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Abstract
An Assortment of Analyses of Optimal Transport Inspired by Domain Adaptation
by
Yannik Pitcan
Doctor of Philosophy in Statistics
University of California, Berkeley

Professor Peter Bartlett, Chair

This dissertation consists of several papers. First, we start off introducing domain adaptation
theory and briefly introduce optimal transport. Such an introduction allows the reader to
understand why studying problems in optimal transport theory is so valuable.

Our first key result establishes bounds between regularized and unregularized optimal trans-
port. Instead of using an entropic regularization, which is used in the Sinkhorn divergence,
we regularize using dual potentials in a reproducing kernel Hilbert space. After this, we
derive sample complexity bounds for the regularized optimal transport problem, and we
show this is a substantial improvement over unregularized optimal transport. With these
two results, one can approximate the theoretical optimal transport distance.

Next, we prove the first and second moments of the source and target distributions are enough
to determine explicitly the optimal transport map and also that this is a linear mapping.
Furthermore, we propose an alternative regularization for the transport map between two
distributions.

After this, we briefly diverge from optimal transport theory and introduce work on prior elic-
itation. In particular, we extend a result from [39] on non-asymptotic bounds for maximum
likelihood estimators to that for M-estimators. Crucially, we show sufficient assumptions for
these to hold and use these to theoretically justify our prior elicitation objective.

Last, we return to optimal transport and introduce a variant to compare multiple probabil-
ity measures, which we call sliced multi-marginal optimal transport. There, we propose a
paradigm based on random one-dimensional projections.
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Chapter 1

Introduction

First we give a primer on domain adaptation and then an introduction to optimal transport
theory.

1.1 Motivation

In statistical learning theory, many results study the problem of estimating when a hypoth-
esis from a select hypothesis class produces a low true risk. This is often expressed as a
generalization bound on the true risk. The typical generalization problem assumes that the
training and test distributions are identical.

One example of a case where training and test data differ is facial recognition, where
an image classification model is learned on a community and is then used to classify those
in another community who may have different facial features. The image recognition per-
formance will deteriorate when the classification model does not account for the disparity
between training and test distributions [41].

Another instance in which this assumption is violated is the spam filtering problem. A
given user will be targeted with spam messages depending on his browsing history. If a
working professional sets up his corporate mailbox on his home computer and transfers his
settings, many personal emails he may want could be perceived as spam by an algorithm
that learned preferences from professional communications. A classifier distinguishing spam
from non-spam may not perform as well on another user if it does not adapt to different
circumstances [41].

Such examples motivate the domain adaptation problem and extend traditional learning
paradigms. For the rest of this dissertation, we investigate the scenario where a model may
be learned on one distribution but evaluated on another.
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Incoming Mails

afe

Spam Filter

Figure 1.1: One application of transfer learning: spam filtering [41].

1.2 Background

For the applications considered above, the goal is to find a model that remains robust under
changes in the environment. In other words, if a model is learned from the source, we want
to measure how well it performs on the target domain. Formally, we describe this as follows.

Definition 1 (Transfer learning). Let S be a source data distribution called the source domain
and T be a target data distribution called the target domain. Consider Xg X Yg as the source
input and output spaces and X X Y as target input and output spaces. Denote Sx and
Tx to be the marginal distributions of Xg and X and by ts and tp the source and target
learning tasks depending on Ys and Yp respectively. Tasks are defined as the combination
of an input and an output we want to predict, and, for now, we will focus on classification

tasks. We seek to improve the performance of fr : Xp — Yp for tr using information gained
from S where S # T.

Transfer learning scenarios

Furthermore, we have the following types of learning:

e Inductive transfer learning. Xg < X1 but tg # ty. Here, one can imagine tg and tp
to be the tasks of detecting spam and hoaxes respectively for the same user.

e Transductive transfer learning. Xg # X7 but tg = t7. An example of a task here is
spam detection for two different users.
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Figure 1.2: Positioning of Domain Adaptation compared to other learning techniques [41]

e Unsupervised transfer learning. tg # tr and Xg # Xp. To make this more intuitive,
one can think of collecting web data for a user and pages taken from the web. For the
first user, one detects spam, and for the second, one detects hoaxes.

The category we focus on is transductive transfer learning, which we hereafter call domain
adaptation.

From a probabilistic point of view, we can categorize our problem via the causal link
between labels and instances.

e X — Y problems where the class label is causally determined by instance values. This
labeling comes up in image classification where the object description determines the
label. The joint distribution can be decomposed into P(X,Y) = P(X)P(Y|X).

e Y — X where this is the reverse. Class labels causally determine instance values.
A good example here is in medical applications where we observe disease symptoms
but want to predict the disease [41]. The joint decomposition here is P(X,Y) =
P(Y)P(X]Y).

It follows that we can categorize different types of transfer learning scenarios based on
the probabilistic point of view. The following are some such scenarios:

e Covariate-shift P(Xg) # P(Xr) but P(Yr|Xr) = P(Ys|Xs)

This is a case of the X — Y problem where Xg # X1 while Ys|Xg = Y7|Xp. Here, the
marginal distributions between the source and target are different while the predictive
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behavior stays the same. One example of this is the Office/Caltech dataset [27] with
domains:

1. Amazon images from online merchants.

2. Low-quality webcam images.

3. High-quality images taken with a DSLR.

4. Images from Caltech dataset for object recognition.

Solving the covariate shift problem involves a reweighting as seen by the following:

Ry (h) = Egyor(U(h(z),y))
= ExNT(x)ET(y\x) (f(h(x), y))
_ / igg; dS(2)Erya) l(h(z),y)
_ / ;igg;dS(x)Es(ymg(h(%)ay)

= Eivs@)Eswn [B(x)l(h(z),y)]
= B y)~s[B(x)l(h(z),y)]

where ((z) = Zggg, the Radon-Nikodym derivative of the target distribution with

respect to the source distribution.

Target-shift P(Xr|Yr) # P(Xs|Ys)

These occur in Y — X problems. In this case, Ys # Yy—the target distributions are
different. Generally, this occurs when different sampling methods are used for the
source and target datasets.

Concept shift P(Xr,Yr) # P(Xs,Ys) This occurs both in X — Y and ¥V — X
problems when P(Ys|Xs) # P(Yr|Xr) and P(Xg|Ys) # P(Xr|Yr) respectively.

Sample-selection bias

Here, the source and target distributions differ because of a latent variable that excludes
some sample observations conditional on their labeling or nature. For example, if we are
classifying images of people, we may discard images that are unclear. This exclusion
leads to a sample-selection bias, since some devices may take less clear pictures by
default.

Ideal joint error. We may claim the existence of a low-error hypothesis for both the
source and target domain. Usually, this is characterized by
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where Rg(h) and Rp(h) are the true risks over the source and target domains S and
T.

Definition 2 (True Risk). Given a loss function | :' Y xY — [0,1], the true risk or
generalization error Ry, (h) for a hypothesis h € H on a distribution D over X x Y is
defined as

RlD(h) = E(Jz,y)NDl(h(‘r)a y)
and for a given pair of hypotheses (h,h') € H?,

RlD(hv h/) = E(ffyy)NDl(h(x)’ h,(lb)).

As a side-note, there are three predominant algorithmic techniques used for domain
adaptation. They are

1. Reweighting the source labeled examples to be more similar to the target examples.
This is done in cases such as covariate shift.

2. Tteratively “auto-labeling" target examples. Here, a model is learned from source la-
beled examples and then automatically labels some target examples. We then learn a
new model from the new labeled examples.

3. Finding a common representation space. In this situation, we find a space where the
source and target domains are close while maintaining a good performance on the
source domain task.

Divergence between domains

In domain adaptation, we must quantify the difference between source and target domains.
Unlike classical supervised learning, transfer learning involves a discrepancy between the two
domains. There are many metrics, such as Hellinger distance, total-variation distance, Renyi
divergence, or Wasserstein metric, that exist to measure such a discrepancy [41].

Often, one wants to prove that a divergence measure can relate errors between source
and target domains. This relation means we can establish error guarantees by minimizing
the divergence between the source and target distributions.

Along with analyzing existing divergence measures, one may also design a new diver-
gence measure suitable for domain adaptation. Additionally, we investigate a new specific
divergence measure in Chapter 3.

In the subsequent paragraphs, we discuss seminal work in this area of research. We do
this to better demonstrate what we mean by relating errors between domains with respect
to a divergence measure.
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A First Theoretical Analysis

From a theory perspective, the seminal work was done by Ben-David et al. In their work,
they considered a binary loss function in a binary classification setting and the L!-distance
[6].

First, we provide some definitions.

Definition 3 (Rademacher complexity). Denote o1, 09, ..., 0, as independent random vari-
ables drawn from the Rademacher distribution i.e. Pr(o; = +1) = Pr(o; = —1) = 1/2 for
1=1,2,...,m.

Given a sample S = (21,22, ...,2m) € Z™, and a class F of real-valued functions defined
on a domain space Z,

1 m
Radg(F) - E, [ilelg ; sz(zz)]
Definition 4. Shattering
A family H shatters a set S C X if for every subset T' C S there exists a function h € H
such that h(s) = lser for all s € S, that is, h(s) =1 ifs€ T and h(s) =0 if s € S\ T.
Intuitively, we say that H shatters some set S C X if we can realize any labelings on S
using functions from H.

Definition 5. VC Dimension
The VC dimension of a set of hypothesis functions H is the cardinality of the largest set
which H can shatter.

Definition 6. H-divergence
Denote A the set of measurable subsets under two probability distributions D and D'.
Then the H-divergence is defined as

& (D, D) = 2sup | Pp(A) — Poi(A)].
AcA
This one compares how two classifiers disagree on both domains. Here, it finds the pair of
classifiers with the largest disparity in disagreements between the source and target domains.
Using this notion of distance, Ben-David et al. derived the first generalization bounds.

Definition 7 (Labeling function). A labeling function f : X — Y is a mapping of feature
input X to a class label Y. In the next theorem, Y = {0,1}.

Theorem 1.2.1. Generalization bound with respect to H-divergence [6]
Let | represent the 0 — 1 loss function and fs, fr the source and target true labeling
functions respectively.

Ry(h) < Ry(h) + di(Xs, Xr) + min {Eexs | fs(2) = fr(@)], Bonxo [ fs(2) — fr(@) ]}
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This was the first theoretical generalization bound, and it had some flaws. In practice,
one may want to obtain finite-sample estimates, but that isn’t possible with H-divergence.
Also, the H-divergence does not incorporate the hypothesis class. Both of these issues
are resolved with the introduction of another type of divergence: the symmetric difference
hypothesis divergence.

Definition 8 (Symmetric Difference Hypothesis Divergence).
Dyan(S,T) =2 S | Pslh(z) # W (x)] — Pr(h(z) # I (2)]]
W e

Definition 9 (Empirical Symmetric Difference Hypothesis Divergence).

m m

> Iln(as) # W (x5)] = Y I # K (2]

i=1 =1

ﬁHAH(S,T) =2 sup
h,h'eH

Theorem 1.2.2. Here, S,T are independent size-m samples drawn from S and T respec-
tively. For § € (0,1), the following holds with probability at least 1 —

2VCO(H)log(2m) + log(2/6)

m

Dyan(S.T) < Dyan(S,T) + 4\/

The above tells us that, for a finite V'C' dimension class H, the empirical HAH divergence
is a good estimate for its true variant.

Furthermore, one can compute the empirical divergence. Ben-David et al then obtained
a bound for risk on the target domain that involved the empirical divergence.

We first define empirical risk. Unlike true risk, which defines the theoretical error over
a distribution, empirical risk represents the error of a hypothesis on an observed training
sample.

Definition 10 (Empirical Risk). Given a loss function l 'Y xY — [0,1] and a training
sample S = (x;,y;);~, where each sample is drawn i.i.d. from D, the empirical risk RlD(h)
for a hypothesis h € H is

Ry(h) = = 3~ Uh(as). ),

where D is the empirical distribution associated with S.

Theorem 1.2.3. Let \* = minpey Rs(h) + Rr(h) be the minimum joint risk. With proba-
bility at least 1 —9:

RL(h) < Rs(h) + 2 Dysn($.T) + X + 0 ( V VO(H) log(m) + log(2/9) )

2 m

Of note is that the risk bound presented is only relevant if the optimal joint risk is
controlled.
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Critique of HAH-divergence

A flaw of the HAH-divergence is that it relies on a specific loss function (0-1 loss). Contrarily,
one may want to work with a more general loss function. This desire motivated other work
[29] to use Renyi and Y-discrepancy distances.

Definition 11 (Renyi Divergence). Let p and q be two probability densities.

1

Dalpd) = —lowy [ ()/a" (@) da,

where o denotes its order.

Definition 12 (Expected Loss). Let f,g: X — Y be labeling functions and L : Y xY — R
be a loss function. Then for any distribution D, our expected loss is

Lp(f,9) = Eenp[L(f(2), 9(x))].

Definition 13. Y-Discrepancy
Let fp and fg be the labeling functions on P and (). Then the Y-discrepancy between
domains (P, fp) and (Q, fg) is

discy(P, Q) = }SLEBMQ(}L, fa) — Lp(h, fp)]

In the majority of this dissertation, we study divergences inspired by optimal transport
theory. This brings us to the next section, which introduces some of the foundational material
on Wasserstein spaces.

1.3 Brief Introduction to Optimal Transport

Monge Problem

In 1781, Gaspard Monge asked how one can transport a pile of sand into a pit when both
have equal volumes.

Intuitively, the goal is to minimize the expected “cost" of moving the sand, and it turns
out this has a mathematical formulation as follows:

Let X be the space of sand, Y be the space for the pit, and define a cost function
c: X xY — R that demonstrates the cost of moving a unit of sand = € X to a pit location
y € Y. And denote u to be the distribution on X

The choice of where to place a unit of sand can be represented as the function 7' : X — Y,
which has a total transport cost of

/Xc(x, T(x))du(z).
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Moreover, the function 7" must satisfy a mass-preservation requirement: the volume v(B)
of any region in the pit B C Y must be the same as the volume of the sand moved into B.
Formally, we can write this as

w(THB)) =v(B) foral BCY

which we denote T#pu = v. We say that v is the push-forward measure of ;1 under 7.

If ¢ and T are measurable, and u(T~'(B)) = v(B) for all measurable subsets B of Y,
then T' is called a transport map. Normalizing © and v to be probability measures, the
Monge problem finds the optimal transport map minimizing transport costs [34].

Definition 14. Monge Problem
Let T : X =Y be a transport map with an associated total cost

o(T) = /X (. T(x)) d(z),

where p and v are again the probability measures assigned to X and Y .
The Monge problem finds

inf  C(T).
T:THup=v

The Monge problem is very hard because the set of transport maps {7 : T#u = v} is
intractable to work with. If u = é{xo} is a Dirac measure and v is not, then no transport
maps exist.

But what if we can split the mass of sand particles? That is to say, what if we don’t have
the strict conditions as above. This brings us to the Kantorovich relaxation.

Kantorovich Relaxation

For each point x € X, a probability measure p, defines how the mass at x is split. If
ty = 0{y} for y € Y, then all the mass at x is sent to y.

Represent 7 to be the joint probability measure on X x Y, where (A x B) is the amount
of sand moved from A C X to B C Y. The total mass sent from A is 7(A x Y') and the
total moved into B is m(X X B). Such a measure 7 is called a transference plan when

T(AxY)=pul4), ACX
(X xB)=v(B), BCY
where A and B are Borel sets. The set of transference plans is denoted II(u, v).

Definition 15. Kantorovich Problem
Let m € Il(u, v) be a transference plan with an associated total cost

cm = [ dwg)dnlay)
XxY
The Kantorovich problem solves for the optimal plan given by

inf C(m).

mell(p,v)
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Probabilistic Interpretations of Monge and Kantorovich Problems

We can view the above optimization problems from a probabilistic perspective. The Monge
solution minimizes Ex[c(X,T(X))] over T (measurable) whereas the Kantorovich solution
minimizes Ereri(u)[c(X,Y)]. We call 7 € II(u, V) a coupling between p and v.

A Divergence Measure Inspired by Optimal Transport

If X =Y, then we can define a distance between measures 1 and v using a special cost
function c.

Let c(x1, o) = [d(x1,x2)]P, where d(z1,x2) denotes the distance between z; and x5 and
p is a real-valued constant.

Definition 16. Wasserstein Distance of Order p

Wp(ﬂ,y):( inf /X XXd(xl,xg)pdﬁ(xl,x2)>l/p:( inf Eﬂ[d(xl,wg)p])l/p.

mell(p,v) mell(p,v)

With this being said, let’s begin.
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Chapter 2

Theoretical Analysis of Domain
Adaptation with Optimal Transport

Previously, we gave a glimpse at domain adaptation and briefly discussed optimal transport
(OT), without tying the two concepts together. Thus, we give a more in-depth introduction
here to how optimal transport and domain adaptation are linked from a theoretical viewpoint.
Specifically, we explicitly show how generalization bounds for domain adaptation may involve
optimal transport quantities. This subsequently inspires our analysis of OT.

Why Use Optimal Transport in Domain Adaptation?

Optimal transport is capable of taking into consideration the geometry of the data. In
domain adaptation problems, this is helpful, especially since when dealing with a source and
target distribution, a natural idea is to look for a nonlinear transformation between the two
distributions. This makes optimal transport distances (e.g. Wasserstein) highly promising.
Another concern is that the source and target distributions lack a shared support. Using
a distance that does not require a shared support makes sense, and the Wasserstein is one
such distance. This property distinguishes it from other divergences, such as Maximum
Mean Discrepancy or Kullback-Leibler, which usually require a common support.

2.1 Notation and Preliminaries

Definition 17. Reproducing Kernel Hilbert Space

Let X be an arbitrary set and H a Hilbert space of real-valued functions on X. The eval-
uation functional over the Hilbert space of functions H is a linear functional that evaluates
each function at a point x,

L.:f— f(zr)VfeH.
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We say that H s a reproducing kernel Hilbert space if, for all x € X, L, is continuous at
any f € H or, equivalently, if L, is a bounded operator on H, i.e. there exists some M > 0
such that

|La())] = f@)| < M| fllu VfeH

Definition 18. Kullback-Leibler Divergence If P and ) are probability measures on a set
X, and P 1is absolutely continuous with respect to QQ, then the Kullback-Liebler divergence
from Q) to P is

dP

Dis(P Q) = [ log (@) ap

Definition 19. Maximum mean discrepancy

MMD represents distances between distributions as distances between mean embeddings
of features. If we have distributions p and q over a set X, the MMD is defined by a feature
map ¢ : X — H where H is a reproducing kernel Hilbert space with ¢ the reproducing kernel.

MMD(p,q) = [[Ex~ple(X)] = Eygle(Y)][ln-

We can alternatively characterize the MMD as follows:

MMD(p,q) = [|[Ex~p[p(X)] = Evqlo(Y)][ln
= sup  (f, Expleo(X)] — EYNq[SO(Y)D’H

feEH:|flln<1

= [ Exle (X — (F Braglo (V)]
FEH:|Iflln<1

=  sup [Ex[f(X)] — Eyv[f(Y)]]
feEH:|flln<1

The alternative characterization holds because of the reproducing property: (f, ¢(x))y =
f(x) for any f € H. The second line holds since sup, s <; (f, 9)» = ||g]| is attained when f =
g/llgll- The fourth relies on Bochner integrability, but assuming our kernel or distributional
support is bounded, this is true.

The following extension of Wasserstein to empirical measures will be used when contrast-
ing empirical to theoretical distances.

Definition 20. Discrete Wasserstein [41]

If we deal with empirical measures fig = NLS Zi]\fl ziand iy = NLT Zf\fl Oui, represented
by the uniformly weighted sums of Ng and Ny Diracs with mass at locations =%y and x;
respectively, then the Kantorovich problem is defined in terms of the inner product between

the coupling matriz v and the cost matrixz C':

Wi(jis, fir) = min  (C, 7)r
yE(fis,fiT)
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where {, Y denotes the Frobenius inner product, (jis, ir) = {v € RfSXNThl = s, =
fir} is a set of doubly stochastic matrices and C is a dissimilarity matriz, i.e., Cy =
c(zly, x%), defining the cost needed to move a probability mass from 'y to 7.

Definition 21 (Expected Loss). Let [ be a convex loss-function. Given a distribution pup, a
hypothesis h € H and a labeling function fp (which may be a hypothesis in H ), the expected
loss is defined as

R (h, fp) = Bxepup [1(A(2), fp())]-

Our source and target spaces are denoted by .S and T respectively. S has a distribution pg
and T has as its underlying distribution, pr. Our loss function is denoted by [ : YY) x ) — R*.

2.2  Prior Work

First, we introduce some past results pertaining to risk bounds with respect to the Wasser-
stein distance. The purpose of this is to show the explicit connections between optimal
transport work and domain adaptation theory and also serve as inspiration for the research
presented in the next several chapters.

First Theoretical Bounds

Lemma 2.2.1. This lemma and theorem are from [41].
Let pg, pr € P(X) be two probability measures on R?. And assume the following hold.

e The cost function ¢ (x,x") = ||p(x) — ¢ (X/>H7_Lk£, where H is a reproducing kernel hilbert
space (RKHS) 17 equipped with kernel k; : X x X — R induced by ¢ : X — Hy, and
ke (x,%) = (6(), 6 (<),

And let us briefly discuss the use of the aforementioned cost function. It can be seen
that:

c(z, ') = [|¢(z) — ¢(2) |2,

— | Jl6la) = o), 6(a) — o),
= Vhki(z,3) = 2ki(z, 2') + k(2! 2").

There also exists a one-to-one relationship between the choice of a positive-definite
kernel k and the cost function c as proven in [{4].
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o The loss function l; : x — ((h(x), f(x)) is convez, symmetric, bounded, obeys
triangle equality, and has the parametric form |h(x) — f(x)|? for some ¢ > 0. The loss
function € is a nonlinear mapping of Hy, for the family of £, losses.

Uh,r also belongs to the RKHS Hy, admitting the reproducing kernel k, and that its
norm obeys the following inequality:

2 2
sl < 0= FIZL.

o The kernel k; in the RKHS Hy, is square-root integrable w.r.t. both ug, pr for all
s, pr € P(X) where X is separable and 0 < ky (x,x') < K, Vx,x" € X.
o [, < 1.
Then the following bound holds
V(hf) € Hi,o RF(h,f) SRG (hy f) + Wi (s, pir)

With the use of a concentration inequality on Wasserstein distances [10], empirical risk
bounds are obtained. The theorem is provided below for convenience.

Theorem 2.2.2. Let ;1 be a probability measure on R? such that
Ja > 0, / eI qu(z) < o
Rd

and let fi = SV Ox, be the empirical measure on {x;}. The {x;} are sampled from p.
Then for all d > d and all ¢ < /2, there exists No(d') and o > 0 with

/eo‘c(x’x/) du(z) < oo
for a fived &' such that for all € > 0 and all N > Nymax{e (@+2) 1},

Pr[Wi(p, 1) > €] < eV,

Theorem 2.2.3. [/1] Under the assumptions of 2.2.1, let S, and T, be two samples of
size Ng and Np drawn i.i.d. from ps and pr, respectively. Let pig = Niszi]\fl 5,(? and
iy = NLT ZZ]\Z 6.1 be the associated empirical measures. Then for any d' > d and ¢ < /2,
there exists some constant Ny depending on d', such that for any 6 > 0 and min (Ng, Ny) >

Ny max ((5_(‘1/*2), 1) with probability of at least 1 — & for all h, we have

R () < RE(0) + Wi s i) + 2108 5) /¢ (\/NI . \/NI) “a

wheze A 1S thfz combined error of the ideal hypothesis h* that minimizes the combined error
of Rg(h) + R7E(h).
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In this chapter, we introduced optimal transport in the context of domain adaptation
and discussed how these calculations appear in theoretical and empirical risk bounds. This
serves to show the significance of studying the statistical properties of optimal transportation,
which is the motivation for the next three chapters in this dissertation.
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Chapter 3

Regularized Optimal Transport for
Domain Adaptation Problems

3.1 Introduction

Previously, we looked at unregularized optimal transport for domain adaptation and some
statistical properties — in particular, how it may be used in theoretical generalization bounds.
However, a fundamental limitation of the optimal transportation methods for domain adap-
tation is that they turn out to be computationally difficult. For example, in the discrete
optimal transport problem, assuming P and () were of size n, algorithms such as the simplex
algorithm and Hungarian algorithm have a complexity of at most O(n?log(n)).

In this chapter, we examine regularization methods for optimal transport that statistically
outperform that of unregularized optimal transport. This then leads us to introduce an
alternative concept of regularization involving dual potentials that may be more suitable for
domain adaptation problems. In particular, we study briefly the behavior of joint couplings
in a simpler setting and then introduce our main result of this chapter, which are sample
complexity bounds for this alternative regularization. And lastly, we demonstrate that,
under certain assumptions, it also has statistical benefits over unregularized OT.

3.2 Entropic Regularization

One popular method of addressing the aforementioned limitation of OT is by using an
entropic regularization as seen in [16].

Definition 22 (Entropic Regularization of Wasserstein).

W (P, — inf Jy)dr(x,y) + eH(m|P ®
P.o)=_ i | sty +etinlp e 0
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where

B dr(x,y)
H(7r|P®Q)—/XXylog(m

If we use the relative entropy as a regularizer, then we can formulate the dual of regular-
ized OT as the maximization of an expectation problem [23].

Jdm(z,y).

W(PQ= s /X u(x)dP(z) + / v(4)dQ(y)

uELl(P),UELl (Q

— 5/ oM dP(x)dQ(y) + ¢
Xx)Y

= sup EP®Q[f6XY(u, v)] + €
uELl(P),UELl(Q)

u(96)+v(y) c(z,y)

where fXY (u, v) = u(x) + v(y) —

Results in [23] demonstrated the superlorlty of entroplc regularlzed OT over unregularized
OT in terms of sample complexity. In the case where c(x,y) = 5 Lz — y|| , they showed the
following;:

Theorem 3.2.1. Let P and Q be two probability measures on a bounded domain in R of
diameter D. Then

1 6D2/e
supEpQ\W(P Q) — We (P, Qn)| <KDd(1+ Ld/2j) NG

where Kp 4 is a constant depending on D and d.

3.3 Downside of Entropic Regularization

Although entropic regularized OT has benefits over unregularized OT as demonstrated in
3.2.1, it may not be the best regularization for domain adaptation work. When we prescribe
a divergence measure for domain adaptation, we seek to penalize when the source and target
distributions are not identical. However, with entropic regularization, we penalize when the
source and target distributions are not independent. But if one can look at a "mapping"
between the two distributions, it makes sense to regularize with respect to the deviation
between our "mapping" and an identity map. What we eventually demonstrate is that we
can perform such a regularization by looking at the dual potentials.

In order to discuss this more rigorously, first we give a more precise description of a
mapping between two probability measures.

Let Z and X be two measurable spaces and 1" : Z — X a measurable map. Let n € P(Z)
be a probability measure over Z. The pushforward of n via T is defined to be the measure
Tyn in P(X) such that for any Borel subset B of X,

(Tyn) (B) =n (T(B))..
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From here on, we will refer to a measure T4 as pushforward measure, and to the corre-
sponding 7" as pushforward map.

Lemma 3.3.1. For any measurable f : X — R

/X F(@)d (Tyn) (z) = / F(T(2))dn(2)

3.4 Existence and Uniqueness of an Optimal Transport
Map

The intuition behind our proposed regularization stems from Brenier’s theorem, which con-
cerns the existence and uniqueness of optimal maps.

Theorem 3.4.1 (Brenier’s Theorem). Let pp € P(X),v € P(Y) with X, Y C R™ and assume
that pu,v both have finite second moments and that p is absolutely continuous. Then there
is a unique solution ©' € Il(u,v) to the Kantorovich optimal transport problem with cost
c(z,y) = 3|z — y|* which is given by

7l = (Id xV@)gp  or equivalently — dr'(z,y) = du(z)d(y = V()

where Vi is the gradient of a convex function (defined p -almost everywhere) that pushes p
forward to v, i.e. (Vp)up=r.

Any convex function is locally Lipschitz on the interior of its domain and w is almost
everywhere differentiable on the interior of its domain.

When c(z,y) = 1/2||xz — y||*>, we have an explicit representation for 7', the transport
map.

T(@) = o - Vu(@) =V Bumuz - u<:c>] — Ve(a).

In this case, the Brenier’s potential ¢ and the Kantorovich’s potential u are related by

the following: ¢(x) = 5| | — u(x)

Corollary 3.4.1.1. Under the assumptions of Theorem 3.4.1, Vu s the unique solution to
the Monge transportation problem:

3 [l Ve du@) =5 int | [ o= TP duta),
2 Jx 2 Typ=v [x

This motivates our proposed regularization as now we have a clear relationship between
potentials and the optimal transport map. Since we established a relationship between those
and the Kantorovich potentials and the latter potentials are easier to work with as they
come up in the dual form of the optimal transport problem, we may try to regularize on the
Kantorovich potentials.
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Proposed Regularization Problem

The first optimization problem we examine is the following, where H is a reproducing kernel
Hilbert space and ¢(x,y) denotes an arbitrary cost function in x and y. The functions v and
v here are dual potentials.

) 1 1
inf [ Juds [ xulf+ ol 5llelP + 3P - ute) = o) < el ) Vo,

In particular, we can derive a general form of the primal for this and then investigate
behavior of the optimal coupling in this setting.
We will circle back to this after the next section.

3.5 Convex Analysis Prerequisites

Before we continue, we introduce some concepts from convex analysis that will be needed
going forward.

Definition 23. Let X C R" and f: X — R U {400} be a lower semicontinuous function
and

X* = {:1: € R :sup((a*, z) — f(z)) < oo} .

zeX
The Fenchel-Legendre transform f*: X* — RU {400} is defined by

f*(x") = sup[(a”, x) — f(x)]

zeX
This f* is always convez.

Definition 24. The subdifferential of a lower semi-continuous convex function ¢ at v €

dom ¢ is defined by

O(x) = {a" € X" :Vy € X, d(y) — &(z) = (2", y — )}
Theorem 3.5.1. Let f : X — RU{+o0} be a convex function. Then for any x € int dom f,

of(x) 0.
Theorem 3.5.2 (Fenchel-Young inequality). For any function f,

fl@) + [ (2%) = (27, 2)
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Theorem 3.5.3 (Fenchel-Young equality).
f(@) + [ (27) = (27, 2)
if
" € df(x).
Theorem 3.5.4. Let v(y) = inf,[f(x) + g(z + y)]. The Fenchel primal problem is

p = v(0) = inf[f(z) + g(x)].

xT

The dual problem is
d =v"(0) = sup[—f"(y") — g"(=y")].
y*
Proof. Calculate v*(—y*) = sup, ,[(—y",y) — f(z) — g(z + y)].

Let u = x + vy, so we have

v*(—y") = sup(—y",u —z) — f(z) — g(u)

= sy, ) — F)] + supl(~y", ) — g(w)
= (y") + 9" (—=y").
Thus,
d = v"(0) = sup[0 — v*(=y")] = sup[—f"(y") — g"(=¥")].

-y —y*

3.6 Derivation of Primal Formulation

Our goal is to find the primal formulation for the following optimization problem:

. 1 1
inf [ Juds vt Ml + Pl | 31l + 510l - @)~ v(0) < clay) Ve
Ultimately, this is done in order to understand how to relate the optimal joint couplings
with the source and target measures. Such a coupling then determines a "transport plan"
between the source and target distributions via a computation of its barycentric projections
[43]. The arguments that follow are similar to those used to prove Kantorovich duality.

Let

6= {(,0) € C(X) x V) - gl + L Iyll> — ula) — o(y) < elawr,9) Vor,}
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In the next few lines, z € E = C(X x Y) is the set of continuous functions on X x Y
with sup. norm and 7 € E* = M (X X Y) is the set of regular Radon measures with total
variation norm.

f(2) = {)\(”UHE +oll) + [uds+ [vdt, if 2(z,y) = u(z) +v(y) Y,y

400, otherwise.

400, otherwise.
Jeuds+ fyvde+ Ml + o). i 2l + 3l - u(z) — o(y) < ez.)
00, otherwise.

f(2)+g(2) = {

g/ o) = int, | [ s [Lvare xul+ 1ot}

2€E (u,v)€D,

7 =g |~ [ sdngts)

1 1
= sup {—/ zdm §Htz + §HyH2 —c(z,y) < z(x,y)}
XxY

z€E

Ly [et@,y) = )2 = 4gll?] dr, if 7w e Mo(X x )
400, otherwise

rm=sp| [ sing0o)
zeE XxY
—sup| [ stwnarto) ~ [uds— [ oar-A(lully + ol <= vl
zeE XxY X Y

=Ml + lloll7). if 7 € II(s, 1)
—inf,([uds — [wdr + Mul|};) —inf,([vdt — [vdr + A[v]|%), otherwise

Let m; and 7y be the projections of the measure 7 onto the spaces X and Y respectively

and let
Q(s,m,\) ;= inf (/uds - /udﬁ + A ||u||§1>

Q(t, ma, A) == irl}f </vdt - /Ud7T+)\ Hvaq) .

and
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Then our dual problem is

sup (1)~ (~) = sup | Qovm1, N+ Qe ) = [ (eten) = ghal? = bl ) ar]

Telb* TeM

If c(z,y) = 5 ||z — y||?, this becomes

sup (—f*(mw) — g*(—m)) = sup {Q(s,m,k) + Q(t, mo, \) + /(x,y> dﬂ'] .
WGE* 7T€M+
If we have additional knowledge about H, we can explicitly calculate closed form expres-
sions for Q(s, 1) and Q(t, ) that are dependent only on s, t, \, and 7.

3.7 An Alternative Optimization Problem

If we are working with finite sets S and 7', we can represent the joint distribution on S x T
by a doubly stochastic |S| x |T'| matrix II. We can write the marginal distributions on S
and T as m; = I11 and 7 = 1711, i.e. taking the row and column marginals of II.

Here, we propose an alternative optimization inspired by our primal derivation in the
previous section.

One possible optimization problem is

1 1
sup o s = T — ||t = TE7 1) + tr(IT) = inf -~ (lls - TILJ* + ||t =TIV 1) — tr(IT).

We analyze the behavior of solutions when |S| = |T'| = 2.
What we will see is that the mass is concentrated along the diagonal of the joint proba-
bility matrix.
We look at the Karush-Kuhn-Tucker conditions and take derivatives with respect to
IT — )T (ITT — 71T — )7 (17T — ¢ .
(i, ) = A=) (=) ZA( ) ) o)+ £(1 = T7TI1) — 0y BTTIE, —
UQE?HEl - ’UgErirHEQ - U4E,2THE2

WhereE1:<(1))andE2:(?>.

A — (T — )17 + 27T — )17 — [ — 7117 = [T+ 11T — (s + )17 — [ — 7117 —

10Y) 00Y) 0 1) 00
Yoo 211 9 o o Yl o1

By Karush Kuhn Tucker conditions, we have

W11—W22—2§\81+t1)+1 —(tT+v+1)=0

mo2—m11—(s2+t2)+1

2\
mo2—m11—(s2+t2)+1
2\

)
2 — 0
w11 —ma2—(s14+t1)+1 (7_ + U3) —0
M )
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And it follows that

v + 1= V3

v+ 1 =1

and also

—1:U1+U2+27':U3+U4+2T.

If 11, T2 = %7 %, then 11 + Tog = 1 and thus 19 = To1 = 0. Lettlng V1 = Vg = 0
and vy = v3 = 1, this satisfies slackness constraints.

So the joint probability matrix has all its mass concentrated on the diagonal and fur-
thermore, the diagonal elements are averages of the source and target probabilities. This
was also checked empirically — code is provided in the appendix. We also empirically note
this result seems to hold when ||S|| = ||T]| > 3 as well. Extending this proof to S and T of
arbitrary size and analyzing the significance of these solutions are left for future work.

3.8 Error Bounds

In this section, we have our main results where we examine the tradeoffs between OT and

another dual regularized OT. The optimization problem considered here is slightly different

from what we introduced earlier, but this is easier to use in order to demonstrate some

statistical properties. First, we will compare theoretical regularized OT versus unregularized

OT, and then we examine the sample complexity of regularized OT in the subsequent section.
Consider the RKHS dual regularized optimal transport problem

S(P, Q)= sup / f(2)dP(x / 90)AQ(w) — M flu + lolly), Fdg<c

feH,geH

and the unregularized OT,

OT(P, Q) = sup / f(2)dP(a / g)dQy), fog<ec

feH,geH

We will next see that the difference between these two quantities is dependent on the
norms of the dual potentials for the unregularized and regularized optimal transport problem.
The proof here is similar to that of [45] but here, we generalize from the discrete setting.

Theorem 3.8.1. Let fy, go be dual solutions to OT(P,Q) and f*,g* be corresponding solu-
tions to S(P,Q). Then

AN +1lg7lly) < OT(P,Q) = S(P,Q) < Alllfollz + llgollz)

Proof. Since f*, g* satisty the constraint f* & ¢g* < ¢, we have

/ f*(@)dP(z) + / g (1)AQ() < / fol2)dP(z) + / 00(1)dQ(y) = OT(P.Q)
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Subtracting A(||f*]| + ||g*]|) from both sides gives us

S(P.Q) = / f*(@)dP(z) + / G @AQW) — AUS Ly + 19 1)

/ Jo(2)dP(x / a0AQW) = My + l71L)
— OT(P.Q) — M(|IF*]| + ")

Thus we have OT'(P,Q) — S(P,Q) = A([lf*[ + llg”Il)-
Next, note that

—/fo(x)dP(fC) _/go(y)dQ<y)+)‘<Hf0HH+ g0ll ) = =S(P, Q).

Rearranging this gives us OT(P, Q) — S(P, Q) < M| foll 7 + llgoll )
Combining these two inequalities, we get our desired bound. O]

3.9 Sample Complexity Bound

Introduction

Previously, we investigated the dual form of the dual norm regularized optimal transport and
examined some of its fundamental properties. In particular, we show that our convergence
rate is faster than that of unregularized OT under certain conditions.

Our quantity can be expressed as follows, where we regularize by the norms of the dual
potentials f, g in an RKHS H,

S(P, Q) = w / f(2)dP(z /g<y>dQ<y>—A<||f||H+|rg||H>.

fGLl(P QH g€L1

Throughout this section, we assume P and () are measures on compact subsets X and )
in R%. And assume the cost function ¢ is continuous in X x ). Let K = maxyyy c(x,y).
Also assume the RKHS H exhibits a Gaussian radial basis function kernel.

Proof Technique

The proof technique here is inspired by work on entropic optimal transport sample complexity
[30]. First, we use a simple argument to remove the regularization terms. Then we examine
the empirical process over some set that the optimal potentials belong to. Key to our
results are the establishment of uniform bounds of the potential functions. And since these
potentials are in an RKHS, we can exploit the structure of the RKHS to establish empirical
process bounds. After controlling the potentials, we use a chaining bound.
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Uniform bounds on the optimal potentials

Proposition 1. The optimal f, g, denoted f*,g*, that maximize

[ 1@aP@ + [ 96)dQw) = AL+l )

subject to the constraint that f @ g < ¢ lie in a RKHS ball of radius W (P, Q)/\, where

W(P,Q) = min )/cdw.

Tell(P,Q

Proof. Let fy, go be arbitrary potentials that satisfy the constraint fo ® gy < c.

AIFI D <M1+l + s { [ raps [gae} - ([ rar+ [odQ)

AN+ 1) + W (P, Q) - (/f i+ [ d@)

{ (sll+ o) + W) - ( [ faar+ [ wac) |

Assuming ¢(z,y) > 0, we can choose fo = 0 and gy = 0 and thus we get

AL+ g™l < WP, Q)
which implies that f* and ¢* lie in an RKHS ball of radius W (P, Q)/A. O

We denote by F the set of functions in the RKHS ball with radius % The following
proposition shows that it suffices to control an empirical process indexed by this set.

Proposition 2. Let P,Q, and P, be probability distributions. Then

|S(P,, Q)—S(P, Q)| < 2sudg |Epu — Ep,ul.
ue

Proof. We define the operator A%?(u, v) for the pair of probability measures (o, 3) and
functions (u, v) € Li(a) ® L1(f5) as

A% (u, v) = /U(x)da(fﬁ)Jr/v(y)dﬁ(y) = Allully + llvllz)-

Denote by (f., gn) a pair of optimal potentials for (P,, @) and (f, g) for (P, @),
respectively. We can choose smooth optimal potentials (f, g) and (f,, gn) to lie in the
RKHS balls with radii W(P,Q)/\ and W (P,,Q)/\ respectively for all z,y € R% And
W(P,Q) < K by construction and similarly for W(P,, Q). Thus f, f, € F.

Note that S(P, Q) = AP9(f, g) and S(P,, Q) = A"%(f., gn).

Moreover, by the optimality of (f, ¢) and (f,, gn), we obtain
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ARQ(fna gn) - APmQ(fna gn) < APQ(fa g) - APMQ(fm gn) < ARQ(fa g) - APMQ(fa g)

From the above bound, we see that

1S(P, Q) = S(Pa, Q) =|A"C(f, g) = A" C(fn, gu)l
< [AP(f, g) = ACf, )|+ A (fay gu) = AT fu, ga)l-

All that is left is bounding the differences |APQ(f, g) — APQ(f, g)| and |APQ(f,, gn) —
AP R (fa, ga)l.

AP, g) = A, )| =| [ Feap() - ar, o)

<sup| [ u(x)(dP(z) — dF,(2))]
ueF

and similarly,

|AP’Q(fn7 gn) _Ame(fm gn){ = ‘/fn(x)(dp(x) - dPn(x))

< iggl u(@)(dP(x) — AP, ()]

Corollary 3.9.0.1. Let P,Q, P,, and Q,, be probability distributions. Then

|S(Pn, Qn) = S(P,Q)] S 2 iggl u(z)(dP(x) — dPy(x))] +2 ilelg! u(z)(dQ(z) — dQn(z))|

PROOF. By the triangle inequality,

almost surely. [

Bounding the empirical process

Denote by N(e, F°, Lo(P,)) the covering number with respect to the (random) metric
Lo(P,) defined by

- 1/2
[FAIPAESES (ﬁ Zf(Xi)2>
=1
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The empirical process bounds established in this chapter rely on our reproducing kernel
Hilbert space (RKHS) having a special structure. Particularly, the reason we assumed that
the RKHS exhibits a Gaussian radial basis function kernel will soon be clear.

Our first preliminary result is the following proposition:

Proposition 3. Let ;H,U be a Gaussian radial basis function RKHS with the kernel defined
as k(z,y) = e~ lz—vllz, If P, is an empirical distribution, then, given the sample X1, . . .,
X, we have the bound

K2

2
masx 1112, ) < 1513, < 55

feF

Proof. Denote

fla) = {f(): K@, ) < | fllyy, max (2, 2) Vf € Ho, Vo € X
and notice that k(z,z) = 1if k(z,y) = e 1*=vl5. Thus |f(x)| < || f|l,,, for all € X. This
proposition actually holds for any RKHS exhibiting a kernel where k(z,x) =1 for all z. [

Assuming the RKHS is Gaussian like in the previous proposition, then we have the
covering number bound.

Theorem 3.9.1. [/7] Let 0 > 1, X C R? be a compact subset with nonempty interior, and
H,(X) be the RKHS of the Gaussian RBF kernel k, on X. Then for all 0 < p <2 and all
0 > 0, there exists a constant c,s4 > 0 independent of o such that for all € > 0 we have

sup  logN(e, F, Lao(F,)) < cpvg,da(l_pﬂ)(l”)de_p.
Te(XxY)n

Define
1P~ Rl = sup ([ uto) @P() ~ a2, (o))

Using 3.9.1, we then have, by the use of a chaining bound [24],

E|P ~ Pull3 S ~ E( VI0g 2N (e, F, La(Py))de)”

/\/maxfe}' Hf“%2<pn)

0

K/X
: _E(/ \/1 + a0 1-P/D(1+0)de—pde)?
0

(1-p/2)(1+6)d K/A

o

pdd E(/ e_p/2de)2
0

~

1
n
1
n
c

n
) 50 IPDOTO ( p\ 20
n(l—p/2)? A

p .
Here, ¢, 54 and ¢}, 5 ; denote constants with respect to n.




CHAPTER 3. REGULARIZED OPTIMAL TRANSPORT FOR DOMAIN
ADAPTATION PROBLEMS 28

And by an application of Cauchy-Schwarz,
271/2
E|P - P.|l7 < [E|P - P.|%]
and we obtain the main result of this chapter, which is

Theorem 3.9.2. Let 0 > 1, X C R? be a compact subset with nonempty interior, and let
H = H,(X) be the RKHS of the Gaussian RBF kernel k, on X. And let P, and Q,, be the
empirical distributions for P and Q. Then for all 0 < p < 2 and all 6 > 0, there exists a
constant cp 54 > 0 independent of o such that for all € > 0 we have

E|[P = Pl < vV Cpsa0 PR (K)l_p/z
" V- p/2) \

and by an application of 3.9.0.1, we have that

\/cp,g’dg(lfp/2)(1+5)d K\ P2
1S(Pa, Qn) — S(P,Q)| < N (X) |

Conclusion

We showed that our dual regularized optimal transport exhibits an O(n~'/2) sample com-
plexity, which is much stronger than the O(n~'/?) rate of unregularized OT. One upside
to our bounds is that there is no requirement that our probability measures must be sub-
gaussian unlike those in [30]. And, by the results from 3.8.1, we can control the difference
between regularized and unregularized OT via the size of the potential functions.

Of note is that the Gaussian RBF kernel assumption is not needed to obtain sample
complexity bounds — it is sufficient to use an RKHS with a kernel where k(z,z) = 1 and
there exist covering number bounds for non-Gaussian RKHSes as shown in [54|. However,
the bounds will not be as sharp since those bounds were with respect to L., instead of Ly(F,)
and a future direction for this work is to obtain sharper bounds that are less dependent on
the structure of the RKHS. Another possible direction is seeing how to relax the compactness
assumptions.
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Chapter 4

Domain adaptation using Monge
mappings

4.1 Introduction

Previously, we discussed two methods of regularized optimal transport for domain adapta-
tion:

e Entropic regularization
e Regularization with respect to dual potentials

However, the emphasis earlier was not on finding the explicit mapping between datasets.
One may instead seek to directly estimate the Monge map between source and target
datasets. In this chapter, we show how to establish the optimal linear transport map under
arbitrary distributions with finite second moments, demonstrate that this is also the optimal
transport map, and propose another regularization scheme that incorporates the explicit
transport map.

We show why estimating the linear Monge map may be of importance if we know the
second-order moments. And, as stated previously, the optimal linear transport map is the
optimal transport map in this setting. This result was also discovered concurrently but
independently in [20].

4.2 Background

Let A and B be positive matrices. Most of these definitions and propositions are taken from
[9].

Definition 25. An n x n symmetric matriz M is a positive matriz if and only if £ Mz > 0
for all x € R™ where x # 0.
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And we also introduce the concept of fidelity measure between matrices.

Definition 26 (Fidelity). If A and B are positive matrices, then the fidelity F(A,B) =
tr(AV2ZBAV2)/2,

Definition 27 (Bures distance). d(A, B) = [tr(A) + tr(B) — 2tr(AY2BAY?)1/2)1/2,
Definition 28 (Operator norm). Define || - || as the operator norm such that

[A]l = sup [[Az]| = sup [[Az].

ll=]|=1 =<1

The next two propositions and lemma build up on each other and can be seen in [9] along
with much of the other background details here.

Proposition 4. The operator A is contractive, i.e. ||A| < 1 if and only if the operator
l /{* }4 ] 18 positive.
Proof. We do a singular value decomposition on A (A = USV). Then
g p
I Al I Usv
A T | | VxSU* T

U O S us O
O v S 1 o V|
- . . I S - - . .
This is unitarily equivalent to g 1| which is also (unitarily) equivalent to the direct

1 s @ 1 s9 ®- @ 1 s,

S1 1 S9 1 Sn 1
where sq,...,s, are the singular values of A. These 2 x 2 matrices are all positive if and
only if 1 <1 (ie., [[A|| < 1). O

sum

] 15 positive < if X =

Proposition 5. Let A, B be positive. Then the matriz {)?* )B(’

AYV2K B2 for some contraction K.

A X A2 0O A X A2 0O
X* B O B2 X* B O B2

I Afl/QXBfl/Z
= Bfl/QX*A71/2 I

Proof.

Let K = A~'2X B~Y/2. This matrix is positive if and only if K is a contraction. O
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Lemma 4.2.1.
F(A,B) =max{|tr X|: A> XB7'X*}
X>0

Proof. Note that

A M

—1 *
A>MB'M @[M* e

} >0e M= AYV2KBY?
for some contraction K.
By the Schwarz inequality we have
|tr M| =] tr (AV2KB'Y?) | < |AV2K ||, || B2,
< |42, |52, = Vi AT B

A M
{M*B]>0

If

then for every X > 0 we have
XYz 0 A M[xY2 O
O X'?|| M B O X712

X1/2AX1/2 Xl/QMX—l/Q
= |:X—1/2M*X1/2 x-1/2px-1/2 ]

o<

Hence

|tr X2 X2 < \/tr (XV2AX1/2) tr (X-1/2BX~1/2)

In other words,

|tr M| < /tr(AX) tr (BX 1)

This is true for all M satisfying the condition A > MB~'M* and for all X > 0.
So

max {[tr M|: A> MB™'M*} < r)?;% Vir(AX) tr (BX-1)
— F(A,B)
Let M = (AB)Y? = A(A™'#B). Then
MB™*M* = (AB)Y?B~Y(BA)'? = B"'B(AB)Y?B~}(BA)'/?
= B Y (BA)Y*(BA)Y? =B 'BA=A

The maximum on the left hand side of 4.2.1 is attained when M = (AB)'? and it is equal
to tr (Al/QBA1/2)1/2 = F(A, B). This completes the proof. O

Also let A#B = AY2(A=Y2BA1/2)1/2A1/2 be the matrix geometric mean. With this
established, we can introduce our main lemma.
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4.3 Optimal Linear Transport Mapping

Definition 29 (Optimal linear transport map). Let X and Y be sets with measures j1 and
v respectively. Then the optimal linear transport map T : X — Y is the one minimizes

Elz - Tx||2
over linear maps T'.

Theorem 4.3.1 (Optimal Linear Transport is Optimal Transport). Let o and v be probability
measures with zero means and positive-definite covariance matrices A, B respectively such
that v = T#u for a linear positive-definite T. And define our cost function as c(x,y) =
|z — yHQ. Then the optimal linear transport map coincides with the optimal transport map.

Proof. The first half of this proof demonstrates the existence of an optimal linear transport
map by construction and is adapted from [9] from complex to real matrices. The second half
of the proof shows that this optimal linear transport map is the optimal transport map by
an application of 3.4.1.

Let x ~ p and y ~ v be random vectors with values in R", each having zero mean
WLOG, and with covariance matrices A and B, respectively.

Aij = [E(xizy)], Bij = [E(yiy;)]-

We want to find x and y for which F||x — y||? is minimal.
The covariance matrix of the vector (x, y) is

et ool = [ ]

We aim to minimize the following:

n

Ellz —ylP* = EQ_(lail* + ly:l* — 2z:3))

=1

=> Bzl + |yil* — 221)
=1

=tr(A+ B) — 2trM.

This is equivalent to the following optimization problem:

A M
max{|trtM|: C = [M* B} > 0}.

The value of the maximum is F'(A, B) by 4.2.1. So

min E|jz — y||*> = tr(A + B) — 2tr(AY2BAY*)Y2 = @*(A, B).
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Let x be a vector with mean 0 and covariance matrix A. Then for any n x n real-valued
matrix, we have

E((z, Tx)) = EQY_ tijziw;) = Y ti;E(wir))
i i
= Z tijaij = trTA.
i

Hence,

Ellz — Tz|* = E(||lz|]” + [|T=|* — 2(z, Tz))
=trA +tr7T*TA — 2trT A
= trA + trTAT* — 2tr AY?2T A2

If we choose T' = A™'#B, then we see that tr AY?TAY? = tr (AY2BAY?)Y/2 and that
tr’l’AT* = trB.
Thus, for this choice of T', we have

E|lz — Tz|*> = tr(A+ B) — 2tr(AY?BAY*)Y2 = @*(A, B) .

Thus the problem
min Ellz — ||

where z,y are vectors with mean zero and covariance matrices A and B, respectively, has as
its solution the pairs (z, y) , where z is any vector centered at zero with covariance A and
y=Tx, with T = A~'#B.

Let = be a vector with covariance matrix A, and let y = Txz. Then

E(yy;) = Eztiktkﬂkiﬁl

k.l

= Ztikztklakl = (TAT),J
kil

If T = A7'#B, then TAT* = B. This shows that the covariance matrix of the vector ¥ is
B.

Now we have shown that 7' is the optimal linear transport map, but this is not enough
to show T is the optimal transport map because we have only shown that T = A~ '#B
preserves means and second moments. This does not necessarily mean T = T, i.e. that it
maps the distribution p into v.

The insight we had was that we can combine the above result with Brenier’s theorem.
This is because T" = A;B is the gradient of a convex function, %l‘TTiL'. And recall that
theorem 3.4.1 by Brenier states that the gradient of a convex function is the optimal transport
map. Thus T is the optimal transport map, i.e. T = T. O
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One could extend this result to nonzero means if we allow for affine maps (v = T# p+b)
where b is a constant vector. The proof is mostly the same except we first center p and v.

4.4 Proposed Regularized Optimization

One may want to look at a regularization of the combination of the squared Bures distance
and the expected distance moved under the transport map 7" by the squared Hilbert-Schmidt
norm of 7. The motivation behind this is we want to match the second moments between
source and target distributions (squared Bures distance) while controlling the ’size’ of the
transport map with the Hilbert-Schmidt norm.

Definition 30 (Hilbert-Schmidt Norm). For a matriz A,

IAllus = Y a3
i

The reason for this section is just to propose a conjectured regularization and that one
can feasibly solve for the mapping.

Definition 31 (Regularization With Transport Map).
min Q(T) where Q(T) = AE |TX ~ X|? 4+ d(Cov(TX),S,) + p||T|3s
Differentiating Q(T"), we get

INTX — X)XT + (%)CTX(I — (BA)'V?B)XT 4 2uT

where A = Cov(TX) = (=5)(TX)T'C(TX), B =Y, the covariance matrix on the target

n—1
distribution, and C'= (1 — £.J) = C" is a centering matrix. See 7.2 for more details on how

this is derived. )
Solving for T" such that Q'(T") = 0, we get

A A
AXXT = MEXXT + T + —OTIX(I — (BA)*B)IX".
—

This is a Sylvester equation that has a closed form solution.
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Chapter 5

Asymptotics for Prior Elicitation

5.1 Statistical Elicitation

In this section, the main focus of the study will be on the case of elicitation to obtain a
prior that will be used in a subsequent machine learning task. Elicitation is the process of
forming a probability distribution from a person’s knowledge and beliefs. However, most of
the results will apply to other motivations for elicitation.

Classically, elicitation is a human-centered process with multiple roles: The modeler will
ultimately do the modeling, with the elicited prior. The facilitator has a strategy and asks
questions to gather information to use for inference. The expert has the knowledge that the
facilitator will use. A statistician will train the expert on probability and provide feedback.

An individual may fill multiple roles; for example, a single individual commonly fills both
the statistician and facilitator roles. The expert may also be the modeler who will ultimately
use the elicited prior.

Elicitation is a multi-stage process, typified by the following steps. The modeler and the
statistician will determine the target value during the structuring and decomposition steps.

Then, during the elicitation phase, there is further iteration over three steps, which we
list below.

1. Elicit summaries.
2. Fit a distribution.

3. Assess adequacy.

It is important to highlight that these three steps are the backbone in fitting and assess-
ment of the automated tool. In higher dimensions, summaries are less intuitive and even
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cumbersome to communicate. In automated facilitator-statistician discussion, we will shift
from eliciting summaries to eliciting samples. Sample based elicitation has been applied for
fitting beta distributions.

Literature on elicitation focuses on making inferences from the type of information pro-
vided by elicitation and the related psychological literature. The psychology of elicitation
relates to how people characterize uncertainty (not consistently) to what information is ac-
tually needed in order to make inferences about uncertainty that are themselves useful for
further inferences.

5.2 Sample Based Elicitation

Prior work using sample-based elicitation used a method of moments technique with weighted
samples. We propose a similar elicitation procedure, but consider a distinct inference tech-
nique. Moving to a least squares based approach with a stated objective function for the
prior enables cases where the moments do not exist.

In order to build a general automated elicitation tool, we need to consider how the tool
will learn from the expert. In the end, this learning will be an online process which learns
from each sample sequentially and then presents the updated model to the user for feedback.

In elicitation, the examples will be provided by a human expert along with given instruc-
tions. For our work, we assume this will result in samples that are more diverse than a
sample directly from the distribution for two reasons. First, an expert is unlikely to give an
example that is very close to a previous sample, which leads to the generation of a represen-
tative sample that explains the range of their belief. Second, the instructions can prompt
the user to provide examples that are both likely and unlikely. Therefore, by examining the
i.i.d case, we are obtaining a worst-case estimate of the learnability of the problem.

In this section, we present our main analytical results. First, we will introduce our least
squares based objective function. Next, we will consider the large sample behavior of the
proposed estimator by evaluating the consistency of the estimator, and we will show the
conditions under which we achieve asymptotic normality. Third, we present a finite sample
result.

5.3 A Least-Squares Based Approach to Elicitation

Proposed Objective Function

Assume that we elicit i.i.d. observations z; with corresponding sample log-likelihoods z; for
i=1,...,n. Let {(x,0) be the log-likelihood function evaluated at parameter § and obser-
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vation z. Assuming we have a parametric model class, our proposed method of estimating
f involves minimizing an objective function, which we illustrate below. Let

Q((#,2),0) = Z (U2, 0) — 2:)°.

Our proposed oplimization problem iS
1 i I ’ ) )
= arg mln E .CC , = arg Il’lelll Q((l’ Z) 49)

where x;, 2; is the ith sample and likelihood.

zz ( ;.0 )SQZ(xZ,e))

and let ¢((2;,2;),0) = £(2,0) — 2.

0 is a solution to 5
> ((ﬁ(mi, 0) = 2) 5l 9)) =0

i

and 6y solves

Ey {(6(:61-, 0) — zi)%l(xi, e)] =0

Asymptotic Analysis

The following details are immediate applications of results in [49]|, which are also provided
in the appendix in section 7.3.

Let €2 be the parameter space with an open set w such that 6y, the true parameter value, is
an interior point.

Consistency

Then if ((€(x;,0) — '>a {(z;,0)) is monotone in 6, continuous in a neighborhood of 6y, and

0y is an isolated root, [N 0.

Asymptotic Normality

Note that

0 0

50 ((z,2),0) = {%ﬁ(aj 9)} + (U(x,0) — 2) &

802€(x, 0).
If ,
Eg, H%f(w, 9)} + (((z,0) — z)%é(z, 9)]



CHAPTER 5. ASYMPTOTICS FOR PRIOR ELICITATION 38

is finite and nonzero and

Eq, { {%E(m, 9)} + (U(x,0) — z)%f(x, 6’)} < 00

then )
Vil —6) & N(0,02)

where
2 E90[¢2((X7 Z>790)]

70 Bl G0 ((X. 2). 0)lo—a)?

5.4 Main Result

Setting and Assumptions

Let X, X, X5, ... be random variables mapping from (2, A) to (X, B) and let (Py)geco be
a parametric family of probability measures such that X, X;, Xs,... are i.i.d. drawn from
some Py with € ©. Importantly, © C R, i.e. the parameter space O is a subset of the real
line.

Let Fy be the expectation with respect to Py. For each § € ©, X has a density pg with
respect to a measure p on B. And assume /y ,, the log-likelihood function, is continuous in

6.

Since the extended real line [—o0, 00| is compact, for each n € N and points x = x,, =
(x1,...,2,) € X" and z = 2z, = (z1,...,2,) € 2", the function © 3 0 — (4,(0) =
o —(0,,(0) — z)? has at least one generalized maximizer ,(x,z) in the closure of © in

the sense that supyeg lx2(0) = limsup, 5, . lx2(0).

Picking, for each x = (xy,...,2,) € X" and z = 2z, = (21,...,2,) € Z", any one of
such generalized maximizers 6,,(x,z), one obtains a map Q 3 w — 6,(X(w), Z(w)), where
X:=X,:=(Xy,...,.X,) and Z :=Z, := (Z1,...,%Z,). Any such map will be denoted here
by 0,(X,Z) (or by 0, or ).

Let 6y € © be the expert’s target value of the parameter #, such that

66 — 6, 6o+ 0] C ©°

for some real § > 0, where ©° denotes the interior of the subset © of R.
And

n

(x,z(0) ==Y (U(X;,0) — Z;)*.

i=1
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ford €0, X=(Xy,...,X,) and Z = (Z4,...,7Z,).
Sufficient assumptions for ¢ are below.

1. The set X5 := {x € X : pp(x) > 0} is the same for all 6 € [0y — 0, 6y + 0], and for
each = € X.q £,(0) is thrice differentiable in 6 at each point 0 € [0y — 9, 6y + J].

2. Elx z(60)* = Ii(6) and —El ,(69) = I2(6,) € (0, 00).
3. E|l 4 (00)> + E|lx 4 (6)]* < oo.

4. Esup |€;7Z(0)|3 < 0.

5. £;.(0) is concave in § € O, for each z,z € X x Z.

eXp(€X7z(00 + h))

expllxzB0)

Theorem 5.4.1 (Finite-Sample Bound). Suppose that the above conditions hold. Then

‘P < n]I?I((Q;O); (06— 0y) < z) —®(z)] < %

for all real z, and
12<90)2 A Q:w
|P( n T,(60) (0 —6p) <z)—2(2)| < m

for z € (0,w+\/n] for any w € (0,00). €, is a finite expression that depends on w and neither
¢ and €, depend onn or z.

5.5 Proof of Theoretical Bound

Here, we provide a theoretical proof of Theorem 5.4.1. This follows closely the technique
introduced in [39] for maximum likelihood estimators. Here, we extend the result in [39] to
M-estimators, and in particular, we fully exposit the proof for our proposed estimator. The
proof requires substantial new adjustments to the assumptions, which were not discussed in
[39].

This proof is organized as follows.
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1. We demonstrate tight bracketing of our M-estimator between two functions of the sum
of independent random vectors. The key here is to show 6 — 6 is bounded on a specific
subset.

2. We present uniform and nonuniform optimal-order bounds on the convergence rate in
the multivariate delta method [40].

3. We apply the general bounds in the multivariate delta method such that we can make

bracketing work. A
[P(vn/11(00)12(00)(0 = bo) < 2) — P(2)]|

is bounded above by the sum of a "error" term and a remainder term. We show here
the error term is O(1/y/n).

4. We bound the remainder term and show this is asymptotically negligible under certain
conditions. In particular, we show a sufficient condition for this to be exponentially
decreasing with respect to n.

Tight Bracketing
Without loss of generality (w.l.o.g.), X~o = X. Then on the event
G:={0e[fy—0, 0,+06]} (5.1)

(G for "good event"), one must have

(0 — 6,)?

0 = b z(8) = e (00) + (0 — O0) 5 5(00) +

glylcl,z(eo + f(é — 0o)) (5.2)

W}?) (5.3)

=n(K — (0 —6,)U +
for some £ € (0,1) as a function of the X;’s and Z;’s, where K = 1 3" | K,
R:=0300 R, ¥ = %Z?:l Ry,

T on

-
I
3=
N
S5
=

K; = Uy, z,(00), U= —tx, z,(6) (5.4)
Ri=0% 5 (00+&(0—00) € [-R;,R}], Ri= sup [0} ,(0)]. (5.5)
o 0c[bo—6,00+5]
On the event G one has
. K
0—tp==ifR=0 & T#£0,

0—0e{d,, d_}if R+0,
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where

One defines a "bad event" by letting
B := B; U By, where

By = {R#0,0—0=d,} U{T <0} and B, := {T" < 2[K|F}.

In the rest of this section, we prove the following two lemmas:
Lemma 5.5.1.

P(GNB) < P(GN B+ P(By) < —

and

Lemma 5.5.2. On G\B one has

U>Oandé—00:

2K
€ [T—u T+]
U+\U —2KR
where

2K
T:t =

T+ /T TR

By (5.1),
P(GNB,) <PU <0or

i=1
And by the assumptions for ¢ and the definitions for K;, U;, R;, and R

%
7

EU, > 0, E|K,|* < oo, E|U1]* < 00, E(R})? < oo.

Therefore, ER} < co. Choose § > 0 to be small enough such that

0y := E(UvZ — (SR:) > 0.

n3/2
where € depends on £, the measure j, and the choice of 6p— but not on n.

Proof. On the event By N {U > 0}, one sees | — 0| = |dy| > T/|R| > U/R*

(Ui = 0R;) < 0).

(5.8)

(5.9)

41



CHAPTER 5. ASYMPTOTICS FOR PRIOR ELICITATION 42

Then, letting V; := (U; — 0R;) — E(U; — 0R;), we use (5.9) with Markov’s inequality and
7.4.1 to have

n 1 n
P(GNB;) < P(ZYi < —ndy) < Wm ZYI'P
i—1 i—1

- nE|Yi|? + /8/m(nEY)3/2 2 ¢
o (n(51)3 — n3/2

where € := (E|Y1|® +v/8/n(EY?)%/?) /63, which depends on §; > 0,EY;? < oo, and E|Y; ] <
oo. However, this does not depend on n.

B implies at least one of the following events:

1
“EU
2 1}

BQQ = {R* > 1 —|— ER*} or

By ={U <

Bay = {IK| > L(BUP/(L+ BR})).

Therefore,
P(B;) < P(Ba1) + P(Bx) + P(Bas). (5.10)

The bounding of each of the probabilities P(Ba;), P(Ba2) , P(Bas) is quite similar to the
bounding of P(G N By) — because

P(Ba1) = Z Yio1r < —nday),
P(BQQ Z Y; 22 > 71522) and
1=1
P(By3) = Z Y, 23] > n0a3).

It follows that
¢

P(GNB) <P(GNB1)+P(By) < Yol

(5.11)

where € depends on ¢, the measure p, and the choice of §,— but not on n.
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2K
U+VU?2-2KR

U > 0 ensures that the denominator of the latter ratio is nonzero. Thus, on the event G\ B

On the other hand, if R # 0 and U > 0, then d_ = Here, the condition

one has —
— . 2K
U>0andf—6,= €T, T] (5.12)
U+4U -2KR
where o
2K
T, = . (5.13)
U++\/U F2/K|R
Thus we have our bracketing of § — 6, between 7 and T’,. O

General uniform and nonuniform bounds on the rate of
convergence to normality for smooth nonlinear functions of sums of
independent random vectors

Denote the standard normal distribution function (d.f.) by ®. For any R¢valued random
vector (,

¢y == (ElI¢][”)!/? for any real p > 1,

where || . || denotes the Euclidean norm on R<.

Take any Borel-measurable functional f : R — R satisfying the following smoothness
condition: there exist € € (0, o), M, € (0, ) , and a linear functional L : R? — R such
that

Definition 32 (Smoothness Condition).

M
1£(x) — L(x)] < =<2 for all x € R* with |[x|| < e. (5.14)

2
Thus, f(0) = 0 and L necessarily coincides with the first Fréchet derivative, f'(0) , of
the function f at 0. Moreover, for the smoothness condition to hold, it is enough that

2

1 ,d
Me> M = SUP{w| fx+tx)|mo| : x€RY 0 < [Ix] < €).

dt?
Notice that f does not need to be twice differentiable at 0. One example is if d = 1 and
f(z) = for z € R.

1+ |z
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Let V,Vi, ..., V, beiid. random vectors in R?, with EV = 0 and

I

And let Lo
G :=||L(V)|2, v := |V]|s, and ¢ := T?’ (5.15)

Theorem 5.5.3. Suppose that the smoothness condition holds and that ¢ > 0 and v < co.

Then for all z € R B

V) ¢
< - < —

where € is a finite positive expression that depends only on the function f and the moments

7, s3, and vs. Moreover, for any w € (0, o0) and for all

z € (0, wy/n), (5.17)

IP( (5.16)

one has

f(vV) ¢,
< % <
&/\/ﬁ_Z) (Z)|_23\/ﬁ

where €, is a positive, finite, and only depends on f through the smoothness condition,
the moments &, <3, and vy, and w. This is in [40].

IP(

(5.18)

Applying bracketing

In this section, we apply the previous bounds from Theorem 5.5.3 for a particular function
that we construct that satisfies the smoothness condition (5.14). Specifically, we prove the
following lemma:

Lemma 5.5.4. For all real z,

IP(\/n/I1(00)12(00) (6 — ) < 2) — B(2)] < +P(6 — 6| > 6). (5.19)

Sle

And
¢

1P(\/n/11(0)1(00) (0 — 0y) < z) — B(2)| < st P(|6 — 6| > &) (5.20)
for z € (0,wy/n].
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Proof. Let d =3 and
D = {X: ((L’l, T, 1‘3) GR?’ : 29+ EU; >0, (ZL'2+EU1)2 > 2|1’1||$3+ER>{|}

By (5.5) and assumptions 2 and 4 for ¢, EU; = I5(6y) € (0, co) and ER} € [0, o). So, for
some real € > 0, the set D contains the e-neighborhood of the origin 0 of R3.

Define functions f4 : R* — R by the formula

21‘1
X) = T1, Ta, T3) = 5.21
fi( ) fi( ' 2 3> I2+EU1+\/($2+EU1)2:{:2‘1’1||1’3+ER’1K‘ ( )
for x = (21, wq, x3) € D, and let fi(x) := 0 if x € R3\D.
Clearly, f+(0) =0,
Li(x) = fL0)(x) = ot = — (5.22)
B EU, I (6) ‘

for x = (71, =2, x3) € R3, and the smoothness condition (5.14) holds for some € and M,
n (0, oco) —because, as was noted above, EU; = I1(6p) € (0, oo) and ER} € [0, o0), and
hence the denominator of the ratio in (5.21) is bounded away from 0 for x = (x1, x2, z3) in
a neighborhood of 0.

Next, let

for i = 1,...,n, with K;,U;, R as defined in (5.5) and (5.4) . Then, by (5.15), (5.22) and
condition 2, for f = f.,

EK?  /Li(6)
I(60)*  Lx(6o)
and v3 = E||V||*> < co by the third and fourth conditions. This shows that all the required

conditions for (5.5.3) are satisfied for f = fi-.
Moreover, by (5.23), (5.21), and (5.5.2),

o=

>0 (5.24)

Ty = f+(V)

on the event G\ B. So, by the inclusion relation in (5.12) (which holds on the event G\B =
(G°U B)°) and (5.24), inequality (5.16) in Theorem 5.5.3 implies

\/n/Il 90 ]2 90 9 90 < Z \/n/h 90 ]2 90 < Z) —|—P(GCUB)

< P(z2) + % +P(G°UB)
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and

\/TL/[l 90 IQ 90 9 90 < Z \/ﬂ/[l 90 IQ 90 f+ )— P(GCUB)

o(z) — % —P(G°UB),

for all real z. Note that P(G°U B) = P(G°) + P(GN B) . It follows now by (5.1) and (5.5.1)
that

P(v/n/ L (80) L2(600)(0 — 00) < 2) — D(2)] < % P(ld— 00| >0  (5.25)

for all real z. Quite similarly, but using (5.18) instead of (5.16) , one has

P(\/n/I(0)12(00) (0 — 6y) < z) — ®(2)| < Zfﬁ +P(|6 — 6| > 0) (5.26)

for z € (0,w/n] as in (5.17). O
Under certain conditions, the remainder term P(|6 — 6y| > §) typically decreases expo-

¢
nentially fast in n and thus is negligible as compared with the "error" term —, and even

Nk

with the error term

¢
— under condition (5.17).
i (5.17)
In the next section, we will prove that the remainder term is negligible under special as-
sumptions.

Bounding the remainder

Before we proceed, we use the following assumptions:

1. 0, .(0) is concave in 6 € 6, for each x € X and z € Z

2.
exp(€X72(6’0 + h))

exp(éxz(t%))

< 1.

Suppose that the ¢, ,(6) is concave in 6 € 0, for each © € X and z € Z. By assumption 2,
El% ;(0) # 0. Hence, P({x z(0o + h) # €x,2z(0p)) > 0 for some h € (0, 0) . The concavity

of £,.(0) in § implies that of ¢x z(f) . So, if @ > 6y + 6, then ¢x z(6y + h) > lx.z(0) . This
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is because 6 maximizes {x z and by concavity, ¢ is increasing when 6 < 0.
Therefore,

eXp EX Zs 00—|—h))
0> 0y+0) <Pl (0o + h) > lx z(00) II >1
( 0 ) (XZ 0 ) XZ 0 ( eXp gX Z(QO> el
eng)(Z 00+h)>
<E|| =\"
o \/ eng)(Z 60) )\-H

where

<1
exp(Cx.z(6o) exp({x,z(0o))

the inequality here is an instance of a strict version of the Cauchy-Schwarz inequality, which
holds because P(¢x z(0y + h) # {x z(6p)) > 0. Similarly, P(6 < 6y — ) < A" for some
A_ €[0,1), and so,

Ay E\/exp(fx,z(eg + h)) _ \/Eexp(EXZ(HO +h))

P(|0 — 05| > 6) < 2A" (6.1)

for A := max(\y, A_) €[0,1) .
Now recall Lemma 5.5.4, that said the following:
For all real #

P(v/r T (Bo)1a(00) (0 — 00) < =) — ()| < = + P8 — 60| > 5).  (5.27)

And

P(\/1n/11(60)12(00) (6 — 6p) < 2) — ®(2)| < Zfﬁ +P(|6 — 6| > 0) (5.28)
for z € (0,w/n.

But since we showed the remainder is exponentially decreasing in n, the remainder is domi-
nated by \/Lﬁ = f Combining the remainder bounds with the bracketing earlier, we have
finished our proof.

5.6 Conclusion and Future Considerations

In this chapter, we proposed an elicitation approach involving minimizing a least-squares
objective functions and demonstrated that this has promising asymptotic and finite-sample
properties under certain assumptions. One can immediately note that the proof can be easily
generalized to any M-estimator by replacing ¢ x (6) with another objective function.
Future work may entail relaxing the log-concavity assumptions on ¢, .. One route to
consider may be seeing if this could be relaxed if we were to consider a compact parameter
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space ©. Another condition to investigate may be if one can obtain similar finite sample
bounds for a multivariate parameter. In this chapter, # € ©® C R was necessary for our tight

bracketing results to hold.
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Chapter 6

Sliced Mixed-Marginal Wasserstein

6.1 Abstract

Multi-marginal optimal transport enables one to compare multiple probability measures,
which increasingly finds application in multi-task learning problems. One practical limi-
tation of multi-marginal transport is computational scalability in the number of measures,
samples and dimensionality. In this work, we propose a multi-marginal optimal transport
paradigm based on random one-dimensional projections, whose (generalized) distance we
term the sliced multi-marginal Wasserstein distance. To construct this distance, we intro-
duce a characterization of the one-dimensional multi-marginal Kantorovich problem and use
it to highlight a number of properties of the sliced multi-marginal Wasserstein distance. In
particular, we show that (i) the sliced multi-marginal Wasserstein distance is a (general-
ized) metric that induces the same topology as the standard Wasserstein distance, (ii) it
admits a dimension-free sample complexity, (iii) it is tightly connected with the problem
of barycentric averaging under the sliced-Wasserstein metric. We conclude by illustrating
the sliced multi-marginal Wasserstein on multi-task density estimation and multi-dynamics
reinforcement learning problems.

This chapter consists of joint work done with Alex Terenin, Samuel Cohen, Sesh Kumar,
and Marc Deisenroth at University College of London.

6.2 Introduction

Optimal transport is a framework for defining meaningful metrics between probability mea-
sures [51, 36]. These metrics find a wide range of applications, such as generative modeling
[22, 14], Bayesian inference [46], imitation learning [18], graph matching and averaging [53,
52]. Multi-marginal optimal transport [21]| studies ways of comparing more than two prob-
ability measures in a geometrically meaningful way. Multi-marginal distances defined using
this paradigm are often useful in settings where sharing geometric structure is useful, such as
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multi-task learning. In particular, they have been applied for training multi-modal generative
adversarial networks [15], clustering [8], and computing barycenters of measures [4].

Following the establishment of key theoretical results, including by Gangbo and Swiech
[21], Agueh and Carlier [1|, and Pass [35], research is shifting toward applications. This
motivates a need for practical algorithms for the multi-marginal setting [28]. Standard
approaches based on linear programming and entropic regularization scale exponentially with
the number of measures, and/or the dimension of the space |7, 48]. A number of recent works
have therefore studied settings, where multi-marginal transport problems can be efficiently
solved via low-rank structures on the underlying cost function [4], but exponential cost in
the dimension remains [2, 3.

In parallel, a number of works on sliced transport [12] developed techniques for scalable
transport, which (i) derive a closed form for a problem in a single dimension, and (ii) extend
it into higher dimensions via random linear projections (slicing) and thereby inherit the
complexity of the one-dimensional problem. This strategy has been shown effective in the
classical Wasserstein [12, 11, 26, 33, 19, 42| and Gromov—Wasserstein [50] settings between
pairs of measures, but has not yet been applied to settings with more than two measures.

In this chapter, we address this gap and propose sliced multi-marginal transport, providing
a scalable analog of the multi-marginal Wasserstein distance. To do so, we derive a closed-
form expression for multi-marginal Wasserstein transport in one dimension, which lifts to
a higher-dimensional analog via slicing. This one-dimensional closed-form expression can
be computed with a complexity of O(PN log N), where P is the number of measures and
N is the number of samples per measure. Sliced multi-marginal Wasserstein (SMW) can
be estimated by Monte Carlo in O(K PN log N), where K is the number of Monte Carlo
samples.

Furthermore, we study SMW’s theoretical properties. We prove that (i) it is a general-
ized metric, whose associated topology is the topology of weak convergence, (ii) its sample
complexity is dimension free, just like the sliced Wasserstein case involving two measures,
and (iii) sliced multi-marginal transport is closely connected with the problem of barycentric
averaging under the sliced Wasserstein metric. We also showcase applications, where we
focus on multi-task learning on probability spaces, where sharing knowledge across tasks
can be beneficial and sliced multi-marginal Wasserstein can be used as a regularizer between
task-specific models. We demonstrate this on a multi-task density estimation problem, where
individual estimation tasks are corrupted and shared structure is needed to solve the prob-
lem, as well as a reinforcement learning problem, where certain agents receive no reward and
must instead learn from other agents to solve their given task.

6.3 Background

Multi-marginal optimal transport [21]| is a class of optimization problems for comparing
multiple measures jy, ..., up € M(R?), all supported on the metric space (R?, || - ||2). The
most common such problem is computing the multi-marginal Wasserstein distance, defined
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Figure 6.1: Illustration of the optimal coupling’s structure on R between discrete measures
11, o and ps. Points are samples of each measures, with weights next to them. Left:
histogram of measures (horizontal); joint samples are obtained by sampling a (black) line
uniformly (drawn vertically), and picking points that are associated with the bin intersected
by that line. Right: Corresponding triples of points that are aligned according to the coupling
are linked by a pair of lines.

as
MW?(u1,...,up) =  min / dPC(xl,...,.I'p)dﬂ'(iCl,...,.Z'P), (6.1)
(R7)

m€M(p1,....kpP)

where ¢ : R? x ... x R? — R is a cost function and Iy, ..., up) is the set of probability
measures in M((R?)?) with marginals py,...,up. We focus on the barycentric cost of
Gangbo and Swiech [21] and Agueh and Carlier [1], given by

P
T — Y By
j=1

P 9 P
c(r,...,xp) = By B Bp=0, Y By=1
p=1 p=1

Above, the fy,..., Op are fixed.

This cost was originally motivated from an economics-inspired perspective, but is also
often preferable because it leads to connections with barycentric averaging [1], giving it a
simple interpretation. It also recovers the Wasserstein distance with squared Euclidean cost
in the case P =2 (up to constants), referred to as W. Algorithms for estimating (6.1) from
a set of samples scale exponentially with the number of measures P and/or the dimension d
of the ground space [4, 2, 7.

MW is useful in multi-task settings for regularizing measures pq,...,up by adding
MW (1, ..., up) to a multi-task loss. It can also be used in a setting, where we aim for
a model output p to be close to a given set of measures vy, ...,vp, which can be done by
introducing a loss of the form MW(u, vy, ...,vp) and minimizing it with respect to pu.

Sliced transport. With the usual Euclidean-type cost structures, the Wasserstein dis-
tance between pairs of one-dimensional discrete measures can be computed efficiently using
sorting with O(N log N) complexity. More generally, we can consider the average distance
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between measures projected onto R along a random axis, which gives [12, 11]
W) = [ WAL, M) dE ),
d—1

where M?(z) = 276, (.)4 denotes the push-forward of measures, and © is the uniform
distribution on the unit sphere S;_;. We sample from Mi(,u) by sampling from p and
projecting onto 6.

A fundamental result by Bonnotte [12] is that SW is a metric that metrizes the topology
of weak convergence—the exact same topology as W. SW can be estimated via Monte Carlo
and preserves the computational complexity of estimating VW on R, which is O(N log N).
Owing to the Monte Carlo nature, the sample complexity of SW is dimension free [12, 32],
in contrast with the exponential dependency of the Wasserstein distance on dimension. The
combination of good computational and statistical properties makes SVV an attractive choice
for minimization problems on measure spaces, including generative modeling and imitation
learning [19, 18]. This immediately raises the question whether SW extends to the multi-
marginal case so that it preserves its key appealing properties.

Definition 33. For a measure p € M(R), define its CDF C,, : R > [0, 1] as

Culz) = /z du(y) Ve.

Also, define its pseudo-inverse C;/* : [0,1] = RU {—o0} as
o (r) = rnxm{x e RU{—oo}:Cux) >}
This function is a generalization of the quantile function.

Proposition 6. If j1,...,up € M(R) and U(0,1) is the uniform measure, then

1 P 2
MWQ(M,---,#P):/ Zﬁp
i —

P
Col(x) = BC )| de, (6.2)
j=1
and the optimal coupling solving (6.1) is of the form
™= (Cl ..., Cul)e U0,1).

Sliced Multi-Marginal Wasserstein Distance

To define the sliced multi-marginal Wasserstein distance, we average the expressions given
in (6.2) along one-dimensional random projections, which gives

1 P
SMWZ(MM"')”P) :/ / Zﬁp
Sq_1J0 p=1

where pf = MY (p;) for j =1,...,P. SMW in (6.3) can be estimated via Monte Carlo in
O(K PN log N), where K is the number of Monte Carlo samples (projections).

Cla) = Y BiC () ‘2 drdod),  (6.3)
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Topological properties We now study SMW’s topological properties. We first show
that SMMW is the weighted mean of sliced Wasserstein distances between pairs of measures.

Proposition 7. Let uy, ..., up € M(R?). We have that

SMW?(ua, ..., pp) Z BiBiSW (i, ;).

zyl

Proposition 7 is useful in deriving statistical and topological properties of SMW. It is
however more efficient to estimate it via our closed-form formula for multi-marginal transport
— see (6.3). This leads to a computational complexity of O(K PN log N), whereas naively
implementing (7) scales in O(K P?N log N). Furthermore, as the sliced-Wasserstein metric
is upper-bounded by the Wasserstein [12|, an immediate consequence of Proposition 7 is that

SMW?(jur, ... jip) 2 Z@@SW? i 1) < Zm] (tti> 117)-

t,j=1 1,j=1

This shows that SMW gives rise to the topology of weak convergence—one of the key
properties that made SW an attractive choice in the first place. We now study metric
properties of SMW.

Proposition 8. SMW is a generalized metric. In particular, this means that SMW is
e non-negative,
e zero if and only if all measures are identical,
e permutation-equivariant, and
e satisfies a generalized triangle inequality involving multiple measures.

These are all proven at the end of this chapter in Definition 34. Hence, SMW is well-
behaved topologically-wise as it is a generalized metric inducing weak convergence. We
continue by studying SMW’s statistical properties.

Statistical Properties In the following proposition, we assess the impact of the number
of samples and random projections used to estimate SMW.

Proposition 9. If yy,. .., up € M(R?), and assuming W? has sample complezity p(N) on
R, i.e.

E[WQ(HD s nuP) - WZ(I[:L]-’ s 7/113)]2 < p<N)a
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then

E[SMW2(/'L17"-7MP)_SMWQ(ﬂh‘--aﬂP)P < p<N)7

1
2
where [i, refers to empirical measures with N samples.

Proposition 9 shows that the sample complexity of SMW is dimension-free—this stands
in contrast to the sample complexity of the multi-marginal Wasserstein, which is exponen-
tial in the dimension. In practice, we use Monte Carlo sampling to compute SMW, which
introduces additional error. To understand this error, we examine SMW’s projection com-
plexity.

Proposition 10. Let jy,...,up € M(R?), and define SMW the approzimation obtained
by uniformly picking L projections on Sq_1, then

. 2
B (SMW’ (4, ..., itp) — SMW (1, ..., up) | < L2 Varg IMW2(1E, .. i)l

where 0 follows the uniform distribution on Sq_y and pf = Mi(up).

This shows that the quality of Monte Carlo estimates of SMW is controlled by number
of projections and the variance of evaluations of the base multi-marginal Wasserstein in 1D.

Connection to Barycenters We now study connections of SMW to the problem of
barycentric averaging, which extends the notion of a mean to more general settings. Let
D : M(R?) x M(R?) — R be a divergence on the space of probability measures. Recall that

the barycenter of P measures i1, ..., up is defined as
P
p*=arg min F(u), FrH(u) =Y Dy, p).
i F0) P )= 3Dl

Barycentric averaging is well-studied from theoretical and computational view-points,
notably under the squared Wasserstein [17], sliced Wasserstein [11] and Gromov—-Wasserstein
[37] metrics.

Proposition 11. Let uy,...,up € M(R?), 5, > 0, 25:1 By = 1. Furthermore, let Bp

be augmented multi-marginal weights, so that for m € [0,1] it holds that Bp = mp, for
p=1,...,P, " 3 =1, and D = SW?. Then

p=1
arg min SMW?2(u, ..., pup, ) = arg min  FE2RP (1),
g Din, sl oo pip, ) = axg min 5 (1)
where 3 is the weight vector of Fp' """ and B 15 the weight vector of SMW.

Proposition 11 reveals a connection between sliced multi-marginal transport and barycen-
ters under the sliced-Wasserstein: the measure that is closest to p1, ..., up in SMW is ac-
tually the barycenter of such measures under SWW. We continue by studying differentiability
of SMW as a loss function.
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Figure 6.2: Gradient flow 9y = —VSMW?(puy, v1, . .., vp) starting from a randomly initial-
ized Gaussian po. It is solved iteratively following Bonneel et al. [11].

Differentiability Sliced Wasserstein variants are desirable candidate losses for learning
on probability spaces thanks to their smoothness properties. We show SMWV inherits these
properties.

Proposition 12. Let pi1,...,up € M(R?) be discrete measures with N atoms, which we
gather into matrices {X(p)}f;:l where X®) € RVN*4 " and similarly define pux with N atoms
X. Assume X has distinct points. Then SMW? is differentiable with gradient

P
VxSMW?(i1, ..., jip, ix) = Bpi1 Zﬁp Xy — (Xép) °0x, © ng)) do(9),
p=1 Sa-1 6

where ox is the permutation that sorts atoms of X and Xy € RY, such that (Xp); = (x;, 0).

Proposition 12 shows that SMW? is differentiable almost everywhere, and is hence
well-suited for multi-task learning, as it allows to compare multiple task-representative
probability measures. We illustrate this in Figure 6.2. Here, we consider the problem
min, SMW?(u, vy, ..., 1), amounting to estimating the sliced barycenter of vy, ..., vy (see
Proposition 11), and solve it iteratively via the gradient flow Oy = —VSMW? (i, 11, . . ., v4),
following Bonneel et al. [11] in the pairwise case.

6.4 Multi-Task Learning with Sliced Multi-marginal
Optimal Transport

In the previous section, we proposed a multi-marginal metric between probability measures,
which avoids exponential computational and statistical complexities and is thus practical for
applications where a large number of samples N, number of measures P, or dimension d is
of interest. SMWV allows us to evaluate the closeness of probability measures uq, ..., up,
which makes it a good candidate regularizer in multi-task learning settings over probability
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spaces, by encouraging shared global structure across tasks through closeness in sliced multi-
marginal geometry. We now sketch potential areas of applications of SMW in the context
of multi-task learning on spaces of probability measures, and illustrate examples in density
estimation and multi-dynamics reinforcement learning.

Density Estimation with Shared Structure

Consider P target measures jiq, ..., itp, Which we aim to approximate by parametric models
vi,...,vp, such as for instance generative adversarial networks. In applications, it is often
the case that these measures are affected by issues related to distributional shift |5, which
prevents us from obtaining accurate empirical samples of jiq, ..., up. One way to counteract
these issues is to introduce a shared structure between the measures, which can be enforced
through SMW regularization.

For example, consider empirical estimates fi1, ..., fip of uq,..., up, which are corrupted
because no data is available in certain regions of each measure’s support. Here, reconstruction
of p1, ..., up is only possible through the use of shared structure on the generative models
V1, ...,vp, which we can enforce by using SMW(vy,...,vp) as a regularizer. This results
in the optimization problem

P
arg min ZSWQ(,up, vp) +y SMW? (v, ..., vp),

V1,...,Vp ]

p=1 local loss global loss (shared)

P
p=1
gets (pp)!_y, and SMW?(v,,...,vp) ensures shared structure is present in the loss.

where SW? (11, v,) ensures that the respective generative models (1,)"_, approximates tar-

Multi-Dynamics Reinforcement Learning with Shared Structure

We now consider the problem of reinforcement learning in settings where the dynamics
change. In order to speed up learning, we use SMW to share structure across different
environments in this multi-dynamics reinforcement learning problem. Sharing knowledge is
not only useful to bias (and thereby speed up) learning, but it is also useful in settings, where
agents are ill informed, e.g., due to sparse reward signals. With a shared structure, these
agents can learn from other agents. Here, the challenge is in effectively utilizing information
from other agents in spite of differences in their respective environments. In the following,
we focus on this setting.
Consider P identical-task agents in finite-horizon Markov decision processes (S, A, T,, re™),

p

where S is the state space and A is the action space, both shared by all agents, Tp(xgp ), a,Ep )) =

xﬁ{?l is the transition model of agent p, which varies across agents, and r&""

o' is the environ-
ment’s reward function. Since different agents’ tasks are identical, sharing structure can be
beneficial. We consider the case, where some agents receive rewards ;" = 0. These agents

are uninformed and can only learn via a shared structure that allows to transfer knowledge
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Figure 6.3: Properties of the sliced multi-marginal distance. (a) computational time as a
function of the number of samples; (b) computational time as a function of the number of
measures; (c¢) accuracy as a function of the number of projections

from other agents. Structure sharing is done by augmenting the agent-specific reward func-
tion with a global multi-task reward term. In particular, define the augmented reward R,
as

Ry, ) = r () 4 ), X)
—
agent specific

(local)

multi-task reward
(shared/global)

where X = {xﬁp ) }]I; 'L is the collection of all states of every agent at all time steps, rgrw(xﬁ” ))

is the single-task reward of the p'" environment and rmul(xﬁp ), X) is a (multi-task) reward
signal. The former provides task-specific information about the task to be solved by agent
p, while the latter allows for agents to share structure through the history of their state
trajectories. If r)™ = 0 for a given agent, then this agent can only learn through the shared
structure arising from the shared reward r™. Finally, v is a regularizer that controls the
influence of shared structure on the overall learning.

We now describe the shared reward r™!. Denote p, = %Zthl 0 @, which allows us
to interpret the rollout of agent p as a discrete probability measure suptported on the state
space. Then,

K P
mu B j 2
) ) =53 1= 3300
k=1 =1

where 7, ;  returns the index of the atom in x; that is aligned with state x,Sp ) after projecting
on (Monte Carlo-sampled) (6x) and sorting all projected states. Intuitively, the reward signal

attributed to the state X,Ep ) of agent p at time ¢ is computed by projecting all measures onto
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Figure 6.4: Multi-task density estimation experiment applied on corrupted nested ellipses
(plotted in orange), using SW? as pairwise loss and SMW? as regularizer. Learned models
are plotted in blue. We use regularization coefficients v = 0 in (a), v = 0.3 in (b), v = 25 in

(c).

K vectors, gathering all states that are aligned with X,Ep ) for each projection 6, and summing
squared distances between them.

Remark. The barycentric cost structure with non-uniform weights 3 is particularly attractive
in this setting, as it allows to give more weight to the communication arising from agents
that perform well in their own environment. For instance, we can use Boltzmann weights

T
By o exp (@ re(x()),
t=1

where o is a temperature. It gives more weight in the reward to agents performing best.

We train all agents simultaneously by maximizing

P T P
EWh---J"P [Z Z RP(Xl(fp)):| = ]E7r1,...,7rp |:Z Z ,r,]e)nv(xl(fp)) + 'YSMWQ(,LLl, e ,,up)]
p=1 t=1 p=1 t=1" = '
=Rp(x;",X)
with respect to the parameters of policies m,, p = 1,...,P. Note that the extra term

in the augmented reward regularizes the objective via the sliced multi-marginal Wasserstein
distance. SMW thus enforces closeness of agents’ trajectories which allows to share structure
across agents.

6.5 Experiments

We now illustrate the behavior of sliced multi-marginal transport in simple multi-task learn-
ing setups.
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Scalability

Number of Samples (N). We study the impact of the number of samples on the computa-
tional time to compute the sliced multi-marginal distance in (6.3). In particular, we compute
SMW between P = 3,10, 20 measures in R'%) y, ~ N'(m,,n*I), where p=1,..., P for a
fixed number of projections K = 10. Figure 6.3(a) shows the O(N log N) scaling of SMW.
This enables computation of multi-marginal distances with over 107 samples and a large
number of measures.

Number of Measures (P). We now examine scaling with respect to the number
of measures P. Figure 6.3(b) shows the time required to compute SMW against N =
500, 5000, 50000 measures. We observe the expected linear scaling of SMW.

Number of Projections (K). Finally, we consider the impact of the number of projec-
tions on the estimation of SMW for dimensions d = 2,5,20. We set N = 250, and P = 5.
Monte Carlo estimation is used to estimate SMW. Figure 6.3(c) shows the expected vari-
ance shrinkage as the number of projection grows, while the estimated mean converges to
SMW with rate O(\/%) and constant factors depending on dimension.

Multi-Task Density Estimation

We consider the multi-task density estimation setting of Section 6.4. Each target measures
consist of a nested ellipse with corrupted samples. In particular, parts of each individual
ellipse have been removed from each measure’s support. Using the multi-task learning setup
allows for sharing knowledge of the structure of the target tasks across problems—namely,
that all target measures have the overall shape of nested ellipses. Figures 6.4(a)-6.4(c) show
the models obtained by multi-task training with regularization coefficients v = 0, 0.3, 25.
When v = 0, measures are learned individually without any structure sharing. vy,...,vp
hence collapse to the corrupted measures p, ..., up. When structure is introduced (y > 0)
knowledge of the inherent nested ellipse structure is shared across tasks, which leads to
solutions that have such structure (holes are filled), but that still preserve the task-specific
orientations and ellipse width /height as long as the structure coefficient 7 is not too large.
The latter causes the learned measures to be too close to each other. These effects can be
seen in Figure 6.4(c). When this happens, all learned measures collapse to the barycenter.

Multi-Dynamics Reinforcement Learning

We consider a multi-task RL application in the setting of Section 6.4. In particular, we con-
sider P = 5 pendulum swing-up tasks with different dynamics (gravities g € {8,9,10,11, 12} m/ sg).
States consist of angle and angular velocities, and actions of are torques. Environment re-
wards are dense as implemented in OpenAI Gym [13], and following Dadashi et al. [18], we
transform the shared reward ™% via f(y) = e™%. Two out of five agents do not receive
any reward. All other agents share the same reward function. We consider agents trained
with and without SMW-based regularization, and consider the uniform and non-uniform
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Figure 6.5: Multi-task (P = 5) RL experiment. Environments have different dynamics (dif-
ferent gravities), and 2/5 agents have no environmental reward. Without shared structure,
these agents do not solve their respective tasks (orange). By contrast, with shared structure,
all agents learn accurate policies (green, blue), on par with agents trained without corrupted
rewards (blue). Training curves (mean + standard deviation averaged over 5 runs) are shown.

barycentric weights [3; see Section 6.4 for more details. To facilitate learning, we lower-bound
the weights of agents without reward. Policies are learned using ()-learning with function
approximation on state observations.

Figure 6.5 shows the results. Training without regularization (7 = 0, blue curve) does
not allow the two agents without environment rewards (1" = 0) to solve their respective
tasks. By contrast, with regularization, all agents (even those with no environment reward)
solve their respective tasks (green, blue) as well as if all agents were receiving environmental
rewards (orange). Agents with non-uniform regularization significantly outperform agents
with uniform weights, showing that giving more weight in the regularizer to stronger agents
is helpful.

Overall, this demonstrates that knowledge transfer via the shared reward structure can
be effective. In particular, the regularization-based rewards encourage the state trajectories
of all agents to be close under the sliced multi-marginal geometry. Hence, agents without
environment rewards learn to follow agents trained with environment rewards. This is pos-
sible because of similarity of environments and of agent goals, so that agent rollouts share
geometric structure.

6.6 Conclusion

In this work, we proposed a scalable multi-marginal optimal transport distance. Our main
idea is to derive a closed-form formula for multi-marginal optimal transport in 1D in the
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general case and to extend it into a higher-dimensional metric via slicing. We show it is
well-behaved topologically, and in particular that it is a generalized metric. We also show it
is well-behaved statistically with dimension-free sample complexity (modulo a caveat arising
from projection complexity). We derive a range of other results illustrating the simple and
intuitive geometric structure of sliced multi-marginal transport. Finally, we propose areas of
applications of sliced multi-marginal transport in the context of multi-task learning on prob-
ability spaces, and concrete instantiations in density estimation, and reinforcement learning.
We hope these contributions enable practitioners in reinforcement learning, generative mod-
eling and other areas to share structure across tasks in a geometrically-motivated way. Our
work relies on the assumption that tasks live on the same space, and share structure. Future
work would extend our approach to allow for multi-task learning on incomparable spaces,
enabling structure sharing in more general set-ups, for instance via Gromov-Wasserstein-like
techniques.
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6.7 Proofs

Closed-form Formulas for Multimarginal Optimal Transport

Recall Definition 33, which states that for a measure p € M(R), the CDF C,, : R — [0, 1] is

Culz) = /x du(y) V.

—00

And its pseudo-inverse C;; ' : [0,1] — RU {—oc} is
I

CHr) = mxln{x eRU{—o0}:Cu(z) >}

1D Multi-Marginal

Proposition 13. If uy,...,up € M(R) and U(0,1) is the uniform measure, then

1 P P 9
MWQ(M,...,MP):/O S B |Cuka) = X 5,0 @),
p=1 j=1

and the optimal coupling solving (6.1) is of the form

™ = (0! C Ny U0, 1).

p1oc o Y pp

Proof. Our aim is to provide a closed form formula for
P
sz(ﬂl,...,up>z min / Zﬁp’l’p—Zﬁj$j|2dﬂ'($1,...,$p),
“wp) (R4)P p— Vi

where IT(uy, . . ., pup) is the set of probability measures in M ((R?)?) with marginals pi1, . . ., up.
First, notice

P P P
/(Rd)P Zﬁppr—Zﬁj:UjHQdﬂ(iCh Lo Tp) = Zﬁp /Rd [y dpip—2 Z ﬁpﬁj/ , ol dmp;(2p, ;),
p=1 J p=1

pj=1 (R)

where 7,; corresponds to marginalizing 7 onto all components but p, j. This can be formal-
ized by defining the map L,;(z1,...,2p) = (2, x;) and my; = Lyju.

Now define 7* = (C}, ..., C 1) 4U(0,1).

H1?
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Claim: =* is optimal

First observe Lyt = (C, 1, C, )#Z/l (0,1) by marginalization. Note this is the optimal
coupling between pairs i, 15, see [36] (this can easily be obtained by observing that plugging
in (C’ O )#Z/{ (0, 1) into the Wasserstein objective achieves the minimum - it is also a valid
couphng, thus it has to be the optimal coupling.)

Now, note that

arg max / Tpw;dy = arg min / |z, — x;* dy,
(R)2 (Re)2

YEM (1) YE (pp,p)

and also that for any multimarginal coupling 7 € II(j1, ..., pp), Ty is a pairwise coupling
in IT(pyp, i) by the transfer lemma.
We can hence deduce that Vr € II(pq, ..., up)

/ Tpxidmy; < / rpridmy, Vp,j=1,..., P,
(Rd)2 (Rd)Q

because both m,; and 7, are couplings of i, u; and 7, is optimal.
Therefore, it holds that

jo P
/ Zﬁpnxp_Zﬁjxj||2d7r*(xlw--a$P) = Z / || 2dpy — 2 Z /Bpﬁj/ TpTj Ay (Tp, T5)
RHP 7 j p=1 p,j=1
P P
< Zﬁp /Rd || *dpy — 2 Z ﬁpﬂj/ Tpj ATy (Tp, T;)
p=1 p,j=1

P
:/(Rd)PZ lzp = 25]%” dr(zy,...,xp),
p=1

which proves the claim that 7* is the optimal multi-marginal coupling. We now compute
the distance by plugging in the optimal coupling:

MW, ... pup) = / Zﬁpm, Zﬁ]xﬂ dr*(zy,...,zp)
/d Zﬁp@p ZBJQ:JF #17"'7 )#U(O 1)
_/0 Zﬁp,c Zﬁ] |2dx
p=1
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Generalized Metric Properties

Definition 34. Assume p, € M(R?), where p = 1,...,P, and let D : M(R?) x ... x
M(R?) — R be a multi-marginal Wasserstein metric with barycentric weights 3. Then, D
is a generalized metric if the following properties hold:

1. D(/Ll,...,[,bp) ZO

2. D(p1, ..., up) =0y =...=up

3. D(pas- - pip) = Do(fo1ys - - -5 Ho(p)), Yo € Sp where D, denotes that the barycentric
weights B are permuted by o and Sp s the group of permutations of order P.

P
4. v:LL € M(Rd) : D(Mla"'muP) S ZD(M17”'a/'Lp—laM)Mp-‘rh"',uP)
p=1

Proposition 14. MW is a generalized metric on the restriction M(R).

Proof. Property (1), i.e., positivity is clear because

1 P P 9
MW (g, .. up) = /0 > B0 ) - Zﬁjq;jl(x)‘ dz >0
p=1 j=1

Next, we prove property (2).
We begin by proving the forward implication (=).

MW(/Ll,...,,U,P> =0 (64)
1 P P 9 1
= ( / > 8|l @) = Y- 8,6 @) de)” =0 (6.5)
p=1 j=1
1 P P 5
= / > B|C () — Zﬁj(};j(gx)) dr =0 (6.6)
0 p=1 j=1
P
= C, N (x) =Y _BiC,(x)=0 Vp=1,...,P, Vx €[0,1] (6.7)
j=1

Now assume for contradiction that Im,n,z: C.1(z) # C,!(z), then:

.l x) = Z B;C M (), C N z) = Z B,C; M () (6.8)
& Clx) - C M x) = Z BiC () — Z B;C (x) =0 (6.9)
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which is a contradiction, therefore C ! () = C N(x) Vm,n,z, thus yy = ... = pp
We continue by proving the backward implication (<).
If py = ... = pp, then C H(z) = C’/;l,(a:) Vo, Vp,p' =1,...,P.

Therefore, C.l(x) - ijl BiC, ) =0 Vp=1,..., P, Vo €[0,1]. Thus,

i) = ([ Zmo Z@ Swra) =0 (610
=1

We continue with permutation invariance (3),

MW (i, ..., pp) = / Zﬁp )—iﬁﬁﬁ(w)rdl’)é (6.11)

- (/0 Zﬁp Cup ZﬁU(J “a(a) (z ‘ diC)é (6.12)
/ Zﬁv i (@ Zﬁy (@ ‘ )% (6.13)
= MWU( o(1)s -+ s Ho(P)) (6.14)

Equalities holds because sums are invariant under any permutation o.

We finally prove the generalized triangle inequality (4). Note the slight abuse of notation
that p + 1 component does not exist when p = P.

We begin by proving the case P > 3. Firstly, we rewrite the multi-marginal functional
in the following way:

P 1 P 9
MW Gao) = 305, [ 631 = S 0 )| o (6.15)
p=1 =1
1 <& 1 2
=3 Z BoBy o ) — C’;pll(x)’ dx (6.16)
L L
— 5 pﬁp/ e (6.17)
where f, y(z) = |C, (z) — C’;pll (m)‘ The results holds because
P P )
Z BBl (1) = CA@)E = D Bu|Cl(2) = D B.C M) (6.18)
m,n=1 m=1 n=1
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which holds because

P P 9
m=1 n=1
P
Zﬁm“xmp +|Zﬁnxn|2 22@:%%} (6.20)
m=1
P
m=1 m,n=1 m,n=1
P
m=1 m,n=1
P
m,n=1 m,n=1
& 1
m,n=1
1 P
=5 D Bubultm — zal” (6.25)
m,n=1
Therefore, we have
P
ZMW2(ﬂ'17"'7/'Lp—1vﬂalu’p+1a"'7/~’LP Z Z Bmﬁn/ fnm )dx—l—C’ (626)
p=1 p 1 mmn#p
where C' > 0.

We now show that fol 25:1 Zimﬁ BB [ () dz > pr _1 BBy fo > (x)dz. This
can be observed by noting that all fol f;p, () dz terms on the RHS appear on the LHS.

Indeed, for any m',n/, fol ffrl,,n/(a:) dz appears in the p # m/,n’ summation, which always
holds for some p as P > 3.
Therefore, we have shown that

P
MW (g, ... pp) < ZMWQ(ul, ey Py oy fpt 1y - e [P (6.27)

p=1
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Also,
P
MWQ(:Ulv s 7“’13) < ZMWQ(HL ey Mp—15 My Hpt15 - - ,,UP) (628)
p=1
P
= MW(u1, ..., up) < ZMWQ(MI, ey Hp—1s oy fpt s - - - s JUP) (6.29)
p=1
P
< Z\/MWQ(/*LD"'nupfla,u?:u’erla'-'a/JJP) (63())
p=1
P
= MW(tt1, .-yt s st - - 1p) (6.31)

1

S
Il

which proves the result. The case P = 2 has been proved via different approaches (e.g. [36]).
[l

Proposition 8. SMW is a generalized metric on the restriction M(R?).

Proof. Property (1) holds by definition due to positivity of MW on R and the definition of
the sliced multi-marginal distance.

Property (2) is more delicate. We begin with the forward direction (=).

We extend the proof of Nadjahi et al. [31] to the multi-marginal case. Define © as
the uniform distribution on Sy_;. Define ‘for (©-almost-every) 6’ as VO-a-e-6. Firstly, the
following holds:

1

o 2(Myupiy, ..., M, d@9>2:0 6.33
(Vortsy Jo MWV (Mo Magyur) 00 (6.33)
= MW(M@#/,Ll, ce ,Mg#,up) VO-a-e-0 (634)
= Mpypn = ... = Myyup VO-a-e-0 (6.35)
Next, we define the Fourier transform of any measure p on M(R®),s > 1 at any w € R*:
Flil(w) = [ e duo) (6.36)

Therefore, using properties of push-forwards, the following holds:
FlMosnlt) = [ e dMagutw) = [ 09 duta) = Fllo). - (637)

R S

As VO-a-e-0, Mgy = ... = Mggpup, then F[Mpppy] = ... = F[Mpypp), which implies
that Flu] = ... = Flup]. By injectivity of the Fourier transform, we conclude that pu; =

.= Up.
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We continue with the backward direction (<).

We assume 17 = ... = up, which implies the following:

= Mg#/ubl =...= M@#,up VO-a-e-0 (639)

= MWQ(MQ#/,Ll, .. ,MQ#IJ/P) =0 VO-a-e-f (640)

1 2
S =——— 2(M, oM doe(o =0.
= SMW(u, ..., pp) <V01(Sd_1) . MW (Mg, - ., Moy pp) dO( )>
(6.41)
We now prove Property (3)
1 2

S = (o (M, M do(0 6.42

MWGas-cor) = (ogsy o MV Magras o Magnr) d0(6)) (6.42)

1=

1 ) 2
- (Vol(Sd_l) . MW (Mog o), - - - ,Me#ua(p))d@(0)> (6.43)
= SMWU(/’LU(l)a s 7:uo‘(P)) (644)

We finally end by proving Property (4), the generalized triangle inequality.
Earlier, we showed that

P
MW (g, ... pp) < ZMWQ(ul, ey Py oy Hpt 1y - ey L) (6.45)

p=1
This implies that
SMWQ(ILLl, ce ,ﬂp) (646)

1

= MW?(Myypia, . .., M, dO(6 6.47
Vol(Sa ) Js, . (Mo 1 oip) dO(0) (6.47)

P
1
=<2 Wl 2(Mgpin, - -, Mg pty—1, Mygeps, M, o Maypp) dO(O
_p;\/ol(sd_l) MW (Mgt . .., Mogpip—1, Mogps, Mogpipia, ..., Mogpp)dO(6)

Sq-1
(6.48)
P
:ZSMWQ(:UM--wﬂp—lnunup—i-la---7[1'13)- (649)
p=1
Therefore, we conclude that
P
8MW2(/'L17 s 7MP) S ZSMW2(IM17 sy Mp—15 s pt1y - - - 7:U’P> (650)
p=1
P
= SMW(/Lla s 7:LLP) < ZSMW<M17 <oy Hp—15 Ky Hp+15 - - ,,UP) (651)

p=1
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directly in the same way as in the proof of Proposition the generalized triangle inequality

for MW. O

Mathematical Properties

Proposition 7.

SMW?(ua, ..., pp) Z BiBiSW (i, 1)

zg 1
Proof.
1
2 E : 2 *0
SMW (Ml,...,lup) W/S B Rd = 1/61/8j|$7, $]| dm (1’1,... .Tp)d@(e)

—1 2 0
- ij x; — x| dnrl (g, 25) dO(6
2v01(sd_1)i;wﬂ /Sdl /IMI I dmiy (@i, 25) dO(0)

P

1 1

= 5 Z @@m ; W2(M9#m, Me#uj) d@(e)a
i,j=1 - d—1

where 7 is the optimal coupling between Mgy, ..., Mpygup and My(z) = (z,6). Similarly
to proofs of closed-form formulas for multi-marginal Kantorovich transport, we know that
7T:j9 is the optimal coupling between My p;, Mgyjt;. As a result, it holds that

SMW?(us, ..., pp) Z BiBiSW (i, ;).

z]l

Corollary 6.7.0.1.

SMW (s, pp) < 5 Z BiBW? (i, 1)

1,7=1

Proof. By Proposition 7, it holds that

SMW?(ua, ..., ip) Z BiBi SW2 (i p15).

zyl

Also, Bonnotte [12] shows that
SWA(p,v) < W2 (i, v) Y, v.
The result follows directly. m
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Sample /Projection Complexity

We now study E[SMW?(u, ..., up) — SMW?*(iuy, ..., jip)]* where fi,’s refers to empirical
measures with n samples. Then the following result holds:

Proposition 15. If yy, ..., up € M(RY), and assuming W? has sample complezity p(N) on

R, then
) A 1
E[SMW?(ju1, ..., pip) — SMW?(fiy, ..., fip)]* < =p(N).

[\

This result shows the sample complexity is dimension free.

Proof. We conclude from Proposition 7

P
. . 1 A
SMW (s, pp) = SMW(jur, ... fip) = 5 D &@(5W2(m,m)—SWQ(m,uj))

ij=1

If W? on R has sample complexity p(N), then SW? on R? also has sample complexity p(N),
i.e., its sample complexity is dimension free. The proof relies on an application of Jensen’s
inequality and is a special case of Nadjahi et al. [32].

B[ SW2(1,v) = SW(jun, 00)| = B[ | (VA (O3, 030) = W2(Ofin, 03570} 4O6)|

Sq-1

<p { [ [ 6sm 050 - woyn. 050 d@w)}
Sa—1

< [ EWAo.050) - WGy 85| d006)
Sa—1

< / p(N) dO(9) = p(N)

Hence,
E|SMW?(pu1, ..., up) — SMW(fuy, . .. ‘ — E]Q Z Bi3; (SW (kis pj) — SW (mm))
=
<3 3 BBy B SW2 s ) — SWP (s, )
=
< 1S Ao - Lo
i1
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Here we also derive projection complexity results.

Proposition 10. Let jy,...,up € M(R?), and define SMW the approzimation obtained
by uniformly picking L projections on Sy_1, then

2 2 _
E [SAMWV (i, ..., ip) — SMW(r, ..., up)| < L7Y2Va, [MW(Mf,...,Mz)},
where 6 follows the uniform distribution on Sq_1 and ,ug = Mzﬁ(,up).

Proof. We bound the error arising from the Monte Carlo approximation of SMW., similarly
to Nadjahi et al. [32] in the pairwise case. In particular, define

0= MW2<M9#MI,...,M9#MP) d@(&)
Saq—1
Then we have that
E9N0|SMW2(M17 s ;MP) - SMW2(,L61, . 7/~LP)‘

1
2

< {EewISMWQ(m, o i) = SMWA (... ,uP)IQ}
2
gL—l/Q/ {MWQ(Mg#ul,...,Mg#up)—é} dO(h)
Sa—1

= L_1/2Va1"9 |:MW2 (H’?; e 7/"6%)] )

which holds due to the same Monte-Carlo concentration inequality as in the proof of Theorem
6 of Nadjahi et al. [32]. O

Equivalence to Sliced Barycenters and Weak Convergence

Proposition 11. Let piy, ..., pup € M(R?), 25:1 By = 1. Furthermore, let Bp be augmented
multi-marginal weights, so that for m € [0,1] it holds that Bp =mp, forp=1,...,P,
ZPH B, =1, and D = SW?. Then

p=1

arg min SMW?(puq, ..., pup, ) = arg min F(u),
pEM(RY) HEM(RY)

where B is the weight vector of F and f3 is the weight vector of SMW.
Proof.

P
arg min SMW? (i1, ..., pip, i) = argmin » _ 3,80 1 SW? (1, ps)
peEM(RT) HEM(RY)
P
= arg min Z BoSW? (11, 1)
= argmin F(u).

HEM(RD)
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Differentiability

Proposition 12. Let pi1,...,up € M(R?) be discrete measures with N atoms, which we

gather into matrices {X<p) 5:1, and similarly define px with atoms X. Assume X has

distinct points. Then SMW? is differentiable with gradient

P
VxSMW? (1, ..., pip, fix) = Bpit Zﬁp Xy — (Xép) ©0x, 0 U;p)) do(0),
p=1 ’

Sq—1

where ox 1s the permutation that sorts atoms of X.

Proof. Define oy be the permutation of {1,..., N} that sorts atoms of Y. Also, define
Xy € RN, such that (Xy); = (x;, ).
Then

P

SMW?(pa, ..., pip, pix) = ZﬁPHﬁpSWQ(#X,#p) +C(pa, - .-, pip).

p=1

Hence,

P
VXSsz(:ula <oy MPy MX> = Vx Z 6P+16p8W2(MX7 :up)

p=1
P
= Z Bpi1Bp
p=1

The last equality is due to Bonneel et al. [11]. O

Xy — Xép) o (O'XG o J;(}p)) dl.
Sq-1 o
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6.8 Additional Experimental Details

We now provide further experimental details. All experiments ran on CPU, besides the
benchmarking experiments, which ran on a single P100 GPU.

Ellipses - Multi-Task Density Estimation

We set the batch size to 150, and parametrize each measure v, as a discrete measure
with 150 atoms which we optimize over via stochastic gradient descent. We set the number
of projections to 20.

Multi-Task Reinforcement Learning

The horizon is set to 7' = 200. The learning rate is set to 2.5 x 107, and the batch size
to optimize the Q-function to 32. The Q-network is a 2-layer MLP with tanh activation.
We use f(x) = e to rescale the reward function following Dadashi et al. [18], we set the
number of projections to K = 50 and v = 1. Also, we set a = %. Our implementation
extends the repository https://github.com/xtma/simple-pytorch-rl to the multi-task
setting, and leverages OpenAl gym environments [13].

Gradient Flow experiment

We follow the setup of Bonneel et al. [11|. In particular, we discretize the flow to nu-
merically estimate it via gradient descent X 1) = XU+ 7S MW?(uy, ..., up, ptxw ), and
plot the location of particles for [ = 0,...,T where T is the number of steps (200), which
approximates the gradient flow. We estimate SMW with 30 projections. Each measure (in-
cluding the initial measure p) consists of samples from isotropic Gaussians, and the initial

measure.
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Appendix

In the following, we provide some sample code that demonstrates 3.7 empirically.

7.1 Example Code for 3.7

import cvxpy as cp
import numpy as np

n— 2
#b = 10

PP = cp.Variable ((n,n),"PP")
KK = [[4 71] 7[1 74”

#s = np.array ([[.5, .5]]).T
#t = np.array ([[.2,.8]]).T
s = np.array ([[.3, .7]]).T
t = np.array ([[.2,.8]]).T

e = np.ones((n,1))

x = PP.T@Qe — s

y = PPQe — ¢

for b in range(1,21):

obj = (1/4/b) * (cp.quad form (x,KK) +

cp.quad form(y,KK)) — cp.trace (KK@PP)

prob = cp.Problem (cp.Minimize (obj) ,[PP>=0,cp.sum(PP)==1])
obj=prob.solve ()

print ("status:" ,prob.status)

print ("obj:" ,obj)

print (PP. value)
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n— 3
PP = c¢p. Variable ((n,n),"PP")
KK — [[1,0,0],[0,1,0],[0,0,1]

|
s = np.array ([[.1, .4, .5]]).T
t = np.array ([[.4, .2, .4]]).T
e = np.ones((n,1))
x = PP.T@Qe — s

y = PPQe — ¢

for b in range(1,21):

obj = (1/4/b) * (cp.quad form (x,KK) +

cp.quad form(y,KK)) — cp.trace (KKA@PP)

prob = cp.Problem (cp.Minimize (obj) ,[PP>=0,cp.sum(PP)==1])
obj=prob.solve ()

print ("status:" ,prob.status)

print ("obj:" ,obj)

print (PP. value)

Output after running on Ubuntu machine.

yannik@yannik—ubuntu:~ /OTDA$ python optimization implementation.py
status: optimal

obj: —3.9925

[[ 2.50000000e—01 1.22249411e—23]
[—1.23247236e—22 7.50000000e —01]]
status: optimal

obj: —3.99625

[[ 2.50000000e—01 —1.74316142e—22|
[ 6.32939582e¢—23 7.50000000e—01]]
status: optimal

obj: —3.9975

[[ 2.50000000e—01 —1.16215745e—22|
[-2.16851043e—22 7.50000000e —01]|
status: optimal

obj: —3.998125

[[2.50000000e—01 5.50834936¢—23|
[5.59387059e-23 7.50000000e—01]]
status: optimal

obj: —3.9985

[[2.50000000e—01 5.92447828¢—23|
[1.62799830e—22 7.50000000e —01]]
status: optimal

obj: —3.99875
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[[ 2.50000000e—01 —1.05815269e—22|
[-1.16229217e—22 7.50000000e —01]]
status: optimal

obj: —3.9989285714285714

[[ 2.50000000e—01 —1.91865798e 24|
[ 1.12940857e—22 7.50000000e—01]]
status: optimal

obj: —3.9990624999999995
[[2.50000000e—01 2.21829294¢—22|
[1.11237621e-22 7.50000000e—01]]
status: optimal

obj: —3.9991666666666665
[[2.50000000e—01 1.68413892¢—22|
[5.36304987e—23 7.50000000e—01]]
status: optimal

obj: —3.99925

[[ 2.50000000e—01 —1.11021317e—22|
[-1.11023280e—-22 7.50000000e —01]]
status: optimal

obj: —3.999318181818182

[[ 2.50000000e—01 —1.66641110e—22|
[-5.54035982e¢—23 7.50000000e —01]]
status: optimal

obj: —3.999375

[[ 2.50000000e—01 —1.11238505e—22|
[ 2.16099333e—25 7.50000000e—01]]
status: optimal

obj: —3.999423076923077

[[ 2.50000000e—01 —1.11130073e—22|
[ 1.07889446e—25 7.50000000e—01]]
status: optimal

obj: —3.9994642857142857

[[ 2.50000000e—01 —5.66878028e—23]|
[ 5.66878108e—23 7.50000000e—01]]
status: optimal

obj: —3.9995

[[ 2.50000000e—01 1.12085206e—22|
[-1.06311748e—24 7.50000000e —01]]
status: optimal

obj: —3.9995312499999995
[[2.50000000e—01 5.51862768e 23|
[5.58360336e—23 7.50000000e—01]]
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status: optimal

obj: —3.9995588235294117

[[2.50000000e—01 5.46823694¢—23|

[5.63399411e—23 7.50000000e—01]]

status: optimal

obj: —3.9995833333333333

[[ 2.50000000e—01 —1.11130414e—22|
[-1.10914183e—22 7.50000000e —01]]

status: optimal

obj: —3.999605263157895

[[ 2.50000000e—01 —5.52883039e 23|
[-1.66756293e—22 7.50000000e —01]]

status: optimal

obj: —3.999625

[[ 2.50000000e—01 —1.10718444e—22|
[-3.03850898e—25 7.50000000e—01]]

status: optimal

obj: —0.9825

[[ 2.50000000e—01 1.10709851e—22 —1.11209797¢—22|
[ 2.22356962e¢—22 3.00000000e—01 —1.10897391e—22]
[-1.10834732e—22 —1.11147135e—22 4.50000000e —01]]
status: optimal

obj: —0.99125

[[ 2.50000000e—01 —1.18086022¢—22 5.54360229¢ —23]
[-1.03958191e—22 3.00000000e—01 —4.85221266¢ 23|
[ 5.55859871e—-23 —6.24999931e-23 4.50000000e —01]]
status: optimal

obj: —0.9941666666666666

[[ 2.50000000e—01 1.67542279e—24 —9.02920747¢—25]
[-1.67529689e—24 3.00000000e—01 —2.57830146¢e 24|
[ 2.22947625e—-22 2.57835866e—24 4.50000000e—01]]
status: optimal

obj: —0.995625

[[ 2.50000000e—01 1.07518204e—22 —6.07356262¢ —23]
[ 3.36570089e¢—22 3.00000000e—01 —5.72319709e —23]
[ 1.71758402e—-22 —5.37898275e—23 4.50000000e —01]]
status: optimal

obj: —0.9965

[[ 2.50000000e—01 3.62041633e—24 —2.23532165¢—22|
[-2.25665827e¢—22 3.00000000e—01 —1.16130663¢ —22|
[-1.09534272e—-22 —2.16935737e—22 4.50000000e —01]]
status: optimal
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obj: —0.9970833333333333

[[ 2.50000000e—01 —3.04602898e—25 1.08844672e—22|
[ 2.22349078e¢—22 3.00000000e—01 2.20171516e—22]
[ 2.24222382e¢-22 1.12895546e—22 4.50000000e —01]]
status: optimal

obj: —0.9975

[[ 2.50000000e—01 1.67389178e—22 5.46058619e—23]
[ 5.46549226e¢—23 3.00000000e—01 —1.76082074e¢—24]
[ 2.78460827e—22 1.76149241e—24 4.50000000e —01]|
status: optimal

obj: —0.9978125

[[ 2.50000000e—01 1.12313616e—22 —1.11893932e—22]
[ 1.09729020e—22 3.00000000e—01 —2.16476158e—24]
[-1.10148658e—22 2.16510806e—24 4.50000000e—01]]
status: optimal

obj: —0.9980555555555556

[[ 2.50000000e—01 1.53521320e—24 5.55069310e—23]
[-1.53498217e¢—-24 3.00000000e—01 5.39719504¢ 23]
[ 5.55152244e¢—23 5.70504391e—23 4.50000000e —01]]
status: optimal

obj: —0.99825

[[ 2.50000000e—01 —5.78584577e—23 2.20132019e—22|
[-5.31633945e—-23 3.00000000e—01 1.66970182e—22]
[ 1.12932966e—22 5.50760656e—23 4.50000000e —01]]
status: optimal

obj: —0.9984090909090909

[[ 2.50000000e—01 —1.10159194e—22 5.78533683e—23|
[—1.11884677e—22 3.00000000e—01 —5.40302524e—23]|
[ 5.31672297e¢—23 —5.69909081e—23 4.50000000e —01]]
status: optimal

obj: —0.9985416666666667

[[ 2.50000000e—01 1.58478915e—24 —2.90879011e—25]
[—1.58779679e—24 3.00000000e—01 —1.12899214e—22|
[ 1.11314400e—22 —1.09143652e¢—22 4.50000000e —01]]
status: optimal

obj: —0.9986538461538461

[[ 2.50000000e—01 1.29692731e—24 —1.09306083e—22|
[—1.12320800e—22 3.00000000e—01 —1.10603467e—22|
[—3.34782807e¢—22 —1.11440161e—22 4.50000000e —01]]
status: optimal

obj: —0.99875

[[ 2.50000000e—01 3.05960762e—25 —1.10047970e 22|
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[-3.07807840e—25 3.00000000e—01 6.67870216e—25|
[—9.73800980e—25 —1.11688797e¢—22 4.50000000e—01]]
status: optimal

obj: —0.9988333333333334

[[ 2.50000000e—01 —2.20472007e—22 —1.10265620e —22|
[-4.45663084e—22 3.00000000e—01 —2.22859007e—22|
[ 1.10264081e—22 —1.10205137e—22 4.50000000e —01]]
status: optimal

obj: —0.99890625

[[2.50000000e—01 1.67831187e—-22 2.23235717e—22]
[2.76255783e—22 3.00000000e—01 5.54049384e 23]
[1.09830812e—22 5.56200424e¢—23 4.50000000e —01]]
status: optimal

obj: —0.9989705882352942

[[ 2.50000000e—01 2.33062237e-24 1.12105844e 22|
[—-2.33398078e—24 3.00000000e—01 —1.24802428e —24|
[-1.08251257e—24 1.25052514e—24 4.50000000e—01]]
status: optimal

obj: —0.99902777TTTTTTTT

[[ 2.50000000e—01 —5.37805096e—23 1.66737466e 22|
| 5.37758046e—23 3.00000000e—01 —1.52711421e—24]
[ 5.53077093e—23 1.12553722e¢—22 4.50000000e —01]|
status: optimal

obj: —0.9990789473684211

[[ 2.50000000e—01 —5.39169018e—23 5.52124567e—23|
[-5.71093712e-23 3.00000000e—01 —1.12913039e 22|
[ 5.58078346e—23 —2.20147494e—22 4.50000000e —01]|
status: optimal

obj: —0.999125

[[ 2.50000000e—01 5.63739603e—23 1.67291982¢ 22|
[ 5.46420535e—-23 3.00000000e—01 —1.05069787e—25]
[-1.67291107e—22 1.11132958e—22 4.50000000e—01]]

7.2 Differentiating Bures Distance

Differentiating the Bures distance part I

In the derivation, the function

Sym(M) = 3(M + M7)
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is utilized, as well as the trace/Frobenius product

P:M=Te(P"M)=Te(M"P)=M:P

These have the following interaction

P :Sym(M) = Sym(P): M

For PSD matrices a drastic simplification is possible:
Tr((AY2BAY?)Y?) = Tr((BA)Y?)
In addition, there is a general result for the differential of the trace of any matrix function
dTr(f(X)) = f(XT): dX

where f’ is the ordinary derivative of the scalar function f; both f and f’ are evaluated
using their respective matrix arguments.
Combining these yields a straightforward solution for the problematic term

¢ = Tr((BA)1/2)
d¢ = L((BA)T) . d(BA)
= 1(AB)""?: BdA
(AB)~Y% . dA

06

S8 = LB(AB)? = Y(BA) B

Where the final equality is a theorem due to [25]
B f(AB) = f(BA) - B
Therefore the gradient of the Bures Distance is
B(A, B) = Tr(A v B 2(BA)1/2>
dB = (1 - B(AB)*1/2> L dA
9% B(AB)™Y? = I —(BA)™/’B
= J—

DA
=1 — A (AB)'? (BA)Y2A71
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Differentiating the Bures distance part II

Let J be the all-ones matrix and

C=(I-2n=cC" ( Centering Matrix)
B =3,
A=Cov(TX)

= (+5) (TX)"C(TX)
From earlier, the Bures distance function and its differential can be simplified to
B(A, B) = Tr(A +B- 2(BA)1/2>
dB = (1 - (BA)‘l/QB> L dA
Now change the differentiation variable from dA — dT.

a5 = (1 - (BA)” 1/23) () Sym(X"T"CdT X)

= (%) (1= (BA)2B) : (X"T"CaT X)
— (%) CTX (I = (BA)2B) X dT
2—5 — (%) CTX (1 - (BA)2B) X"

7.3 M-Estimator Asymptotics

These theorems and proofs are adapted from [49] for the reader’s convenience.
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Theorem 7.3.1 (Consistency of M-Estimators). Let © be a subset of the real line and let ¥,
be random functions and W a fized function of 6 such that W,,(0) — W(0) in probability for
every 0. Assume that each map 0 — W, (0) is continuous and has exactly one zero 6, or is

nondecreasing with W, (én> = op(1). Let 6y be a point such that ¥ (6p —e) < 0 < U (6 + ¢)

for every € > 0. Then 0., RN 0o.

Proof. 1f the map 0 — W, (#) is continuous and has a unique zero at 0,,, then

P(\I/n(t%—a)<0,\I’n(90+8)>0)§P(90—5<én<90+5)

The left side converges to one, because W, (fy =) — V¥ (fy & ¢) in probability. Thus the

right side converges to one as well, and 6,, is consistent.
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If the map 6 — W, () is nondecreasing and 0, is a zero, then the same argument is valid.
More generally, if 6 — W,,(0) is nondecreasing, then ¥, (y — ) < —n and 6,, < 0y — ¢ imply

v, (én> < —n, which has probability tending to zero for every n > 0 if 6, is a near zero.
This and a similar argument applied to the right tail shows that, for every e,n7 > 0,

P(\Ifn(eo—s)<—17,\Ifn(90+e)>77)§P<90—e<én<90+5>+0(1)

For 2n equal to the smallest of the numbers —W (6y —¢) and ¥ (6 + ¢) the left side still
converges to one. O

Suppose a sequence of estimators 6, is consistent for a parameter # that ranges over
an open subset of a Euclidean space. The next question of interest concerns the order at
which the discrepancy 6, — 0 converges to zero. We now derive the asymptotic normality of
M-estimators.

We can use a characterization of M-estimators by solving estimating equations.

Theorem 7.3.2 (Asymptotic Normality of M-Estimators). Let Xy, ..., X, be a sample from
some distribution P, and let a random and a "true” criterion function be of the form.:

Wa(0) = -3 0 (X) = Eutbo, W(0) = Evy
=1

Assume that the estimator 6, is a zero of ¥,, and converges in probability to a zero 6y of V.
Also assume ¥, <9~n) is Op(1).

Then
: B
Vi (4, o 3>N<0,—°>.
(6. =) (EY;,)’

Proof. Because én — 0y, it makes sense to expand ¥, <én) in a Taylor series around 6.

Assume for simplicity that 6 is one-dimensional. Then
R . 1 /. 2 _
0=1, (en) — 0, () + (en - 90) W, (60) + 3 (en . 90> v (en>
where én is a point between én and 6y. This can be rewritten as

A ) —/n¥, (6o)
Vi (6,0 = W, (00) + 5 (00— 00) i (4,)

If By3 is finite, then the numerator —/nV, () = —n~Y2>" vy, (X;) is asymptotically
normal by the central limit theorem. The asymptotic mean and variance are Ey, = W (6y) =
0 and Engo, respectively. Next consider the denominator. The first term W/, (6y) is an average
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and can be analyzed by the law of large numbers: U/ (6) R Eny , provided the expectation

exists. The second term in the denominator is a product of 6, — 6 = op(1) and v/’ <0~n> and

converges in probability to zero. Together with Slutsky’s lemma, these observations yield

A folll
0, —0,) 2 N[0, —%_|.
Vi (0 - on) 5 ( <Eweo>2>

]
Lemma 7.3.3 (Slutsky). Let X,,, X and Y, be random vectors or variables. If X, B x

and Y, e for a constant c, then

OXn+Yn2>X+c;

Y, X, > cX;

Y 1X, B 71X provided c # 0.

7.4 Rosenthal-type Inequality

This is also in [38]. Let X denote the class of all finite sequences X = (Xy,...,X,,) of
independent zero-mean random variables (r.v.’s). For any X = (Xi,...,X,) € X, let
Sx = X1+ -+ X,,. Take any real number p > 2 and any positive real numbers A and B.
Consider

Xpnp = {X: (X1,...,X,) € X ZEXf:B,ZE|Xi|p:A}
1 1

Xocacn = {X = (X1, Xp) €X: ) BXP< B Y BIXf < A}
1 1
Xpx.ap :={X € &, 5 : X is independent of X'}

Xpx.<a<p :={X € X, <a<p: X is independent of X} .
Theorem 7.4.1. Suppose that p € (2,3] and E|X P < co. Then

sup E|IX+5[F= sup E|X+Sx|’
XGXP;XISA,SB XGXP;X;A,B

= A+E|X + B2z
Here, Z ~ N(0,1).
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