i C < diin,
(M) + 152 Cper (@))% else.

Notably, in the multinomial model for N — oo, in the Poisson model for t — oo, s — 1
and in the Bernoulli model for sy — 1y, these upper bounds tend to zero. Our approach
enables an explicit characterization of the constants 52&;{2(0 )s ]])33;7 (0, 57 ‘jé ,(C) in terms
of structural properties of the measures and space, such as total mass intensity and covering
numbers (for details see Section 2 and Appendices A and B). We believe this to be partic-
ularly relevant for statistical tasks surrounding the KRD. As an example, we comment on

the behavior of the constants if X is a subset of R? equipped with Euclidean metric.

Y(sx) =

QS(t, 5) =
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Example 1 (Compact ground space in R?) For finitely supported measures on the unit
ball in RP with |X| support points and the Euclidean distance as the metric, it holds for
p=2and D > 1 up a universal constant® (see Section 2.4 and Appendices A and B) that

C?, if C < dpin or D < 4,
Ex3 (0, E5% ,(C) S S C? +logy(|X]),  if C > duin and D = 4,
1 2
C?+|Xx|27 D, if C > dmin and D > 4.

Exu(C)

M(p) + M(p)'/?’

In particular, for D < 4 the constants are independent of the cardinality of the space |X|,
for D = 4 the dependence is logarithmic and for D > 4 there is a polynomial dependency in
|X|. We note however that the upper bound adapt to the intrinsic dimension of the domain
on which the finite measure is supported, e.q., if a measure is supported on a D' < D di-
mensional subspace of [0,1]P (e.g., a submanifold), then in the upper bound the dependency
reduces to D' and where the suppressed constant depends on the domain.

In addition, we also establish related convergence statements with respect to the total
variation norm (Theorem 4). Controlling the empirical estimator with respect to the (p, C)-
KRD and total variation norm enables us to draw conclusions on the performance of plug-in
estimators for the (p, C')-KRD. Indeed, by reverse triangle inequality and our stability bound
in Section 2, Lemma 3 it holds

E[[KRy,0 (7, 7) ~ KRy, (1, )] < min (E [KRy,c (7 1)) + E KRy o(7, )], o)
2C7KR} P (1, v) (B [TV (7, 1)) + E[TV(7,0)]) ).

where TV (u,v) = > cv|p(x) — v(x)] is the total variation distance. This asserts that the
KRy, c(p,v) is well-approximated by KRy, ¢(fi, ) as soon as the empirical estimators ;i and
v approximate the population measures well (Corollary 7 and Theorem 8).

In addition to the UOT walues as in (10), we also establish a novel quantitative stability
bound for UOT plans with parameters p > 1 and C' > 0. Since UOT plans are not
necessarily unique, our stability result is stated for the collection of UOT plans P;’C(,u, V)
and is quantified in terms of the Hausdorff distance Hry induced by the total variation

norm (Theorem 11),

Hrv (P;,C (ﬁv D)? P;,C(M7 l/))
< 4(1X]+ 1) (TV (1, p) + [M(E) — M(p)| + TV (@, v) + [M(v) — M(v)]).

Based on this bound, we can make quantitative statements about the performance of plug-in
estimators for UOT plans (Theorem 12). Notably, we also establish a quantitative stability
bound for balanced OT.

Finally, the convergence analysis of empirical estimators with respect to the (p, C')-KRD
also enables us to draw conclusions for (p, C')-barycenters (defined in (3)), see Theorems 16
and 17. To elaborate, let ;* be any (p, C)-barycenter of the population measures !, ..., u”’

6. We write A < B if there exists a universal constant « > 0 such that A < kB.

10
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and let i* be any (p,C)-barycenter of the empirical measures fi',...,717. Since neither
©* nor * is necessarily unique, we quantify the error of the empirical counterpart B* in
approximating the population set B* via (recall (3))

F,c(i*) — Fpco(p*) and sup inf KR, c(p*,@"). (11)
i eBr preB*

Notably, the term on the right-hand side quantifies the maximal difference between an em-
pirical barycenter to the closest population barycenter. Although this is a slightly weaker
result than the analysis in terms of the Hausdorff distance, it is sufficient for practical
considerations, as it details how well the “worst choice” for the empirical barycenters ap-
proximates its population counterpart. Both expressions in (11) can be related to the
(p, C)-KRD error between empirical and population measure in (9), which enables us to
quantify the performance of empirical barycenters.

2. Empirical Kantorovich-Rubinstein Distances

In this section we investigate the Poisson model and analyze how fast the empirical measure
estimator tends to its population counterpart in terms of the (p, C')-Kantorovich-Rubinstein
distance and the total variation norm. These bounds allow us to quantify how fast the
plug-in estimator tends to the population (p, C')-Kantorovich-Rubinstein distance. Results
for the multinomial and Bernoulli model follow along the same reasoning. Corresponding
deviation bounds and proofs are provided in Appendices A and B.

2.1 Stability Bounds for Kantorovich-Rubinstein Distance

The convergence results of this section are based on novel stability bounds for the UOT
distance, which we detail in the following. The first is based on a tree approximation of the
space X (Lemma 1), whereas the second relies on the dual formulation of the UOT cost
(Lemma 3). The proofs for this section are detailed in Appendix D.1.

2.1.1 STABILITY BOUND VIA TREE APPROXIMATION OF DOMAIN

Let T = (V, E) be a rooted, ultrametric tree with height function h : V.— R and root r.
For two nodes u,v € V, denote the unique path between u and v in 7 by P(u,v). For a node
v € V its children are the elements of the set C(v) = {w eV | ve P(w,r)}. The parent
par(v) of a node v is the unique node with (par(v),v) € E and h(v) < h(par(v)). For any
C > 0, define the set

R(C):={veV | h(v) <C/2 < h(par(v))} (12)

with the convention that R(C) = {r} if & > h(r). The goal is to control the (p, C)-KRD
on the finite metric space (X, d) by bounding it from above by a dominating distance dy
induced” from a tree 7 with the elements of X as vertices and a height function h such

7. For two vertices of the tree 7, we define their distance dr as the sum of the weights of the edges included
in the unique path between the two vertices. Here, the weight of an edge joining two vertices v and
par(v) is given by h(par(v)) — h(v).

11



HUNDRIESER, HEINEMANN, KLATT, STRULEVA, AND MUNK

that d(z,z") < d7(z,2’). In this case and by the definition of the Kantorovich-Rubinstein
distance it holds for all measures p, v € M4 (X) that

KRP,C(/J” V) < KRdg—,C(H’ V)v (13)

where KRd”T,C(% v) denotes the (p, C)-KRD w.r.t. the ground space (X,d7). Moreover, if
T is an ultrametric tree with leaf nodes L and height function h: V — R inducing” the

tree metric dr and the two measures pu”, v* € M, (L) supported on the leaf nodes of T,
then it holds (Heinemann et al., 2023, Theorem 2.3) that

KRZ‘?—,C (ML7 I/L) =

3 (2 > ((tparw))” = hw)?) [t (Cw) ~ vECw))] )
VER(C) weC\{v} (14)

+ <(/;p — 2p—1h(v>P> ‘ML(C(V)) _ I/L(C(V))‘ > '

The construction of 7, such that (13) holds, is as follows. Fix some depth level L €
N. For some resolution ¢ > 1 and level j = 0,...,L define the covering set® @Q; =
N (X, g 7diam(X)) C X and let Qz+1 == X. Any point z € Q; is considered as a node at
level j of a tree 7 and denoted as (x,j) to emphasize its level position. An illustration of
this approximation is given in Figure 4. For level j = 0 this yields a single element in Qg
which serves as the root of the tree. For j =0,...,L anode (z, j) at level j is connected to
one node (z',7 4+ 1) at level j + 1 if their distance satisfies d(z,2’) < ¢ ?diam(X) (ties are
broken arbitrarily). The edge weight of the corresponding edge is set equal to ¢~/ diam(X).
Consequently, the height of each node only depends on its assigned level 0 < < L +1 and
is defined as hgy: {0,...,L+1} > Rby?

1 L

_l_q_

L
hor() =Y ¢ /diam(¥) = 2 —diam() (15)
j=l

By definition the space X is embedded in level L + 1 as the leaf nodes of 7 with height
hgr(L +1) = 0. By a straightforward computation it holds for two points z,2’ € X
considered as embedded in T as (z,L + 1) and (2/, L + 1) that

dP(z,2') < & ((x, L+ 1), (a', L +1)). (16)

8. For a metric space (X, d) an e-cover is a set of points {z1,...,zm} C X such that for each z € X, there
exists some 1 <4 < m such that d(z,z;) <e. The smallest such set is denoted as N (X, ¢).

9. The construction of the ultra-metric tree is based on approximating the underlying domain at varying
precisions (o, ...,0r) = (q_l diam(X));—o,...,. with as few points as possible. If one were to select the
precisions differently, the height function would change to h(l) := Zf:z d;, possibly leading to different
convergence statements. Our choice is inspired by that of Dereich et al. (2013) and Fournier and Guillin
(2015), who derived sharp rates of convergence for the empirical Wasserstein distance in Euclidean
settings. Based on this choice, we establish in Section 2.4 convergence results for different regimes which
align with those of previous articles.

12
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R TT TP PP

(x.0)

(1+ ¢~ ' 4+ g~} diam(Z)

diam(Z)

(x3,1) (g~ + g~ diam(Q)

g~ diam(Z)

022§ g2 diam(Z)
q 2 diam(Z)
SR~ S
(3) (x3,3) (x3)  (x5,3) 0:3)  (.3) (0,3)  (x1.3)

(b)

Figure 4: Ground metric approximation by an ultrametric tree distance: (a) A
finite metric space (X,d) and its covering sets Qo (black), @1 (red) and Q2 (green) for
L = 2. (b) Based on the covering sets from (a) an ultrametric tree is constructed. The
metric space X' is embedded in level L + 1 = 3 and equal to all leaf nodes of that tree.
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The measures u, v are embedded into 7~ as measures p, v% supported only on leaf nodes
of T, and thus it follows from (16) that

L L
KRP,C(:Uv v) < KRd’;—,C (M 1d ) :

In combination with the closed formula from (14) this yields an upper bound on the (p, C)-
KRD. Whenever clear from the context the notation is alleviated by writing v € @); instead

of (V, l) € Q.

Lemma 1 Let (X,d) be a finite metric space and let p,v € M4 (X) with total mass M(p)
and M(v), respectively. Let p > 1 and C > 0. Then for any resolution q > 1, depth L € N
and height function (15) with

ql—k; . q—L
hg (k) = ——————diam(X)
bl q _ 1
it holds that
(S — 277 hg,1.(0)7) [M(p) — M(v))|
+Bq7p,L1X(]‘)’
if C > 2hg.1,(0),

KRZ,C(:U@ V) < Bq,p,L,X(l - 1)7
if2hq’L(l) < C < 2hq7L(l — 1),

FIV(u,v),
if C < (th’L(L) V ming, d(z, x’)) ,

where we define

L+1

Bypr,x(1) =271 N " (hon(f — 1P = hg,(5)) [ (C(x)) — v"(C(2))] .

j=l z€Q;

Remark 2 According to Theorem 1, for any two measures p,v € M4 (X) and C <
(2hg,(L) V ming, d(z,2')) it always holds that KR} o(p,v) < FTV(u,v) < S In par-
ticular, for C (0 this implies that

KRZC (M) V)
sup

— <
HVEM L (X) 1+ M(M + V) B

o _TVwry) _cr
2

i Mty = 2 >0

2.1.2 STABILITY BOUND VviA DUAL FORMULATION

The stability bound based on the tree construction from previous subsection yields sharp
statements about the convergence of the measure estimator to its population counterpart.

14
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By triangle inequality, this yields sharp convergence rates for plug-in estimators of the KRD
when population measures are close, but they are suboptimal when the population measures
are strictly separated. In this subsection we follow a different approach to derive a stability
bound for the KRD which is inspired by Chizat et al. (2020) and Manole and Niles-Weed
(2024) and based on the dual representation of the KRD.

Lemma 3 Let (X, d) be a finite metric space and consider two pairs of measures pt, v', u?, 1% €
ML(X). Let p>1 and C > 0. Then, it follows that

4 (TV(p!, 1) + TV (', v2))
if C > min{A(u

=L

71/1)? A(/’L27 VQ)}?

(IM(p') = M(u?)| + M) — M@2)])

else,

cP
‘KRZ,c(M17V1) - KRg,o(MQaVZN < B

where we define

A(,u I/) — miansupp(u),x’Esupp(u) d(.’L‘, xl)v lfﬂ 7é 0 and v 7é 0,
7 +o0, if p="0orv=0.

Moreover, under KRy, c(ut,v') > § > 0 it holds that

KRy c(p',v") = KRpo(p®,v%)| < 8 PIKR) o (', v') — KR} o(u?, 7).

2.2 (p,C)-Kantorovich-Rubinstein Deviation Bound

In this section we first derive statistical deviation bounds for approximation error empirical
estimators for their population counterpart with respect to the TV norm and (p, C')-KRD.
We then continue by analyzing the performance of plug-in estimators. The omitted proofs
of the following Theorems 4 and 5 can be found in Appendix D.2.

Theorem 4 (Expected deviation of estimator in TV and KRD) Let (X,d) be a fi-
nite metric space and p € M (X) with total mass M(p). Let iy s be the estimator from
(8). Then, for any p > 1 and C > 0 it holds that

E KR} ¢ (ﬁt,s,:u):| < CPE[TV (fits, )] < CP (2(1 — )M (p) + \% Z \ /M@) _

reX

Theorem 5 (Expected deviation of estimator in KRD) Let (X,d) be a finite metric
space and pn € M (X). Let [ig s be the estimator from (8). Then, for any p > 1, C > 0,

15
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resolution ¢ > 1 and depth L € N 4t holds that

' (2(1 —$)M(n) + 5 Yex \/u(w)) 7
if C < (2hg, (L) V ming, d(z,2"))

E [KRp,c (it,s, 1)) < EP% ,(C,q, L)H?

1
(SM(p) + 523 cn pl@)?) >

else.

For
L

p .
Agpr,x(l) = diam(X)P2r~! q_Lp|X|% + (q—ql) qu_]p@ﬂ% )
j=l

the constant is equal to

P _ —q L ;. P
(% —opr—1 (%dmm(?()) ) + Agpr.x(1),
if C > 2hg,1,(0),

Aq,p,L,X(l%

Epu(Cra, L) = .
Zf 2hq7L(l) < C< 2hq7L(l — 1),

p

if C < (2hq,L(L) V ming,s d(z, x’)) ,

Furthermore, for p =1 the factor ﬁ in Ag1.,x(l) can be removed for alll =1,..., L.

The constant 5; ‘j@ M(C, g, L) is reminiscent of the constants for similar deviation bounds
for optimal transport between finitely supported measures (Boissard and Le Gouic, 2014;
Sommerfeld et al., 2019). However, in the case of UOT one finds an interesting case dis-
tinction into roughly three cases depending on the relation between the penalty parameter
C of the (p,C)-KRD and the resolution ¢ and depth L of the tree approximation. The
different constants arise from the fact that C' controls the maximal range at which trans-
port occurs in an UOT plan. In particular, if d(z,2’) > CP, then for any UOT plan 7
it holds m(z,z") = 0. If C is sufficiently large (C' > 2h(0)), i.e., larger than the diameter
of X, then EIE Sa M(C’, q, L) coincides with the deviation bounds for usual optimal transport,
however, there is an additional summand arising from the necessary estimation of the true
total mass M(u) (see also Lemma 1). For sufficiently small C, e.g., C' < ming, d(z,z’),
the (p,C)-KRD is proportional to the TV distance, hence we obtain a constant which is
oblivious to the geometry of the ground space (see Theorem 4). For an intermediate value
of C, the UOT problem on the ultra-metric tree 7 decomposes into smaller problems on
subtrees of 7 (for details see the proof of (14) in Heinemann et al. (2023)) depending on
C'. The expected (p, C)-KRD error then depends on the size of these subtrees and the mass

estimation error inherent to the total mass on these subtrees.
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Remark 6 Since the deviation bound holds for any resolution ¢ > 1 and depth L € N
one can optimize and equivalently state upper bounds in terms of the infimum over those
parameters. When the dependence on q or L is omitted, it is assumed that the infimum over
those parameters has been taken, i.e.

Poi _ 3 Poi
6p,3€',p,(0) - LEII\ITT(E>1 gp,g(,u(cv q, L)

From the reverse triangle inequality we immediately obtain the following corollary from
Theorem 5.

Corollary 7 (Expected deviation of empirical KRD) Let (X,d) be a finite metric
space and p,v € M (X). Let [y s, Vs be the estimator from (8) for each of these measures,
respectively. Then, for any p > 1, resolution ¢ > 1 and depth L € N it holds that

E HKRP,C (ﬁt,s; ﬁt,s) - KRy (14 V)H

(200 = M+ v) + 2 Soer (Vi) + Vol@)
<€ (C,q, L)l/p if C < mingyex d(z,2’), 1
o (FM(n+0) + 152 Ty a(la) + v(@))7
else.

The deviation bound established in Theorem 7 is sharp in the sense that they are optimal
up to constants for the regime where = v (see Section 2.3). Moreover, even if y and v
differ but are permitted to be arbitrarily close, the convergence rates are sharp. However,
if the measures are strictly separated, the rates are suboptimal, an observation which was
previously made in the context of empirical optimal transport Chizat et al. (2020); Manole
and Niles-Weed (2024). The subsequent deviation bound provides a refinement for the
empirical KRD in this regime and is based on the stability bound via duality (Lemma 3).

Theorem 8 (Expected deviation of empirical KRD under separation) Consider the
same setting as in Corollary 7 and assume additionally that KR, c(p,v) > Cd > 0. Then
it follows that

E[[KRp,c (Bt,s: v,s) = KRp,o (1, v)]]

( 1
4 (20— )M +v) + 5 Laca (Vale) + v/v@))
st—rC if C > minzesupp(,u) d(x7 x,)a
< 9 2’ Esupp(v) )
(MG + 1) + 122 5 (u@)? + (@)1
{ else.

Proof The result follows from Lemma 3 by plugging in the bounds of TV (it s, 1) and
E[|M(fit,s) — M(p)|], obtained in Theorem 4 and in (31). [ |
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In the formulation of the statement, we impose the condition that KR, o(u,v) > Cé > 0.
This condition is motivated from the fact that KR, c(u,v) = 27YPCTV (u, v)V/? for C <
ming., d(z,z'). In particular, this way, we obtain a linear scaling in C' in the upper bound
of Theorem 8, which captures the correct scaling (see Section 2.3).

Remark 9 To compare the established convergence results in Corollary 7 and Theorem 8,
set s = 1 and note that if p is close to v, the convergence rate of the empirical KRD is
of order t=Y/2P whereas under a strict separation constraint the rate is instead of order
t~Y2. This is a consequence of the fact that the p-th root functional z — x'/? is Lipschitz-
continuous at the origin if and only if p = 1.

2.3 Rate Optimality

In the following, we provide some intuition and consequences of the deviation bound pro-
vided in Theorem 5. The term ¢(s,t) must necessarily contain a sum of terms depending
on s and t, respectively. In particular, neither choosing s = 1 nor letting ¢ go to infinity for
s < 1, would yield a zero error. For any fixed ¢t > 0 and s = 1 the expected (p, C)-KRD error
is clearly non-zero as the mass of the measures at each location is in general not estimated
correctly. Similarly, for any fixed s < 1 letting ¢ — oo can not yield an expected (p, C')-KRD
error of zero as on average (1 — s)|&X’| > 0 support points of p are not observed. However,
for s = 1 the error vanishes for ¢ — 0o, as we observe all support points of x and then the
strong law of large numbers guarantees the convergence of the weights at each location. It
remains to verify whether the rate in ¢ is optimal. For this, fix s = 1 and observe that

min{C’, min d(z, 2")}PTV (u, v) < KR} o (p,v) < CPTV (s, v). (18)

To show that the rate =3 in Theorem 5 is sharp, we prove that t%TV(,u, [it,1) converges
in distribution for ¢ — oo to a non-degenerate distribution. By combining the central limit
theorem for Poisson random variables in conjunction with the continuous mapping theorem,
it follows for t — oo that

1 ~ 1 D
BTV (i fig) = 12 Y (@) = fna (@) = 72 Y [tp(x) = Pogl 2>V 1ul@)|Zal,

rzeX zekX reX

where P,; ~ Poi(u(z)t) and Z, ~ N(0,1) with z € X are jointly independent random
variables. Hence, by the Portemanteau lemma for the function xz — 217 we conclude that

hmlnfE[t?PTV(u fit,1) % >E[(Z\/7‘Z ‘) }

t—o0
zeX
In conjunction with (18), the expectation E [KR;, ¢:(x, fi¢,1)] is decreasing at least with order

S =

1
Ct 2 and the rate in ¢ of Theorem 5 is thus sharp.
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To illustrate sharpness of the convergence statement Theorem 8 in the regime of different
measures, take v = 0, which yields 7, = v = 0 for all £ > 0, and note that for every measure
won X it follows that

p Cp
KRE (1) = —-M(1).

Then, by the central limit theorem for Poisson random variables in conjunction with the
delta method for 2 — z'/? and the continuous mapping theorem for the absolute value
function, it follows if M(u) > 0 for ¢ — oo that

3=

1
. CM(p) 27"
‘M(M)l/p _M(Mt,l)l/p‘ 2) (;)/I,Z\

t2C

1 -~ ~
t2 |KRy, o (e, 76,1) — KRy o(p, V)| = ST/

for Z ~ N(0,1). Again invoking the Portemanteau theorem thus yields that

Sl

1
im 3 i1, D C (M) 2"
hgéng [tz |KRyp,c(fit,1, V1) — KRP7C(/’L7V)‘:| > ﬁ <2> 7

1/2

which shows that the convergence rate of order Ct~'/“ in Theorem 8 is sharp.

2.4 Explicit Bounds for Euclidean Spaces

While the constants in the previous theorem are valid on arbitrary metric spaces, more
explicit bounds can be derived for many practical applications. Thus, we assume that for
the e-covering number of X, there exists a constant A > 0 such that

N(X e diam(X)) < min(Ae~*,|X|) for all € € (0, 1]. (19)

This assumption covers, for instance, the setting when X is a finite subset of an a-dimensional
submanifold of RP and with d chosen as the Euclidean distance dy. Notably, if the domain
is the unit ball {z € RP|||z|| < 1}, then a = D and A = 2 are viable choices (Vershynin,
2018, Corollary 4.2.11). We fix ¢ = 2 for simplicity. By repeating the argument within
this framework, we can compute explicit upper bounds on the constants in Theorem 5. For
a < 2p and L — oo, it holds

& — 22~ diam(X)P + A/ 2diam(x )21 220
if C' > 2h.(0),

1/293p—13; 2(a/2-p)l
A / 2°P dlam(X)pm,

gPoi (C) <
P if 21, (1) < C < 2hp (1 — 1),

\ if O < (2hp(L) A dinin) -
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For a = 2p we put L = | L logy(|X|)] and get

=1 (2 — ||~ diam(Xx)?
+23P = diam(X)P (277 + AY2 1 log,(|X]))
if C' > 2h;(0),

Poi
Ep.x

%, (C) < Q2% Idiam(X)P (277 4+ AY2 (2 logy (| X)) — 1)),

if QhL(l) <C< 2hL(l — 1),

if €' < (2hp(L) A dmin) -

For a > 2p and L = |1 log,(|X])], it holds

& — 271 (2 — |x|1/2)” diam(X)P

+237~ Ldiam (X )P| X |1/2-P/a (2—p LAV )
if C > 2h,(0),

230=1diam(X)P (27P| X |V/2P/o
a/2— —n/a a/2— _
+ A2 2R (| x|/ ple/2-p) 1))),

2a/27p_

£ (0) <

if QhL(l> < C < QhL(l — 1),

if C < (QhL(L) AN dmin) .

These upper bounds depend on the penalty C' as well as the parameters o and A which
dictates the behavior of the covering number N (X, ¢) of X' at difference scales e.

If a < 2p, then there is no dependence on |X'| and the convergence of approximation error of
the empirical measure is independent of its support size. If o = 2p, then |X| enters through
a logarithmic term. If & > 2p, then the dependence becomes polynomial in |X|. These phase
transitions for the dependence on the support size align with those for empirical (balanced)
OT for an arbitrary finite subset of R (Sommerfeld et al., 2019), corresponding to o = D.
Our results also conceptually align with rate results for the empirical Wasserstein distance
(Fournier and Guillin, 2015; Weed and Bach, 2019), namely that for a« < 2p parametric
convergence rates in the sample size and independent of the domain manifest. Moreover,
for aw > 2p some polynomial dependency in |X| has to manifest, since otherwise it would
imply generic parametric convergence rates in the sample size for the empirical Wasserstein
distance for o > 2p, which would contradict well-known lower bounds (Singh and Péczos,
2018; Weed and Bach, 2019). We conjecture the dependency in |X| for the different regimes
to be sharp.

A novelty for the UOT setting is the additional dependency on the different scales of C.
This is explained by the previously discussed control of C' on the maximal distance at which
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transport occurs in an optimal plan. The height function is again used to specify the scale
induced by a particular choice of the parameter C'. Notably, the dependence on |X'| does not
change on most scales of C. There is an exception, however, for sufficiently small values of
C, where the (p, C)-KRD is equal to a scaled total variation distance. Thus, these bounds
are completely oblivious to the geometry of X in ), though they scale as |X |% which is the
same rate we obtain for the TV bound (recall Theorem 4). As a final observation, we note
that for C' > 2h,(0), these bounds essentially recover analogue bounds for empirical optimal
transport (Sommerfeld et al., 2019). However, for the (p, C')-KRD the bounds include an
additional summand based on the estimation error for the measure’s total mass intensity.

Remark 10 Assumption (19) on X can be relaxed in terms of . Namely, for C < 2hp,(L)A
dmin the assumption is not required because in this case the UOT cost coincides with the
TV distance and the complexity of X does not play a role. For C > 2hp(0), identical
upper bounds in t > 0 remain valid if (19) is satisfied for € > t~YV@Va) - This reflects a
multiscale behavior of the empirical plug-in estimator previously observed for empirical OT
(Weed and Bach, 2019): if the finitely supported measure is concentrated on an e-fattened
low-dimensional domain, then for smallt the constant from the low-dimensional setting will
manifest, but for t — oo the constant degrades due to the fattening.

3. Empirical Unbalanced Optimal Transport Plans

In this section we derive novel quantitative convergence statements for empirical UOT
plans. We rely on a novel stability result for the balanced setting, which we also include as
Theorem 14 as it might be interesting on its own; the proof is stated in Appendix D.3. The
rest of the omitted proofs can be found in Appendix D.4.

To set notation, we denote the collection of UOT plans between measures p, v € My (X)
for parameters p > 1 and C' > 0 by

P;C(u,y) = argmin Z dP(z,x")m(z,2') + CP <2 - M(ﬂ)) . (20)
mell<(uv) r,x'€X

Moreover, we additionally define the domain D(C) = {(z,2’) € X x X|d(z,2") < C'} and
consider the set of restricted UOT plans

Pl o, v) = {77 1(- € D(C)) ‘77 €P o, y)} . (21)

Lemma 36 in Appendix D.4 shows that P;C(M, v)is a Subse‘iof F;C(,u, v), and that every
sub-coupling in II<(u,v) which is the sum of an element in P;,C(,u, v) and a non-negative

measure supported on {(z,z') € X x X' |d(z,2’") = C} is contained in ?;’C(u, v). Based on
this insight, we restrict our attention to the set of restricted UOT plans for empirical and
population measures,

P;,C(ﬁt,& i/\ts) and P;,C (H? V)v
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and quantify the accuracy in estimating the latter in terms of the former via the Hausdorff
distance induced by the total variation norm. Crucial for our analysis is the following novel
stability bound of the UOT plans.

Theorem 11 (Stability bound for UOT plans) Let (X,d) be a finite metric space and
ph, 2, vt v € M (X). Then, for any p > 1 and C > 0 it holds that

,HTV ( ;,C(:u’lv Vl)? ;,C(:u’27 VZ))
< 41X+ 1) (TV(e', 1) + M) = M(p?)| + TV, v?) + M) - M(?)])

where Hry denotes the Hausdorff distance induced by the total variation norm.

The proof is based on relating the collection of (restricted) UOT plans to associated OT
plans for suitably augmented measures and a stability bound for OT plans stated in The-
orem 14. The latter follows from a general stability bound for optimal solutions of linear
program theory based on Li (1994). A remarkable property of the above stability bound
is that it does not depend on parameters p or C. In fact, the assertion also remains valid
for any other cost function besides of ¢ = dP, and might be of independent interest. This
stability bound asserts at the main result of this section.

Theorem 12 (Expected deviation of empirical UOT plans) Let (X,d) be a finite met-
ric space and p,v € My (X). Let [iy s,V s be the estimator from (8). Then, for any p > 1
and C' > 0 it follows that

E[ sup  Hrv (P;C(ﬁt,s,ﬁt,s),P;C(u,u))]
p>1,C>0

<4(x]+1) (2(1 M)+ D [Val@) + V(@)

reX

+ ﬁtM(“ F0) Y (e + u<x)2)>.

TEX

Proof The assertion follows by combining the stability bound from Theorem 11 above
with the bound on the total variation distance between the estimators fit s, 7; s and p,v
(Theorem 4) and on the absolute deviation between their masses (31). |

Remark 13 (Computation) Thanks to the connection between UOT and balanced OT
(see Appendiz C), various polynomial time procedures exist to compute the UOT plan
between plug-in estimators jirs and Vys. For exact computation, the auction algorithm
(Bertsimas and Tsitsiklis, 1997) or the network simplex flow algorithm (Luenberger et al.,
1984; Bonneel et al., 2011) can be used which admit a computational complexity of order
O(N3log(N)) where N is the number of support points. Moreover, to approvimate the
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UOT plan up to some precision € > 0, the Sinkhorn algorithm for the entropy regqularized
OT problem (Cuturi, 2013; Peyré and Cuturi, 2019) provides a computationally effective
method which scales with order O(N?1og(N)/e?), see Altschuler et al. (2017); Dvurechensky
et al. (2018) as well as Weed (2018) for an explicit analysis on the difference between unreg-
ularized and entropy reqularized OT cost. Notably, incorporating additionally the structure
of the UOT plan, any such algorithm can be improved by restricting the measures on the
domain D(C).

For our stability bound of the UOT plan we establish a novel stability bound for the vanilla
OT plan between measures with equal mass which might be of independent interest. To
formalize these results, we employ the following notation. Let p,v € My (X) be measures
with identical mass M(u) = M(v), let ¢: X x X — [0, 00) be a cost function and denote the
respective collection of OT plans as

P’ (u,v) = argmin Z c(z, 2 ) (z, o). (22)
mell=(n,v) r,x'eX
Note that the assumption of identical masses ensures that the collection of transport plans
is always non-empty and compact, hence P¥(u, ) is always non-empty.

Theorem 14 (Stability bound for balanced OT plans) Let X be a finite discrete space
and p1, v, o, vo € My (X) such that Ml(pu1) = M(v1) and M(ug) = M(vp). Then, for every
cost function c: X x X — [0,00) it holds that

Hy (Pe(, 1), iz, v2) ) < 4120 (TV (a1, 12) + TV (11, 13))

The proof is based on linear program theory and relies on a stability bound by Li (1994).

This quantitative error bound represents, to the best of our knowledge, the first of its kind
for finite discrete domains. Moreover, thanks to the generality of our stability bound, we are
not limited to the setting p = 2, which has been the main subject of analysis in Euclidean
settings for continuous settings (Gigli, 2011; Deb et al., 2021a; Hiitter and Rigollet, 2021;
Delalande and Merigot, 2023; Manole et al., 2024a) as well as semi-discrete settings (Bansil
and Kitagawa, 2022; Divol et al., 2024). Notably, these former results are concerned with the
OT map, whereas our Theorem 14 is concerned with the OT plan. It remains open whether
similar deviation bound for the OT plan can also be established for continuous settings.
Since the total variation norm metrizes strong convergence, we believe that similar results
are will not be valid for empirical plug-in estimators on continuous domains but can be
achieved when choosing a weaker loss and smooth plug-in estimators. We leave this for
future research.

Remark 15 Let us address some aspects of our stability bound from Theorem 14.

1. The key insight of Theorem 1/ is the fact that they behave fairly stable under small
perturbation of the marginal measures with respect to TV -norm. Remarkably, the
underlying cost function does not affect the upper bound, which may seem surpris-
ing given that the OT plan crucially depends on the cost function (see, e.g., Villani
(2008)).

23



HUNDRIESER, HEINEMANN, KLATT, STRULEVA, AND MUNK

2. For u' = % = 6, and arbitrary measures v',v? € M (X) it follows that ﬁz(ui, v;) =
{pi ® v;}. Therefore,

HTV (15:(/1’17 Vl)v ﬁi(ﬂ% V2)) = TV(/Jl v, p2 & VQ) = TV(Vlv V2)7

and thus the dependency in Theorem 14 with respect to the marginal measures is sharp.

3. The upper bound only scales linearly in the number of elements of the domain X. If all
measures u*, v, pu?,v% are concentrated on a subdomain X' C X, the constant could
be replaced by |X'|. Obtaining the sharp dependency in the number of support points

remains an interesting aspect for future work.

4. Based on distributional limits for the empirical OT plan between discrete measures
(Klatt et al., 2022; Liu et al., 2023) it follows that the deviation bound in Theorem 12
s sharp in s and t up to multiplicative constants which depend on X, 1 and v.

5. When perturbing the cost function a similar stability bound for OT plans can generally
not be expected. As an example, take identical probability measures y = v which
are not concentrated on a single point and consider cqo(z,y) = a - d(z,y) as the cost
function where a € [0,00) and d is a metric on X. Then, for a > 0 it follows that
P} (u,v) = {(Id,Id)»u} whereas for a = 0 it holds P} (u,v) = Il(p, v). This confirms
that the set of OT plans is discontinuous with respect to the cost function since

1 ( ,,f’*,) le 1im ||cy — collas = O.
{{n’HTV (), Po(p,v)) >0 while ali%llc colloc =0

4. Empirical Kantorovich-Rubinstein Barycenters

Consider measures ', ..., u7 € My (X) which we replace by fif, .., ..., [if, ., € M (X) as
defined in (8). We again focus on the Poisson model and treat the remaining two models
in Appendices A and refsec:ber. The previous upper bound on the Kantorovich-Rubinstein
distance in Theorem 5 between a measure and its empirical version enables a bound on
the mean absolute deviation of (p,C)-barycenters in terms of their p-Fréchet functional

Fyo(p) = %E‘ijzl KR£7C(Mi,M) from (3). We denote

@' € argmin —ZKR (u', 1), [* € argmin —ZKR Mtl sio 1)
neM ) J = neM () J

and measure the accuracy of approximation of y* by * in terms of their mean absolute
p-Fréchet deviation. The omitted proofs for this section are detailed in Appendix D.5.

Theorem 16 (Expected deviation of Fréchet error) Let p',...,u/ € M (X) and
denote X; = supp(u?) for i = 1,...,J. Consider random estimators ﬁ%lysl,...,ﬁ;]Jst €
M (X) derived from (8). Then,

. ) 2pCPt I L
E(lEpc(n®) = Fpewi)l < = EL% i (C)o(ti, 5i),
=1

24



(p, C)-KANTOROVICH-RUBINSTEIN: SAMPLING AND APPROXIMATION

where ¢ is given by

(2(1 — s)M(p) + % Y osex \/u(x)> ,if C < mingyy d(zx, 2'),

o(t,s) = 1 1—s 2\ 3

(GEM(p) + 152 Xpex m(@)?) 2, clse.

A more elaborate statement gives control over the set of empirical (p, C')-barycenters itself.
This involves a related linear program that is presented in detail in Appendix C.

Theorem 17 (Expected deviation of barycenters) Let u',...,u” € M (X) and de-
note X; = supp(p') for i = 1,...,J. Consider random estimators ﬁ%lﬁl,...,uws] €
M (X) derived from (8). Let B* be the set of (p,C)-barycenters of p', ..., u’ and B*
the set of (p,C)-barycenters of ﬂtll,sp e ,ﬁ;{]’s‘]. Then, for p > 1 it holds that

_1J

E| sup inf KRp i o(ti, Si),
sup ot (i, 1) Z i) i)

where ¢ is defined as in Theorem 16. The constant Vp is strictly positive and given by

. - fr
Vp = Vp(u',...,u”) = (J +1)diam(X)™ min
p=Vp(u p) = ( ) (X) LAun dl(v M)’
where V' is the set of feasible vertices from the linear program in Appendiz C, V* is the
subset of optimal vertices, ¢ is the cost vector of the program, f* is the optimal value, M
is the set of minimizers of the linear program (29) and dy(x, M) = inf e pm|lz — yl1.

Remark 18 Let us comment on our convergence result for barycenters.

1. Theorem 17 implies that every empirical barycenter tends for minegy . jyti — 00
and mingey 5y $i — 1 with parametric rates towards a suitable population barycen-
ter. This is practically relevant because for discrete domains, non-uniqueness of em-
pirical and population barycenters generally cannot be ruled out. Insofar, our result
guarantees that every estimator admits satisfactory convergence properties.

2. According to Hundrieser et al. (2024a), it is known that any barycenters estimator
suffers nearby the regime of non-unique barycenters from slow convergence rates or
underlying constants which blow up. Based on this insight, the presence of the term Vp,
which can be interpreted as a sub-optimality gap, likely cannot be improved significantly
without imposing additional conditions on the population measures ph1, ..., MJ.

3. As an extension of Theorem 17 we deem it worthwhile to extend the analysis to the
Hausdorff distance Hkr,  induced by the (p,C)-KRD, i.e., to establish convergence

statements for empirical barycenters B* to population barycenters B*,

Hig (ﬁ*,B*) =max | sup inf KRP (u*,i*), sup inf KRP (u*, i*)
»e GreBr M EB p*€B* ixeB*
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Such a convergence statement in the Hausdorff distance would assert, in addition
to point 1., that for every population barycenter there exists an empirical barycenter
which approximates it. Arguing as in Appendix D.5, one can see that

Vp sup inf KRP (u*, 1%) < |Fpo(i*) = Fpo(ph)],
p*€B* i*cB*

where ‘7]3 is defined analogously to Vp but with each p' replaced by the estimator ﬁ,@lsl

Controlling 17p to infer quantitative convergence results, however, seems rather chal-
lenging, and we leave a refined analysis of the underlying constant for future research.

Remark 19 For J =1 and any p > 1,C > 0 the (p, C)-barycenter of u' is just u'. Thus,
the optimal value of the Fréchet functional is zero, and it holds

Fpo(li*) — Fpo(p') = KRD o (' Ty )-
Consequently, it also holds

sup inf KR? (i, i*) = KR? o (u', iL.,)-
reBr HEB” 7 7

Thus, the rate for the convergence of the (p,C)-barycenter of the empirical measures, can
in general not be faster than the convergence rate of a single estimator. In particular, the
rates in t in Theorem 16 and Theorem 17 are sharp.

Remark 20 While this work is only concerned with plug-in estimators for (p, C')-barycenters
between general measures, there are also various other notions of barycenters between general
measures Chizat et al. (2018a); Friesecke et al. (2021). Exploring the statistical properties
of these alternative barycenters presents an interesting venue for future research.

5. Application: Randomized Computation with Statistical Guarantees

In this section we discuss how our derived bounds enable randomized computations of UOT
quantities with statistical guarantees. If the size of the population measures is computa-
tionally infeasible, then empirical versions of these measures can be used as a proxy for
the population distance, plan and barycenter. Our bounds allow tuning the problem size
(hence computational time) against the accuracy of the approximation. While all three
models allow this approximation approach, we exemplify this for the multinomial model.
In this resampling scenario, the assumption of known total intensities amounts to have
access to the full data set. Here, the sample size N provides a strict upper bound on
the computational complexity of a given approximation. This is though not the case for
the other two models, where such bounds can only be obtained by involving subsampling
10 scheme instead of a resampling one. We note however that subsampling approach is
typically outperformed by the resampling one.

10. Here, subsampling refers to sampling without replacement, while resampling refers to sampling with
replacement.
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Sampling Type
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Relative KRD Error

s

1e-04 1e-03 1e-02 1e-01
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Figure 5: Left: An excerpt of size 300 x 300 from the STED microscopy data of adult Hu-
man Dermal Fibroblasts labelled at MIC60 (a mitochondrial inner membrane complex, see
Tameling et al. (2021)). Center: The same type of data labelled at TOM20 (translocase
of the outer mitochondrial membrane), see Tameling et al. (2021). Right: The expected
relative (2,0.1)-KRD error curves obtained for the two images on the left and in the center
from re- and subsampling for specified runtimes (computed with the CRAN package WS-
Geometry). The orange line indicates an error level of 5%. The respective sample sizes
are between 100 and 9000 for both approaches, while the original images have about 23000
non-zero pixels.

Indeed, for the subsampling scheme we replace the i.i.d. samples X1, ..., Xy from u by ones
drawn without replacement. A natural choice of estimator is

~ o M) N ,
N = Sy et DO (23)

where the mass at each drawn location z € X is proportional to the mass of the population
measure at x and the total mass intensity is rescaled to the known, true total intensity. This
estimator is, due to the sampling without replacement, guaranteed to have N support points,
which yields close control on the required runtime for a given approximation. In recent
years, this approach has become popular within the machine learning community where it
is referred to as mini-batch OT (Fatras et al., 2021; Nguyen et al., 2022). An illustration
of the potential runtime advantages using the suggested randomized methods is displayed
in Figure 5. For this example, the resampling approach provides an expected relative KRD
error of about 5% while achieving a speedup of about a factor of 1000 compared to the
original runtime, while the subsampling approach requires nearly 10% of the original runtime
to achieve the same accuracy. A more detailed comparison of the empirical performance
of the re- and subsampling model is found in Section 6.4. Though, we note that, in the
considered data examples, the resampling approach consistently performed better than
the subsampling one. We also study the convergence properties of the empirical measure
and barycenter with respect to the (p, C')-KRD for all three described models in extended
simulation studies on a wide range of synthetic datasets, again further in Section 6.
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6. Simulations

In this section we investigate empirically the decay in the expected error for the Poisson
model for measures within X C [0,1]2. For the (p,C)-KRD we consider two measures
w,v € My (X) and the relative (p,C)-KRD error'!

E H KRp,C’ (ﬁt,w i/\t,s) - KRp,C (,Uw V)

} . (24)

KRp,C(M? V)
For the setting of barycenters we consider the relative (p, C)-Fréchet error'!
F % _F *
E I: p,C(M ) *p,C(:u ):| ) (25)
Fp,C(:u‘ )
In both cases, the relative error allows for easier comparisons between models than the
absolute error. In particular, since KRgc(u, v) = %TV(M,I/) (Heinemann et al., 2023,

Theorem 2) for C' N\, 0 and p # v, it follows that the relative (p, C')-KRD error enables
an easier comparison of the estimation error among different choices of C'. Additionally,
for the (p, C)-barycenter the relative (p, C')-Fréchet error in (25) is readily available from
simulations, while numerically considering the quantity in Theorem 17 is difficult, as it
requires all optimal solutions instead of a single one. All computations of the KRD and the
(p, C)-barycenter in this section are performed using the methods available in the CRAN
package WSGeometry.

6.1 Synthetic Datasets

We consider multiple types of measures for our simulations. Below we describe four types;
Appendix E.1 contains four additional types and the respective Poisson simulations are
provided in Appendix E.2. Analogous simulations for Multinomial Sampling and Bernoulli
Sampling are detailed in Appendices E.3 and E.4, respectively.

Let us fix some notation. Let J € N be the number of measures generated. Let U|0, 1]?
denote the uniform distribution and let Poi(\) denote a Poisson distribution with intensity
A. In all settings considered below, the measures are of the form

K;
i i
= E wk‘sl;‘c
k=1

for some weights w,i, locations l}'c and K; e N. If K; = Kj forall 4,5 = 1,...,J, then we
omit the index and denote the number of points by K. Note that all measures have been
constructed to have their support included in [0, 1]%.

NEsTED ELLIPSES (NE), SEE FIGURE 6 (A)

Let Gy,...,Gy ~ U{1,2,3,4,5} and let K; = MG, for M € N. Set all w,i, equal to 1
for each 1 < k < K; for i = 1,...,J. Let t1,...,ty be a discretization of [0,27]. Let

11. We define 0/0 := 0.
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Ul,... .U VE oV~ U[0.2,1]. For 1 <i < J, set
UGy ak = 051+ 377 (Ungj,— 1)k S (k) Varo—1)4k cos(tr)) "), Gi = 0,..., Gi.

CLUSTERED NESTED ELLIPSES (NEC), SEE FIGURE 6 (B)

Let GY,...,GS ~ Poi(\;) for ¢ = 1,...,5. Take A3 = 2 and set Ao = 1 else. Let
Ki:MZi’zle. Setw,iequaltolforl <k<K;fori=1,...,J. Let t1,...,ty be a dis-
cretization of [0, 27]. Choose Ui, ..., Ut Vi ... Vi ~ U[0.2,1]. Let a = (2,12,12,22,12)7
and B = (12,2,12,12,22)7. Set for c=1,...,5 and j; = 0,...,G¢

i | , »
Byt ety = (3 UnG 1S (ER) + s 379Vars, s cos(tr) + Bo))"

where we use the convention that a sum is zero if its last index is smaller than its first one.

(0] ° ® 0
0 @ o 0 & \ ¢ © o
® ()
o () ® (¢)
% o © < 0 o 0
° Q
(a) (b)

Figure 6: (a) An example of J = 8 measures from the NE dataset with M = 200. (b) An
example of J = 8 measures from the NEC dataset with M = 95.

Po1sSON INTENSITIES ON UNIFORM POSITIONS (PI), SEE FIGURE 7 (A)

Set K = M for M € N and let w!,... ,wé ~ Poi(\) and some intensity A > 0 and
I, . 1k ~UJ0,1)* for 1 <i < J.

Po1ssoN INTENSITIES ON A GRID (PIG), SEE FIGURE 7 (B)

Set K = M? for M € N and let w?, ... ,wéwg ~ Poi(\) and 11, ... ,l?wg be the locations of
equidistant M x M grid points in [0,1]2 for 1 <1i < J.
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(b)

Figure 7: (a) An example of J = 8 measures from the PI dataset with M = 500 and A = 5.
(b) An example of J = 8 measures from the PIG dataset with M = 23 and A = 5.

6.2 Simulation Results for the (2, C)-Kantorovich-Rubinstein Distance

In the following, we discuss the results from our simulation studies for the Poisson model for
the (2, C')-KRD between two measures within one of the eight classes of measures introduced
above. For the error of the NE class in Figure 8 the error is decreasing in s and t, but
increasing in C'. Both of these behaviors are in line with the bound in Theorem 5. The
decrease of the error for increasing s and ¢ is immediately clear from our theoretical results.
The increase of error for increasing C' is based on the fact that in the Poisson model the
population total intensities of p and v are unknown and have to be estimated from the
data. The (p, C')-KRD penalizes mass deviation with a factor scaling with C, so naturally
for increasing C, the errors in the estimation of the true difference of masses yields an
increase in the expected relative (p, C')-KRD error.

Notably, while the decrease in s and ¢ is similar for the error of the NEC class in Figure 9,
the error is no longer increasing in C'. Instead, the errors increase from C' = 0.01 to C' = 0.1,
but then decrease again for C' = 1. Afterward they increase again at C' = 10. This difference
in behavior is explained by the cluster structure of the measure in NEC. There is still the
general trend of increasing error for increasing C, as present in the NE class, but now there
is an additional change in behavior based on the fact if transport occurs within clusters or
between clusters. From C' = 0.1 to C' = 1, we pass the size of the clusters and the distance
between the clusters. Thus, C' = 1 is the first value in our simulation for which inter-cluster
transports can occur. This causes a decrease in error, as the impact of the estimation of the
total mass intensity of a measure within one cluster is decreased. After this point the usual
increase in error for increasing C' due to the estimation of the total mass intensity occurs.

For the (p, C)-KRD error in the PI class in Figure 10 this effect is particularly strong. The
error increases on average about two orders of magnitude from C = 0.01 to C' = 10. This is
explained by the fact that the total mass intensity in this class is significantly larger than
for the classes NE and NEC, where each location in the support of the measures has mass
one. This also causes an increase of the variance of the mass of the empirical measures at
each location, which causes a faster increase of error for increasing C' at all scales of C.
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Meanwhile, the (p, C')-KRD error in the PIG class in Figure 11 increases from C' = 0.01
to C' = 0.1 but does not increase further as C increases. This is likely a consequence of
the homogeneous structure of the measures in the PIG class, which cause the UOT plan to
transport mass along small scales and since the total mass is well concentrated.

6.3 Simulation Results for the (2, C)-Barycenter

It remains to discuss the results from our simulation studies for the Poisson model for the
(2, C)-barycenter between sets of measures within one of the classes of measures introduced
above. We restrict our analysis to the values of C' = 0.1, 1,10, since for C' = 0.01 the
(p, C)-KRD is close to the TV distance. In particular, for all classes except PIG, where all
measures share the same support grid, the (2, C)-barycenter will be close or identical to the
zero measure, since the measures in the other classes are almost surely disjoint. Additionally,
if the barycenter of the population measures is the zero measure, any empirical barycenter
has mass zero as well. Thus, there is little merit in simulating the barycenters in these cases.
For the class PIG the barycenters are essentially T'V-barycenters for small C' which removes
any geometrically interesting features from the barycenter. Finally, for rather small values
of C the (p, C)-barycenter computations tend to become numerically unstable due to either
involving values close to machine accuracy and UOT plans for these values of C' often being
close to the zero measure. Hence, empirical simulations of the expected relative Fréchet
error would also be less reliable in this regime of values for C'. In summary, empirical
analysis of the properties of the (p,C)-barycenter for values of C' which are several orders
of magnitude smaller than the diameter of ) is inadvisable.
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Figure 8: Expected relative (2,C)-KRD error for two measures in the Poisson sampling
model for the NE class with M = 100 and different success probabilities s. For each pair
of success probability s and observation time t the expectation is estimated from 1000
independent runs. From top-left to bottom-right we have C' = 0.01,0.1, 1, 10, respectively.
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Figure 9: As in Figure 8, but for the NEC class with M = 75.
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Figure 10: As in Figure 8, but for the PI class with M = 450.

For the relative Fréchet errors we observe significant changes in behavior compared to the
relative (p, C')-KRD before. Considering the error for the NE class in Figure 12, we note
that for C' = 0.1 the behavior in s and ¢ is different from the empirical (p, C')-KRD. Namely,
for fixed s, the error is in general not strictly decreasing in t and vice versa for fixed t, the
error is not always strictly decreasing in s. This is an interesting effect arising for small
values of the product st. A point y € ) can only be a support point of a (p, C')-barycenter
if it is in the intersection of at least J/2 balls of size C? /2 around support points of different
measures (compare the construction of the centroid set in (5)). Now, for small s and ¢
many support points of the population barycenter are not included in the support of the
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Figure 11: As in Figure 8, but for the PIG class with M = 22.
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Figure 12: Expected relative Fréchet error for the (2, C)-barycenter for J = 5 measures
from the NE class in the Poisson sampling model with different success probabilities s. For
each pair of success probability s and observation time t the expectation is estimated from
100 independent runs. Set M = 100. From left to right we have C' = 0.1, 1, 10, respectively.
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Figure 13: As in Figure 12, but for the NEC class with M = 75.

empirical one, since centroid set of the empirical measures is significantly smaller than the
population level one. In particular, this can create situations where an increase in s or t
on average adds support points to empirical barycenter, which cause the relative error to
increase, since placing mass zero at this location, for small C, is actually better than placing
a potentially larger mass (since we assumed (¢s)~! to be relatively small) at this location.
Thus, while asymptotically, the rate in Theorem 16 is optimal, for certain, sufficiently small,
values of s, t and C, the behavior of the relative Fréchet error might be counter-intuitive.
For C' = 0.1 and C = 1, the errors behave quite similarly to the (p, C)-KRD setting, though
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Figure 14: As in Figure 12, but for the PI class with M = 450.
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Figure 15: As in Figure 12, but for the PIG class with M = 22.

there is essentially no increase in error going from C' = 1 to C' = 10. This is explained by
two points. First, the location of the (p, C')-barycenter tends to be more centered within
the support of the measures (all measures are support on subsets of the unit square), so
little transport between the barycenter and the p’ occurs at a distance larger than one.
Second, the key factor for the increasing error for increasing C' in the (p,C)-KRD case is
the estimation error for the total mass intensities. However, for sufficiently large C' the mass
of the (p,C)-barycenter is the median of the total masses of the ‘. Since, this quantity
is significantly more stable under estimation than the individual total mass intensities, it
is to be expected that the mass estimation has little effect on the relative Fréchet error.
For the error of the NEC class in Figure 13 the results are similar to the NE case. We
observe similar effects on the dependence of s and ¢ for C' = 0.1 and for C' =1 and C' = 10,
the errors look extremely similar. One notable distinction is the fact that from C' = 0.1
to C' = 1 the errors decrease on average. As before for the NEC class in the (p, C')-KRD
setting, this can be explained by its cluster structure and C' = 1 being the first value for
which inter-cluster transport becomes possible in an UOT plan. This is therefore also the
first value of C' which allows the (p, C')-barycenter to have mass between clusters. Finally,
for the error of the PI class in Figure 14 the value of C' only has a minimal effect on the
resulting errors. Notably and contrary to the two prior classes, we do not encounter any
additional effects for C = 0.1. This is explained by the in general higher mass intensities
of the measures in the PI class, which make the previously described effects due to low
values of s and ¢ less likely. Additionally, these measures do not possess any geometrical
structures in their support, which could impact the behavior on different scales. There is
again little increase in error for increasing C', which is in stark contrast to the PI class in
the (p, C')-KRD setting, where the error increased by multiple orders of magnitude. This is
another strong indicator, that the Fréchet error is significantly more stable under C', due to
the stability of total mass intensity of the empirical barycenter opposed to the total mass
intensity of the individual measures.
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6.4 Real Data Example

In Figure 16 we consider the (2,0.1)-KRD between images which are an excerpt from STED
microscopy of adult human dermal fibroblast cells (for the full dataset see Tameling et al.
(2021)). The images in the Figures 16(a), (b) and Figures 16(c), (d) are visually similar, as
they correspond to measurements taken based on two different markers (one at the inner
mitochondrial membrane and one at the outer) in the same cells. The (2,0.1)-KRD captures
this fact in the sense, that the pairwise distance between the measures are smallest for these
pairs of images. Utilizing UOT on this type of dataset is a potential way of quantifying
dissimilarity between the respective measures and extending OT based dissimilarity analysis
to measures of unequal total intensity (the total mass intensities in these examples lies
roughly between 6200 and 9500).

We further want to use this dataset to illustrate the performance of the randomized com-
putational approach for the (p, C')-KRD based on the multinomial model (recall (6)). The
300 x 300 images here are specifically chosen such that the true distances can still be com-
puted which allows comparing the expected error of the empirical (p, C')-KRD for given
sample sizes on this data set. We compare the results obtained from the resampling ap-
proach (i.e., the estimator from (6)) considered in the multinomial model to the subsampling
approach (i.e., the estimator from (23)) obtained by sampling without replacement from
the measures instead. In these simulations the maximum sample size is about 1/5 of the
support sizes. This corresponds to a runtime of about 2.5% of the original problem size.
While it is clear by construction that for sufficiently large sample sizes, subsampling yields a
smaller error than the resampling (as the error approaches zero if the sample size approaches
the support size), for smaller sample sizes the resampling can have a better performance. It
yields a relative error below 5% at less than 10% of the original support size in all considered
instances. This approximation can be achieved in around 0.5% of the original runtime. The
subsampling approach does not reach this level of accuracy for the considered sample sizes.
Thus, these simulations suggest that randomized computations based on the multinomial
model allow for high accuracy approximations of the (p, C')-KRD in real data applications
at a significantly lower computational cost than the original problem and that for small
sample sizes there are scenarios where the resampling approach yields significantly better
performance than the subsampling one.
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Figure 16: (a)-(d): Excerpts of size 300 x 300 from the STED microscopy data of adult
Human Dermal Fibroblasts in Tameling et al. (2021). The images have on average about
25000 non-zero pixels. (a) and (c) have been labelled at MIC60 (a mitochondrial inner
membrane complex); (b) and (d) have been labelled at TOM20 (translocase of the outer
mitochondrial membrane). (e)-(j): Log-log-plots of the relative error for the empirical
(2,0.1)-KRD (obtained from resampling and subsampling) between the four filament struc-
tures in (a)-(d) considered as measures in [0,1]2. (e) Between (a) and (b). (f) Between (a)
and (c). (g) Between (a) and (d). (h) Between (b) and (c). (i) Between (b) and (d). (j)
Between (c) and (d).
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Appendix A. Bounds for the Multinomial Model

In this section we provide analogue results to the convergence statement for the expected
deviation of the estimator in KRD and TV (Theorems 4 and 5), the empirical UOT plan
(Theorem 12), and empirical barycenter (Theorems 16 and 17) but for the multinomial
model in (6). We do not explicitly state the convergence statements for the empirical KRD
(Theorem 7 and Theorem 8) as they can be immediately derived from our bound in (10).
The proofs for all subsequent results only differ in the way the respective expectations are
bounded, so whenever suitable, we only state relevant differences in the proofs. Notably,
in Appendix E.3 we detail some simulations for several classes of measures which showcase
that our theoretical results are realized.

Theorem 21 (Expected deviation of estimator in TV and KRD) Let (X,d) be a
finite metric space and p € M (X) with total mass M(u). Let iy be the estimator from
(6). Then, for any p > 1 it holds that

E [KRZ,C (ﬁN,M)] < CPE[TV (N, p)] < (Cp\/ M(1) Y v/ M(@) N7z

TEX

Proof Following the proof of Theorem 4, it suffices to bound the TV norm in expectation,

e = SB[ (2) — (e[| = M0 X — oty )
E[TV (v, )] = D Bl fin(@) = u(@) [| = 52 SB[ D 1K =} - N4 ||

zeX N zeX i=1 M('u)
M) ple) (, p@)\ _
<IN S Vit (1 i) = VG X Vi)

where the inequality follows from the fact the X; ~ Ber (u(z)/M(p)) fori=1,...,N. R

Theorem 22 (Expected deviation of estimator in KRD) Let (X,d) be a finite met-
ric space and p € M4 (X) with total mass M(p). Let fiy be the estimator from (6). Then,
for any p > 1, resolution q > 1 and depth L € N it holds that

_ 1
E KRy (fin, )] < YN8 (C)V/PN 2.
For

p L ‘
A1) i= a2t (o2 () S riQlt ).
j=l

the constant is equal to

M(p)Agp.r,x(1), if C > 2hq1(0),
ENN(Coq, L) = S M(u)Agprx(), if 2hy (1) < C < 2hg (1 1),
VM) Y per V@), if C < (2hg (L) Vmingp d(z,2')) .
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Furthermore, for p =1 the factor ﬁ in Aga,.x(a,b,l) can be removed. Denote

Mult ,_ . Mult
gp,X,,u(C) T LE%\II%(f];l gp,X“u(Ca q, L)

Proof The proof of this result only differs from the proof of Theorem 5 by the upper
bounds on the relevant expectations. By definition E [|[M(ziny) — M(p)|] = 0. Furthermore,
scaling the expectation by total mass

M(p) M(p)
(C(x) D

we notice that % = %Zf\il Xi(x), where Xi(z),...,Xn(z) L Ber (a(z)) with

B (|7 (C(o)) ~ (€)= M)E |

ix(C(x)  pH(C(x)) H 7

a(x) = % Consequently, it holds that

1 N
v > Xi(z) — a(x)

1=

> E[|ak(C(@) — p(C(x)]] =M(p) > E
TEQ TEQ

<y Y 2]

TEQ

< m(uyy/ 2L

Notably, compared to 5}; ?é #(C, q, L), the constant E%XU{L(C, ¢, L) misses an additional sum-
mand for large C. This summand corresponds to the estimation error of the total mass

intensity of iy which is zero by assumptions of the model.

Remark 23 If C > diam(&X) and M(u) = M(v), the (p,C)-KRD between p and v is
equal to the Wasserstein distance between these two measures. In particular, for C' >
2hq 1,(0) we recover the respective deviation bounds by Sommerfeld et al. (2019) for the
measure estimator Wasserstein distance. In particular, for this setting, it holds in the
multinomial model for all N € N that M(fin) = M(u) which implies for C' > diam(X) that
KRy.c(iin, 1) = Wy(lin, ). Since for the latter term the parametric rate N™% is already
known to be optimal (Sommerfeld et al., 2019), our rate in N is sharp.

Theorem 24 (Expected deviation of empirical UOT plans) Let (X,d) be a finite met-
ric space and p,v € My (X). Let fin,Un be their respective estimators from (6). Then, for
any p > 1 and C > 0 it follows that

E [Hrv (P} (v, 7n), Py o (i, v))]

< a(1¥] 4 DN (Wﬂ(u) CEN o) mx))

TEX TEX
< 4(|X] 4+ 1) 2N"1V2M(p + v).
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Proof The assertion follows by combining our stability bound (Theorem 11) with conver-
gence of the estimators iy, Vy to u, v with respect to the total variation norm (Theorem
21) and the fact that by definition E [|[M(zin) — M(p)|] = E [|[M(vy) — M(v)|] = 0. The last
inequality is due to Cauchy—Schwarz. |

Remark 25 The convergence rate in N matches with the distributional limit obtained by
Klatt et al. (2022) and Liu et al. (2023) and is therefore sharp in N. In particular, our
result explicitly quantifies how the number of support points affect the convergence rate.

Theorem 26 (Expected deviation of Fréchet error) Let u',...,u’ € M (X) and
denote X; = supp(p®) fori=1,...,J. Consider random estimators ZZ}W e ,ﬁ]‘{,J € My(X)
derived from (6) and based on sample size Ny, ..., Ny, respectively. Then it holds for any
barycenter u* of the population measures and any barycenter i* of the estimators,

— . 2pCP~1 J u _
E{|Fc(i) ~ Foc(n)ll < == M (CON,

)
i=1

=

Theorem 27 (Expected deviation of empirical barycenters) Letu',...,u’ € M, (X)
and denote X; = supp(u) for i = 1,...,J. Consider random estimators ﬁ}\m .. .,ZZJJVJ €
M (X) derived from (6) and based on sample size Ny,..., Ny, respectively. Let B* be the
set of (p,C)-barycenters of u', ..., u’ and B* the set of (p, C)-barycenters of /’I}VZ, - ,/’I}{]J.
Then, for p > 1 it holds that

J

pCP~! Mul -1
El i (CON; 2,

E | sup inf KR? (o, p")| <
ﬁ*eﬁ*’“eB* p, VpJ i1

where the constant Vp is defined as in Theorem 17.

The proofs of Theorem 26 and Theorem 27 are deferred to Appendix D.5.

Remark 28 By the same arqgument as for the Poisson model (Theorem 19), the convergence
rate for the empirical barycenter does not to zero faster than for a single measure. Thus,
the N=1/2 rate is sharp.

In the following we, derive explicit bounds for 5113\7/[)‘{‘172(0 ) for under the structural Assumption

(19). To this end, we follow the arguments in Section 2.4. For the regime, for o < 2p and
L — oo we obtain,
M(p) A/ diam (X P21 220

if C > 2hr(0),

. —1 2(a/2=p)l
Ml (0 < M () A2 diam (X )P2%— 25000
- if 2h(1) < C < 2hp(1—1),

SVM(1) Y per Vi),

if C < (2hr(L) V ming . d(z, ")) .
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For a = 2p and L = |1 log,(|X|)] we get

M(p)diam(X)P23%P~1 (277 + A1/2é log, | X)),
if C'> 2h7(0),
M(p)diam(X)P23P=1(27P + A2 (Llog, |X| — 1)),
if 2h(1) < C < 2hp(1—1),

CVM() Y per Vi),

if C' < (2hr(L) V ming, d(z,2')).

gMult (C)

IA

Finally, for a > 2p and L = Lé log,(|X])], it holds

(

Mi(p)diam( X P21 | X[/ (270 4 AV2 222
if C' > 2h(0),
M (1) diam (X)P23P~1 x

u — —n/a a/2 —n/a a/2— _
51\%;(0) <!{ (@ p’X‘1/2 p/ 141/223/2 p” (’X‘l/Z p/a _ 9(a/2—p)(l 1))),

if QhL(l) <C< QhL(l — 1),
% V M(M) Zzex V /"L(m)a

if C < (2hr(L) V mingy d(z,2')).

We stress that while these constants do not include the additional term for the estimation
of the total mass intensity, their dependency on |X| is identical to that of the upper bounds

55 %SM(C). In particular, the phase transitions still occur depending on whether « is
1arger than 2p, smaller than 2p or equal to it.

Appendix B. Bounds for the Bernoulli Model

In this section we provide results analogue to previous subsection for the estimator in the
Bernoulli model in (7). As before, since the proofs only differ in the way expectations are
bounded, we only state relevant differences in the proofs. Simulations, corroborating our
theoretical findings are provided in Appendix E.4.

Theorem 29 (Expected deviation of estimator in TV and KRD) Let (X,d) be a
finite metric space and p € My (X) with p(zx) € {0,1} for x € X. Let fis, be the measure
in (7). Then, for any p > 1 it holds that

E[KRY ¢ iy, 1)| < CPEITV (o, 1)] €207 Y (1= 52).
zeX

Proof This proof is identical to the proof of Theorem 4 except for the bound on the
expectation. For this, note that

E [TV (isy, )] ZE[

reX

— ()

]g > (s (s -D<2Y (15,

xE€supp(p) reX
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with B, ~ Ber(s,u(x)) for s, € (0,1] for all z € X. [ |

Theorem 30 (Expected deviation of estimator in KRD) Let (X,d) be a finite met-
ric space and p € M4 (X) with p(z) € {0,1} for x € X. Let jis, be the measure in (7).
Then, for any p > 1, resolution ¢ > 1 and depth L € N it holds that

(2 ZxGX(l - Sm)) ’
if C < (2hg,r(L) V ming e d(z,2'))

3=

E [KRILC (IL/ISX’ /‘L)] < gz}?f\? ,u,(Ca q, L)l/p i

Z 1—s. 2p
X s, )

else.

\

The constant SBer (C, q,L) is equal to EPOI (C, q,L) for allC >0, q>1 and L € N. We
denote

Ber L Ber
Er.n(C) 7L€11\111£>1gp’ (G4, L)-

Proof The proof of this result only differs from the proof of Theorem 5 in the upper bounds
on the relevant expectations. Recall the estimator fis, from (7) and let B, ~ Ber(sypu(x))
for s € (0,1] for all z € X. It holds that

Y B[k C) —pt @] =D B Y] %— > ut(y)

z€Q, zeQr | |yec(z) Y yec(a)
< Z Var Z Z Z Sy 2Var
zEQ yeC(z) 5y zeQq \ yec(z)
1-— S
-y YT ( u(?:) DB o
€@ \ yel(z) v x€X

The total mass can be bounded analogously as

B[, () — k()] < [3 12 (26)

S
zeX z

Since the constants for the deviation bounds for this model coincide with those for the
Poisson model we refer to the previous discussion on their properties.

Remark 31 Consider sy such that s, = s for some s € (0,1] and all x € X. Note, that

for sufficiently small C' the upper bound is an equality, since the (p,C)-KRD in this setting
1s proportional to the TV distance and that distance has a closed form solution here. For
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larger C, the expectation in the proof of Theorem 30 amounts to bounding the mean absolute
deviation of a binomial distribution. This has a closed form solution which scales as the
standard deviation of the respective binomial for s not too close to 0 or 1 (Berend and
Kontorovich, 2013). Hence, in this context the upper bound on the mean absolute deviation
in the proof is sharp. So based on the presented approach for the deviation bounds, the upper
bound is mon-improvable.

To state the result analogous to Theorem 11, we consider p and v € M4 (X') with respective
supports X, := supp(p) = {z1,...,2p} and success probabilities s, € [0,1] for x € &,
and &, :=supp(v) = {1, ..., 2, } with success probabilities s,/ € [0, 1] for 2’ € &,.

Theorem 32 (Expected deviation of empirical UOT plans) Let (X, d) be a finite met-
ric space and p,v € My (X). Let ZZSXH,DSXV be their respective estimators from (7). Then,
for any p > 1 and C > 0 it follows that

E [Hrv (P) o, o, ) Pho(iv) )|

AX[+1) (2D A =sa)+2 ) (1—sp)+

reX, ' eX,

A(X]+1) | 2(M(p +v) = 2) +

Proof The assertion follows by combining our stability bound (Theorem 11) with conver-
gence of the estimators [, Vs, t0 p,v with respect to the total variation norm and in
terms of their masses (26). [

Theorem 33 (Expected deviation of Fréchet error) Let p',...,u/ € M (X) and
denote X; = supp(u') for i = 1,...,J. Consider (random) estimators ﬁ;xl,...,ﬁ;}){] €
M (X) derived from (7). Then,

. Z2 Cp 17
E”F7C(M )_Fp,C(:u P Z Xi)7

where 1 is given by
23 ex(l—s5), if C <ming sy d(z,2')

vlox) = (erx 15?)% , else.

Theorem 34 (Expected deviation of empirical barycenters) Letpu',...,u’ € M, (X)
and denote X; = supp(u’) fori=1,...,.J. Consider (random) estimators ﬁixl - ,/’l‘S]XJ IS
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M (X) derived from (7). Let B* be the set of (p, C)-barycenters of u', ..., u’ and B* the
set of (p, C)-barycenters of ﬂ;xl’ o ,ﬁSJX]. Then, for p > 1 it holds that

J

pCP
VpJ

E | sup inf KRP (7% p*)| <

B* P SE%,M (C)¢(5X2)7
1

~ *
//I*GB* Hre i=

where 1 is defined as in Theorem 33 and Vp is defined as in Theorem 16.

The proofs of Theorem 33 and Theorem 34 are deferred to Appendix D.5.

Appendix C. A Lift to the Balanced Optimal Transport Problem

A key tool in establishing properties of the (p, C')-KRD and the (p, C')-barycenter is the lift
of these problems to the space of probability measures by augmenting the space X with
a dummy point having a fixed distance to all points in X, see (Heinemann et al., 2023,
Section 3.1) for details. For a fixed parameter C' > 0, consider a dummy point 0 and define
the augmented space X = X U {0} with metric cost

dP(z, ') NCP, ifx,2’ € X,

(o) = e, ifzeX, o =0, o
%, ifx=2012"€X,
0, ifx=a=0.

Consider the subset MZ(X) = {p € M (X) | M(p) < B} C M4 (X) of non-negative
measures whose total mass is bounded by B. Setting i = pu + (B — M(u))dy, any measure
p € MEP(X) defines an augmented measure fi on X such that M(zi) = B. For any u,v €
M (X) and their augmented versions g, 7 € M (X) it holds

KRE, (1, v) = 0Tz, (7, 7). (28)

Here, G\TJP denotes the OT cost defined for measures p, v on (X, d) with M(p) = M(v) as
C

OT+ (p,v) == min &, (z, 2 )z, 2'),
R0 = pin | 3 Bl

where the set of couplings II_(y, v) is the set II<(u, v) with inequalities replaced by equal-
ities.

Similarly, the (p,C)-barycenter problem can be augmented. For this, let Y == Y U {0}
endowed with the metric d¢ in (27) (replace X by Y and recall that X C )) and augment
the measures pu', ..., u7 to g', ..., 0’ where i; = u' + E#iM(,ui)(Sa for1 <i<J. In
particular, it holds M(z;) = 25:1 M(p?) and the augmented p-Fréchet functional is defined
as

J
~ 1 —
Fpo(n) =5 z; OT g (i 1)-
1=
Any minimizer of ﬁp@ is referred to as augmented (p, C')-barycenter.
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LP-FORMULATION FOR THE (p, C)-BARYCENTER

According to (Heinemann et al., 2023, Lemma 3.2), the augmented (p, C)-barycenter prob-

lem can be rewritten as a linear program based on the centroid set Cxg(J, p, C') = Cxr(J,p, C)U

{0} (recall (5) for the definition of Cxr(J,p,C)) of the augmented measures. This yields

J 1Cxr(J,p,0)| M;

7r<1> ﬂ'(‘]>a JZ Z Z’Njkcjk

Zﬁj(.’,‘j:aj, Vi=1,...,J,¥j=1,...,|Ckr(J,p,C)|,
ICkr (Jp,C)| A A
Z Trj(;f): o> Vi=1,...,J,Vk=1,..., M;, (29)
j=1
) >0, Vi=1,...,J¥ji=1,...,|Ckr(J,p,C)|,
Vk=1,..., M,

where M; = ]2?2] for each 1 < ¢ < J is the cardinality of the support of the augmented
measure fi;. Here, ¢}; denotes the distance between the j-th point of |Ckr(J, p,C)| and the

k-th point in the support of i;, while b is the vector of masses corresponding to fi;.

Appendix D. Auxiliary Results and Deferred Proofs

D.1 Proof of Stability Bound of KRD via Dual Formulation

Proof [Proof of Lemma 3] We first observe that the second assertion follows from |z —y| <
217P 2P — yP| for all 2,y > 0,p > 1. To prove (17), note that if u* = 0 or v* = 0 for each
i € {1,2}, then by II<(u?, ') = {0} it follows that

cr

KRy c(u',v') = o

(M(u") + M) (30)
and the assertion follows by triangle inequality,

KRy o (', 1) = KR o(p*, v%)] = %1Mw> + M) - M(i?) - M(?)
< % (IM(pt) — M(?)| + M) - M@?))) .

Moreover, if C' < min{A(u!,v'), A(u?, %)}, then by Heinemann et al. (2023, Lemma 2.1)
the UOT plan between i and v is to not transport anything, and delete the excess mass
at cost CP /2, which yields (30) and again inequality (17) follows by triangle inequality.

For the remaining case, we augment u’, v* to ji*, 7* on X =2XU {d} as spelled out in
Appendix C with total mass B := max(M(u), M(+%)). Then, by the representation of the
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UOT cost in terms of the augmented OT cost (see Equation (28)), it follows that
KR? (', ') = 0Ty » (77 DY) = max > f@)Ei () + ) gla)v ().

f,9:X—=R s s

J@)+g(a) <d (') Y vex

By Villani (2003, Remark 1.13) there always exist optimal potentials f and g such that
they are bounded by Hd Hoo < CP in absolute value. Hence, upon denoting such pairs of

optimal potentials for OTp o (1, V%) by (fi, g:), it follows that

KRD (', ") —KRD o (u%,0%) < Y fl@) (@' — 52 (@) + ) gr(@)(@7' - 7))

TEX =
DoIE =) @)+ 1~ A ()]
:EG;VV ze)?

= CP (TV(it, %) + TV (7, 72))
< 207 (TV(u', 1?) + TV (v, v?))

where the last inequality follows from Lemma 38. Exchanging (u!,v!) with (u?,1?) yields
a corresponding lower bound and finishes the proof. |

D.2 Proof of Statistical Deviation Bound for Empirical KRD via TV-norm
and Tree Approximation

As a preparatory step to prove Theorem 5, we treat the significantly simpler case of an
empirical deviation bound with respect to the total variation distance.

Proof [Proof of Theorem 4| Let u,v € M (X). By retaining all common mass between
u and v at place and delete (resp. create) excess mass (resp. deficient mass) we obtain a
feasible solution for (2) with objective value in terms of a total variation distance between
p and v. Thus, it holds

KR?C (u,v) < CPTV (u,v).

In particular, this inequality is satisfied for v = [i; 5. Taking expectations yields

E[TV (s, 2;(1& P, — stu(a)]
= it > AP = stu(a)] + (1= s)sa(a)
< lt >~ 51~ JE [P + LR~ tulo)] + (1 = shsta(a)
<= 2{25 )ty + VI u(x)
2<1mi $)MI(1) + % 3 Valw)
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With Lemma 1 and Theorem 4 at our disposal we are able to prove Theorem 5.

Proof [Proof of Theorem 5| Let fi; s be the estimator from (8). We fix p = 1 and detail the
case p > 1 at the end of the proof. Suppose first that C' < min, . d(x,z’). According to
(Heinemann et al., 2023, Theorem 2.2 (ii)) it holds that

E (KR ot )] = 5B [Z it — u<x>|] = SRVt ).
reEX

This yields the total variation bounds (see Theorem 4). Next, consider the tree ap-
proximation as outlined in Section 2.1.1 and construct an ultrametric tree 7 such that
KRy, (fit,s, 1) < KRy 0 ([ZtLys,,uL) . Applying Lemma 1 for p = 1 where by definition the
difference of height function is equal to

diam(X)

— (°7 = ¢*77) = diam(X)q' 7

hgr(j —1) = her(j) =
and yields the upper bound

E [KRi,c(fits, )] < E [KRay o (s n")]

((§ — g (0) E[M(7ir,s) - M(M)H

L+1
+diam(X) 35 ¢ ¥ E[|a5(C(x) — pH(C(x))]], if C > 2hg(0)
j= xGQJ
= L+1 A
diam(X) 3° ¢"7 3 E[|af,(C(2") —p™(C()|],  if 2hgr(l) < C < 2hg (1 - 1),
j=l T GQJ
CRITV (firs, 1)) , if C < (2hg,(L) V min,, d(z,2')) .
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For the estimator from (8) with B, ~ Ber(s) and P, ~ Poi(tu(z)) for all z € X, it holds

> Ef[a(C2) — pH(C(@)]]
TEQ)
1
=Y B Y PBB,—st Y n
TEQ, yeCl(x) yeC(x)
1 1
<) | Ver > BB, =) g > Var(P,B,)
TEQ yeC(x) z€Q yeC(x)
= Z > (1= s)tp(y) + s(1 = s)u(y)? + tu(y)s?
TEQ yeC(z)
1- 1 - 1
=Y | X e+ Y w5 Y nw)
z€EQ yeC(z) yeC(z) y€eC(z)
1 1—
=y n(C@) + ° > uly)?
TEQ, yeC(x)
1 1-
Vi@l | Y ne@)+—=3 > nly?
z€Q 2€Q yeC(x)
1 1—
- \/|Qz|\/8tM(/~L) N
TEX

Following an analogous computation one bounds the estimation error for the total mass
intensity as

E [IM(7r,) — M(p)]] < +/Var(M(fis) < \/ L+ 0 S pap )

reX

Applying both of these bounds to the previous upper bound on the (p, C)-KRD in Lemma 1
yields the claim.

For p > 1, we first observe again that if C' < min,,,» d(z, 2’) then according to (Heinemann
et al., 2023, Theorem 2.2) it holds that

P (5 cr -~
E KR (s, 1) | = 5B [TV (it )]

which yields the total variation bounds. For more general C, we repeat the previous calcu-
lations with the upper bounds on the difference of height function hg r,(j — 1) — hg,1.(j)? <
p .
diam(X)P (ﬁ) q?~7P. Since hgr(L + 1) = 0 we also have
hg.r(L)? — hy (L 4 1)P = diam(X)Pg~ P,
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The expectations are bounded identically as before. Finally, using Jensen’s inequality,

E[KRp,c (1 ft,s)] < (E [KRZ,C(uyﬁt,s)D; ;

finishes the proof. |

Remark 35 Omitting Jensen’s inequality in the last step of the proof of Theorem 5 implies
the slightly stronger result

(200 = M) + 5 Xoen Vi)
if C < (2hg (L) V ming s d(z, '),

B (KR (e )] < E5%,(Coa 1)

NI

(FM(p) + 552 Epen 1(®)*)?

else.

D.3 Proof of Stability Bound for Balanced Optimal Transport Plan

Proof [Proof of Theorem 14| The proof is divided into several steps. In the first step we cast
the optimal transport problem as an appropriate linear program for which we can utilize
the Lipschitz stability bound by Li (1994). In the second step we analyze the optimization
problem which underlies the definition of respective Lipschitz constant. Finally, in the third
step we quantify the Lipschitz constant.

Step 1. Reduction to linear program. The collection of OT plans f’z(,u, v) for measures p
and v for cost function ¢ can be interpreted as the solution of the linear program

m(z,2’) >0 for all z,2' € X,
Mm%% ) Z c(z,z")m(z,2") subject to ¢ 3y w(z,2') = p(z) for all z € X,
S X
! ' €X Yowex T(x,x') = v(a’) for all 2’ € X.
(32)
According to (Luenberger et al., 1984, Theorem, p. 148), one of the summation constraints is

redundant and by dropping one of them all remaining one are become linearly independent.
We drop the constraint for v/(z|y|) and the description of the feasible set reduces to

m(x,2’) >0 for all z,2’ € X,
Yowex (@ 2') = p(x) for all x € X,
Y wex T(@,2") = v(z') for all " € X\{z|x}-
Following the notation of Li (1994), by enumerating the elements of X as x1,...,z x|, We

identify m as a vector in R" with n = |X|* with entries m;, yj_1) = 7(x;,z;) and the
marginal measures p,v as a vector in RI¥I with entries y1; = p(z;) and v; = v(z;). The
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constraints of the optimization problem (32) can be rewritten as Aw < b and Cr = d for
suitable matrices A € R™™ and C' € R**™ vectors b € R" and d € R* with k = 2|X| — 1.
Herein, the matrix A and the vector b are given by

A=—-1I, and b=0.

whereas the matrix C and the vector d are given by

()
Biep Lxp - Ly L :
C = |0| Lixp - 0 0 and d=d(u,v)= M(:E'X‘)
N N .. N . lu’ V(.I'l)
0 0 - Ly O
V(9C|X|71)

T

The objective function in (32) can be written as ¢* 7 with ¢ € R" and ¢y x|(j—1) = c(zi, ).

With this notation, the collection of OT plans f’z is characterized as the solutions of the
linear program

min ¢l subject to Am < b and Cr = d.

TeR?

Invoking Theorems 2.5 and 3.3 of Li (1994) then yields the stability estimate

Hav (Pre(u o)) Pho(uh,v?)) < qlld(!,v') = d(u,02)]
=7 (TV(u', 1) + TV (', 7)),
where v = y(A,C) > 0 is defined as

V= sup (P, w, v)|oo
(p,u,v)GR‘X‘QXR‘X|><R|X|—1
1ATp + CT (uT,vT)T | < 1, and the rows of A
subject to corresponding to non-zero entries of p

and the rows of C' are linearly independent.
Hence, the assertion follows once we show that v < 4|X|.
Step 2. Analysis of optimization problem for definition of Lipschitz constant. To show the
bound, note for (p, u,v) € RI¥I* x RIXI x RI¥I-1 that (ATp+ CT (uT,vT)T) € R™ has entries
—Piy|x|(j—1) T wi + vy, i § <|X],

o for i,j € |X|.
—Pit|x|(j-1) T Ui if j = |X]|

(ATp+ CT(UTva)T>i+|X|(j—1) = {

To guarantee the constraint in the definition of v, consider some slack variable z € R™ with
|z|loc < 1 and suppose that

(ATP + CT(UTWT)T)HMU—U = Zi+|X|(j-1) fori,j € {1,...,[X[}. (33)
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As is, this system of equation is underdetermined, but by imposing that some entries of p
are equal to zero such that the corresponding rows of A and the rows of C' are independent,
the system either becomes uniquely solvable or unsolvable. The latter case can be ignored,
as it does not contribute to the constraint set in the definition of ~.

Since the matrix A has rank n = |X|? while C has rank k = 2|X| — 1, it follows that exactly
k entries of p need to be set equal to zero for (33) to admit a unique solution.

For k such zero-entries (i, j) of p it follows that (33) reduces to

wi +vj, if j<|X)|
Z oy =CT (T, L =3 72 ’ 34
iHX]G-1) ( )it X|G-1) . =) (34)
Now, given a pair of solutions for (34), we can recover the remaining entries of p via
ui+vj, ifj<’./'t‘|7
; 1) = —2; 1)+ . 35
Pit|x|(j-1) i+X]G-1) {uz-, it = | (35)

Hence, for there to be a unique solution (p,u,v) of (33), it is necessary that u and v are
uniquely determined by (34). This can only happen if at least one entry pijx|(x|-1)
for i* € {1,...,|X|} (ie., for j = |X|) is equal to zero, since otherwise given a solution
(u,v) € R¥ we could construct an alternative solution via (u+ 61z, v — 01;) € R¥ for 6 > 0.

Step 3. Derivation of upper bound for Lipschitz constant With the previous insight, we infer
from (34) that for every i € {1,...,|X[} for which p;|x|(x|-1) = O that

Ui = 2y x|(x)-1) € [—1,1].

Moreover, for some j € {1,...,[X| — 1} such that p;;|x|j—1) = 0 it follows that

vj = Zi|2)(|¥)-1) — Ui € [-2,2].
Since the system of equations (34) admits a unique solution, it follows that every entry u;
and v; can be obtained by chain of equations. Since there are in total 2|X|—1 equations and
from each equation the bound in absolute value for u; or v; increases by |2y X|(j_1)| <1,
it follows altogether that

(™, 0T) oo < 20%] = 1 < 4]X].
Based on these insights, we infer from (33) for all non-zero entries of p via (35) that

Pir x| —1)| < 41X | =2+ 1 < 4[]

This finally confirms the desired bound for v and proves the claim. |
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D.4 Proof of Statistical Deviation Bound for Empirical Unbalanced Optimal
Transport Plans

Lemma 36 (Relation between restricted and unrestricted UOT plans) Let (X,d)
be a finite space, pu,v € My (X). Then, for p > 1 and C > 0 the sets P;,C(,u, v) defined in
(20) and Py o(p,v) defined in (21) are related as follows.

1. It holds that P}, o(p,v) C ?;C(,u, v), i.c., the set P} o(u,v) consists of unbalanced
optimal transport plans.

2. Fvery unbalanced optimal transport plan w € F;,C(,u, v) can be represented as the
sum of a restricted transport plan P;C(,u, v) and a non-negative measure supported

on {(xz,2') € X x X|d(z,2") = C}.

3. Bvery sub-coupling m € Il<(p,v) which is the sum of a restricted transport plan
Py o(n,v) and a non-negative measure supported on {(z,z') € X x X |d(z,2") = C}

is also an unbalanced optimal transport plan, i.e., w € ?;vc(p, v).

Proof For the first claim consider 7 € P (u,v) and let 7 € f;c(u, v) be such that
7 = T|p(c)- Then it follows that

> d(z,a)m(x,a) + CP (MW;M(”) - M(w))

r,x' €X

= Y d(z,2)w(w,2') + CPM(T — 71) + CP (MI(“);M(”) - M(@)
r,x'eX

= Z dP(z, 2" (z, ') + CP (w - M(TI‘)) = KR, c(p, v),
z,x'€X

where the last equality follows from the fact that ™ € F;C(u, v). Hence, 7 is an UOT plan,
which shows the first assertion.

For the second claim, we prove that every UOT plan 7 € F;jc(u, v) assigns no mass to
the set £(C) == {(z,2') € X x X | d(z,2") > C}. To this end, consider the decomposition
T = f|g(c) + ﬁ|g(c)c. Then,

KRyc(uv) = 3 @laawaa!) + 00 (P pim) )
r,x’'eX
> S @, )@ 7) + CPM(Tleoye) + CP (MU"‘);‘M(”) - M(w))
(z,2")EE(C)
— Z dp(x,:r/)ﬂg(o) (z,2') + CP (M(“);M(V) — M(ﬂg((]))) > KRy c(p, v).
r,x'eX

This implies that 7|¢(cye = 0, which shows the second assertion.
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Finally, for the third claim, consider m € F;C(u, v) and T € M4 (X) which is supported on
{(z,2') € X x X | d(z,2’) = C}, and assume that 7 =7 + 7 € II<(p, ). Then,

KRyc(u) < 3 @oantoa’)+ €7 (ST i)

2
z,x'eX
= Y (a0 )n(z,2') + CPF(z,2) + CP (M(“) ‘;M(”) — M(r) — M(%))
z,x' €X
- % @eartea + 0 (T i)~ KRyl
r,x'eX
which asserts optimality of 7. |

Lemma 37 Let (X,d) be a finite metric space and letp > 1 and C > 0. Then, the following
assertions hold.

1. For every pair of measures p,v € M (X) and their augmented counterparts i,V €
MB(X) = {p € M4 (X) | M(u) < B} for B=max(M(u), M(v)) it holds that

P;c(uv) = {F-1(- € D)) |7 € Pholi i) } - (36)

2. For every two pairs of measures ph, vt w2 v € M (X) and corresponding augmented
measures Ji‘, ' € Mfi(/l’) for B; = max(M(u), M(*)) and i € {1,2} it holds that

Hay (Pt v), Pre (i, 0?) < Hay (P, 7). Py o (72, 7))

Proof For the first assertion assume without loss of generality that M(u) > M(v) which
implies i = p. Further, throughout the proof we will make use of the following equality
which has been shown by Heinemann et al. (2023, p. 17) and is discussed in Appendix C of
this manuscript,

KR (11, ) = UOTgoncr,c (. v) = (’ﬁgg (11,7). (37)
To show that the right-hand side of (36) is included in the left-hand side, let 7 € f’;}c(ﬁ, V)
and define 7 :== 7 - 1(- € D(C)) and 7 == 7 - 1(- € & x X). Note that 7({0} x X) =

u({0}) = 0. As a result, by the marginal constraints on 7, 7(X x X) = v(X) = v(X), it
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follows that M(7*) = M(v). From this it is evident that

Z dP(z, 2" )m(z,2') + CP <M(M);—M(V) - M(?T))

rx'eX
= Y @(,a)m(z,7') + CPM(x* — 1) + CP (M(“);M(”) - M(w*))
r, ' €X
7Y AP / cr
= Y dl(x, 2 )m(w,2)) + — (M(y) — M(»))
z, ' €X
= Y di(wa)i(z,2) + Y dp(e0)T(2,0)
z,x'€X reX
= Z CAZ%’(xa x')%(a:,x/) = ﬁgg (/77 27) = KRZ,C(,Ua V)7
33,:0’6.55

where the equality third to last is a consequence of (0 x X) = [i(d) = 0, the second to
last equality follows by optimality of 7, and the final equality is a consequence of (37). In
conjunction with Lemma 36 this asserts that m € P}, - (u,v).

Conversely, to show that the left-hand side of (36) is contained in the right-hand side, let
7 € P, o(p,v). Further, define the measure 7 € M (X x X) for z,2’ € X by

ﬁ(w,x/) - {0’ N if M(V) = IMI(ﬂ')7
s @) = m(&,a) i M(v) > M(r),

and further set 7* = 7 + 7. Then, it follows that 7* € II<(u,r) and M(7*) = M(v).
Further, from optimality of m we infer that

KR;C(H, v)= Z dP(z, 2" )m(z,2') + CP <MI('U)+M[(V) _ M(ﬂ'))

2
' eX
= S (P(a,a) A CP)r(w, ') + CPM(R) + CP <M(“)‘£M(”) ~ M(r + 7?))
z,x'€X
> Y (@(a,a) ACPYT(a,2) + CP (W _ M(w*))
z,x'eX
> UOTarnce,c(p,v) = KR o (1, 1), (38)

where the last equality follows (37) and thus asserts that all inequalities are qualities. This
implies that 7 is concentrated on {(z,2’) € X x X | d(z,2') > C} and, thus, 7* - 1(- €
D(C)) = m. Next, define 7@ := 7"+ >y §(z0) (1(x) — 7*(x, X)) which fulfills 7 € TI- (1, V)
and 7 - 1(- € D(C)) = 7. In particular, from the above derivation in (38) we infer from
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M(7*) = M(v), M(7) = M(f1) = M(y) and since 7(d, X) = i(2) = 0 that

KR? (s, v) = Z;X(dp(x, ) A CP)r* (,a') + OP <M(“)’£M(”> _ M(w*))
= Y (@(w,a) ACP)T*(z,2)) + % (M(p) = M(v))
r,x'€X
= Z c?’éy(x,x/)ﬂ*(x,x/) > ﬁgg(ﬁ, V)= KRZ’C(M, v).
z,x'eX’

Here, the final equality is a consequence of (37), and altogether confirms that T € f’;c(ﬁ, V).
This concludes the proof of the first assertion.

For the proof of the second assertion note from the considerations above that for every
pair of UOT plans 7t € P*(u’, ') with i € {1,2}, every pair of corresponding OT plans
7t € P*(p,v') with 7 - 1(- € D(C)) = 7" fulfills the inequality

TV(r!, 7% < TV(7, 72).

Based on this, the claim follows from the definition of the Hausdorff distance induced by
the total variation norm. |

Proof [Proof of Theorem 11| For the proof we again rely on the lift to optimal transport as

detailed in Appendix C. To this end, consider the augmented space X=xu {0} for some

dummy element 9, let B be a majorant for the masses of the measures p!, 2, v, %, and

define for i € {1,2} the augmented measures
B = i+ 6y (max(M(uf), M) — M(4))  and
7 iz 1 + Gy (max(M(), M()) — M())

Then, upon denoting the collection of OT plans between [i' and ¢ with respect to the cost
function dp by P o(it, v, it follows by Lemma 37 and Theorem 14 that

Hav (Po(u', 1), Py o vh) <Hav (Prc (@', 71), By o (72, 77) )
< 4|X|(TV(E', 7?) + TV, 57)).

The assertion now follows by |X| = |X| 4 1 and the subsequent Lemma 38. [ |

Lemma 38 Let p',v" € My (X) fori € {1,2} be two non-negative measures and consider
their augmented measures fi', V' € MB(X) to X for B = max(M(u'), M(v?)), then
(~1 ~2)+TV( 1 ~2)
TV (u',1®) + TV, v?) + [M(p') — M(p?)| + [M(v') — M(v?)|
2 (TV(M )+ TV, v?)) .

ININ
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Proof We first observe that
TV, i) + TV (i, 7)

= (Z ! (@) = ()] + [ (2) — V%)!) +[A' @) = @)+ 7' (2) - 7* ()]

zeX
=TV (', p*) + TV, %) + |51 (0) = 7*(0)] + |7 (0) — 7*(0)].
Now if M(p!') > M(v!) and M(p?) > M(v?), then
5 (0) = ()] + 71 (0) = 7°(0)] = IM(1!) — M(v') — M(?) + M(v?)]
M(p') = M(p?)| + M(v") — M(v%)],
whereas if M(p') > M(v!) and M(p?) < M(2?), then
5 (0) = 2 ()] + 71 (0) = 7% (0)] = IM(v!) = M(u')| + [M(s?) — M(v?)]
= M(v') = M(u') + M(p?) — M(v*)
< [M(p') = M(p*)| + M) — M%)

The remaining two cases can be treated analogously, asserting the first inequality of the
claim. For the second inequality it suffices to note that the total variation norm provides
an upper bound on the mass difference of measures |

D.5 Proof of Statistical Deviation Bound for Empirical (p,C)-Barycenters

Proof [Proof of Theorem 16, Theorem 26 and Theorem 33| Let i',...,7” be any of the
three estimators from (6), (7) or (8). Further, for each 1 < i < J let & y, ,:(C) be the
corresponding constant in Theorem 5, Theorem 22 or Theorem 30 for u*, respectively.
Let 0; denote the respective sampling parameter dependencies N;l/ 2, &(ti,si) or Y(sx;),
respectively. Involving the augmentation argument, due to the construction of the lifted
problem, it holds for any u', 42, 43 € M (Y) that

—~p 4 P ~9 ~
KRY (1", %) = KR (2, )| = [OT, (', /i) — OT, (2, /)|
< diam(Y)P"'p OTy (7', %)
= CP 'pKRy o (pt, 1),

where the inequality follows from Sommerfeld and Munk (2018). Taking expectation and
applying the previous display together with Theorem 5 yields

J
& [1Fc(n) — o] < 538 [IKRE () — KRE o, )|
i=1

J
— 1 i~
<pCP IJ; le [KRyo(p', 1i")]

J
11
< pC? 13251,&#1'(0)9@'-

i=1

55



HUNDRIESER, HEINEMANN, KLATT, STRULEVA, AND MUNK

Let p* and p* be minimizers of their respective p-Fréchet functional F}, ¢ and ﬁp,C' Then,
it follows that

B[y c(3") = Fypo()l) = E [Fpo(@®) = Fpo () + Frols®) - Fpo(w®)]

E Fp,C(ﬁ*) - ﬁp,C(ﬂ* +E [ﬁpvc(ﬂﬂ - Fp,C(N*)}

IN

~—
L ]

J
11
+pC 5D 8 (C)

i=1

<E|Fpe(i*) - Fpou*

~—
L i

J
[ ~x o ~ | 11
<E Fp,C(:U' ) - Fp,C(M ) + pCp 13251,&,#2' (C)ez
) . i=1

J
12
Spcp ljg gLXi,ui(C)e’iv
=1

where the fourth inequality follows from i* being a minimizer of ﬁp,c. |

Proof [Proof of Theorem 17, Theorem 27 and Theorem 34] Let 7', ..., 4”7, & x, i (C) and
; for alli =1,...,J as in the previous proof. Let B be the set of (p,C)-barycenters of the
measures !, ..., u’ and define B as the set of OT)p-barycenters of the augmented measures
ot Similaa we denote B the set of (p, C)-barycenters of the estimated measures

pb, ..., a7 and let B be the set of p-barycenters of their augmented versions. Define the lift

of a measure 1 € M ()) to a measure 1 € M(Y) by

J
Gut o () = 1+ (ZM(#Z) - M(N)) do-
i=1

If 4 € B then it follows by (Heinemann et al., 2023, Lemma 3.3) that ¢, s(p) €
B. Conversely, for any TS B it holds that gZ);llm#J(ﬁ) € B. We denote by ¢(B) =

{#1, o ()| € B} and analogously o1 (ﬁ) = {qS;ll,m’uJ (7)|7i € B}. With this we have

E sup ﬁIellf?. KR?(;(%ZZ) =E sup inf ) KR?C(,LL, ,ZZ)] (39)
peB Cfes-1 (ﬁ) pep—! (B)
[ . P N
—B| sl OTeG.e@)| @0
e (E) ues~! (ﬁ)
= E| sup inf ﬁg(ﬁ, ﬁ)]

'ﬁeﬁ neB

We continue by recalling a slightly adapted version of Lemma 3.8 in Heinemann et al.
(2022). Since we only apply this lemma to the augmented balanced OT problem, the proof
remains unchanged and is therefore omitted.
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Lemma 39 Let ﬁp,C be the augmented Fréchet functional corresponding to fi*,...,[in €
M (V). Then, for any ji € My (Cxr(J,p,C) U {0}) with M(fi) = 3> Mi(u?) there exists
a p* € argmingF, o(v) such that

Fyc (i) = Fpc(I*) = 2VpOT, (i, 1),
where Vp is the constant from Theorem 17.
Invoking Lemma 39 with p € B and applying Theorem 16 yields
2p J ~
Y 8w (OO = E [Fpoi) — Fpei)]
i=1

> E |2V, sup inf 6’f§ (ﬁ, ﬁ) =K
GepHEB

2‘/17 /S\u]% /ig]g KRZ,C (:U’a ﬁ)] 9
pe

where the equality follows from (39) and hence

5 Z;-le E1 ;0 (C) crt

0>E
Vp o

S
ne

Appendix E. Additional Simulations
In this appendix we display additional simulations which showcase the relative error in

estimating the (2, C)-KRD and the (2,C)-KR barycenter for the Poisson model as well as
for the multinomial and Bernoulli model.

E.1 Additional Synthetic Datasets
This subsection introduces four additional classes of measures SPI, SPIC, and NI, NIG.

The first two are qualitatively similar to the classes NE and NEC, the latter two resemble
weighted modifications of the classes PI and PIC.

SPIRALS OF VARYING LENGTH (SPI), FIGURE 17 (A)

Let a; ~ U[2,4] and b; ~ U[3,6] for i = 1,...,J. Let K; = [b;M] and let t1,...,tx be a
discretization of [0,br]. Set wi =1for k=1,...,K; and i =1,...,J. Set

Ii = a;((tsin(ty) + 64)/140, (ty cos(t) + 70)/130)T.
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CLUSTERED SPIRALS (SPIC), SEE FIGURE 17 (B)

Let af ~ U[2,4] and b ~ U[3,6] for i = 1,...,J, c=1,...,5. Let K¢ = [bfM] and let
t1,...,tx be a discretization of [0,br]. Set wi =1 for k=1,...,K; and i = 1,...,J and
let o = (0,3,3,6,3)T and 8 = (3,0,3,3,6)T. Set

liZC:l Krik = (1/7)(((aSty sin(ty) + 64)/140) + e, (alty cos(ty,) + 70)/130 + B,)7,

where we use the convention that a sum is zero if its last index is smaller than its first one.

(b)

Figure 17: (a) An example of J = 8 measures from the SPI dataset with M = 110. (b)
An example of J = 8 measures from the SPIC' dataset with M = 22.

NORM-BASED INTENSITIES ON UNIFORM POSITIONS (NI), SEE FIGURE 18 (A)

Fix J locations I§,...,1J € [0,1)%. Let li,...,l% ~ U[0,1]? and let wi = ||Ii — I§| for
1< <.

NORM-BASED INTENSITIES ON A GRID (NIG), SEE FIGURE 18 (B)

Let K = M? for M € N. Fix J locations I}, ...,lJ € [0,1]? and let i, .. .,lj\/lg be the points
of an equidistant M x M grid in [0, 1] for each 1 < i < J. Set wi = ||IL —I§||2 for 1 <i < J.

(b)

Figure 18: (a) An example of J = 8 measures from the NI dataset with M = 500. (b) An
example of J = 8 measures from the NIG dataset with M = 232
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E.2 Simulations for the Poisson Model

This section details the simulation results for the additional classes of measures SPI, SPIC,
NI, and NIG. Figures 19 — 22 display the relative error of the empirical KRD in estimating
the population KRD across several choices for C' € {0.01,0.1,1,10}. Moreover, Figures 23
— 26 detail the relative Fréchet error in estimating the (2, C')-KR barycenter for the choices
C €{0.1,1,10}.

Structurally, the simulation results and corresponding conclusions for the SPI and SPIC
classes are similar to those for the respective NE and NEC classes. Likewise, the insights
about the NI and NIG classes are closely tied to those of the PI and PIG classes, respectively.
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Figure 19: As in Figure 10, but for the SPI class and M = 65.
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Figure 20: As in Figure 10, but for the SPIC class and M = 12.
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Figure 21: As in Figure 10, but for the NI class and M = 300.

Success probability — 07 = 05 Z 58 Z 55 2 9°

o
)

ff/(
((((

o

=]
o
o

Relative KRD error
o o
R
Relative KRD error
=]
IS

o
N}

25 5.0 75 10.0 25 5.0 75 10.0

observation time observation time

0.6-

k
_

o

=]
o
o

25

25 5.0 75 10.0 25 5.0 75 10.0

observation time observation time

Figure 22: As in Figure 10, but for the NIG class and M = 17.
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Figure 23: As in Figure 15, but for the SPI class and M = 65.
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Figure 24: As in Figure 15, but for the SPIC class and M = 12.
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Figure 25: As in Figure 15, but for the NI class and M = 300.
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Figure 26: As in Figure 15, but for the NIG class and M = 17.

E.3 Simulations for Multinomial Model

In this subsection, we repeat the simulations from Section 6 and Appendix E.2 for the
multinomial model. We observe that with increasing sample size N, the statistical error
mostly decreases with rate N ~1/2 which is what our theory in Appendix A asserts. For the
(p, C)-KRD the results (in Figure 27) slightly differ from the results in the Poisson model.
Notably, for increasing C, the error is decreasing. This is explained by the fact that in the
multinomial scheme, we do not have to estimate the total intensities of the measures, and it
is precisely this estimation error that drives the error for increasing C' in the Poisson model.
Similarly to the Poisson scheme, we observe a decrease in error for the measure classes with
clustered support structures when C' surpasses the distance between two individual clusters.
For the (p, C)-barycenters under the multinomial sampling model (in Figure 28) there is an
initial increase in error for small sample sizes. Specifically, this occurs for C' = 0.1 and the
NEC and SPIC classes. This value of C' is below the cluster size. This effect is most likely
for these measure classes. For increasing C' there is a significant reduction in estimation
error. In particular, for some classes the error reduces by two orders of magnitude going
from C = 0.1 to C' = 10. Since the total mass intensities of the individual measures do
not need to be estimated in this sampling model, we already observe a decrease in error
for increasing C' for the (p, C')-KRD and naturally there is a similar effect for the Fréchet
functional.
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Figure 27: Log-log-plots of expected relative (2,C)-KRD error for two measures in the
multinomial model for the classes in Section 6. For each sampling size N the expectation
is estimated from 1000 independent runs. For each class the parameters are set, such that
the measures have on average 300 support points. From top-left to bottom-right we have
C =0.01,0.1,1, 10, respectively.
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Figure 28: Log-log-plots of expected relative Fréchet error for the (2,C)-barycenter for
J = 5 measures from the PI class for the multinomial model with different sample sizes
N. For each sample size the expectation is estimated from 100 independent runs. For each
class the parameters are set, such that the measures have on average 300 support points.
From left to right we have C = 0.1, 1, 10, respectively.
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E.4 Simulations for Bernoulli Model

To construct a reasonable framework for the simulations in the Bernoulli model, define for
So € R+,
N ||SU — (05,05)T”2 + So '

Sx

Intuitively, the success probability at a given point z is larger, if z is closer to the center
of [0,1)% and smaller if it is further away from the center. Further, for sy — oo the success
probability at each location converges to one. For the simulations, we now consider the error
as a function of syp. Note, that in this simulation study only the classes of measures with
mass one at each support point are considered in accordance with the Bernoulli model in (7).
One notable observation for the empirical (p, C')-KRD (in Figure 29) is that the error of the
SPIC class is significantly higher than for the NEC class, even though they share the same
cluster locations. This can be explained by the fact that, by construction, the measures in
the NEC class have a higher proportion of their mass in their central clusters, which is close
to (0.5,0.5)7 and thus has a high probability of being observed. This effect also carries
over to the (p,C)-barycenter (in Figure 30). In general, for the (p, C')-KRD the error in
this model is increasing in C' (which is again explained by the estimation error for the true
total mass intensity). However, the effect is less pronounced than in the Poisson model. For
the clustered data types a small decrease of error for increasing C' over the cluster size can
again be noted. Though, also this effect is less significant than in the other models. For
the (p, C')-barycenter a decrease in error in C' can be observed which is consistent with the
previous results for the Poisson model and again explained by the increased stability of the
total mass intensity of the barycenter compared to the individual ones.
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Figure 29: Log-log-plots of expected relative (2,C)-KRD error in terms of success proba-
bility sg for two measures in the Bernoulli Model for the NE, NEC, SPI, and SPIC classes
from Section 6 and Appendix E.1. For each success probability sy the expectation is esti-
mated from 1000 independent runs. The parameters are chosen such that the population
measures have on average 300 support points. From top-left to bottom-right we have
C =0.01,0.1,1, 10, respectively.
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Figure 30: Expected relative Fréchet error for the (2,C)-barycenter in terms of success
probability sy for J = 5 measures in the Bernoulli Model for the NE, NEC, SPI, and SPIC
classes from Section 6 and Appendix E.1. For each success probability sg the expectation
is estimated from 100 independent runs. The parameters are set such that the population
measures in all classes have on average 300 support points. From left to right we have
C =0.1,1, 10, respectively.
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