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CHAPTER ].

Introduction

Le volume de données disponibles est en perpétuelle expansion. Il est primordial de fournir
des méthodes efficaces et robustes permettant d’en extraire des informations pertinentes. Le but
étant d’en réduire le volume afin de pouvoir les traiter plus efficacement ou de pouvoir comparer
plus facilement deux ensembles de données. Souvent ces données peuvent étre représentées
sous la forme de nuages de points dans un certain espace muni d’une métrique, e.g. ’espace
Euclidien R?. Cette représentation rend 1’étude mathématique de cette source d’information
plus aisée. En particulier, les théories des statistiques, des probabilités et de la mesure fournissent
des bases mathématiques solides a 1’étude de ce type de données. A ces disciplines se sont
ajoutées plus récemment la géométrie et la topologie, qui ont déja fait leurs preuves en analyse
de données, on pense en particulier au domaine naissant de ’analyse topologique des données
(TDA).

Parmi les questions naturelles que 1’on peut se poser lorsque 1’on a acces a des données, trois
d’entre elles sont abordées dans cette these. La premiere concerne la comparaison de deux ensembles
de points. Comment décider si deux nuages de points sont issus de formes ou de distributions
similaires ? Il convient de se questionner sur la notion de "similarité" de deux ensembles ou deux
mesures. L'approche proposée repose sur 1’étude de descripteurs de données, stables et robustes
a certains types de bruit mais également discriminants. L'un des objectifs est de construire un
test statistique permettant de décider si deux nuages de points sont issus de distributions égales
(modulo un certain type de transformations e.g. symétries, translations, rotations. ..). A notre
connaissance, aucun test statistique de ce type n’a été étudié dans la littérature.

La seconde question concerne la décomposition d'un ensemble de points en plusieurs groupes.
Etant donné un nuage de points, comment faire des groupes pertinents ? Souvent, cela consiste
a choisir un systeme de k représentants et a associer chaque point au représentant qui lui est
le plus proche, en un sens a définir. Il s’agit du probleme de partitionnement des données.
Dans cette thése, les méthodes que nous introduisons et étudions sont adaptées a des données
échantillonnées selon un mélange' de lois, avec éventuellement quelques données aberrantes.
Dans un premier temps, nous traitons le cas des mélanges de lois de familles exponentielles,
pour lesquelles la densité peut s’écrire de fagon naturelle en fonction d'une divergence de

'On appelle mélange de loi tout distribution P de type P = > | «; P;. En particulier, P est un mélange de lois
normales lorsque les P; sont des lois normales.
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Bregman. C’est le cas des lois Gaussiennes de matrice de covariance fixée, des lois de Poisson,
binomiales, Gamma. .. Dans un second temps, nous traitons le cas des mélanges Gaussiens
hétéroscédastiques”. La particularité des méthodes proposées est qu’elles dépendent d'un
parametre de trimmage h, a sélectionner a partir des données. Seule une proportion 1 — h des
données sera partitionnée. L'étude des méthodes proposées repose sur des outils géométriques
tels que la distance a la mesure® ou les réseaux de Voronoi. En particulier, elle repose sur des
versions continues du critere des k-moyennes, du criteére de quantification avec une divergence
de Bregman et de la log-vraisemblance trimmée ; ces versions continues peuvent toutes étre
vues comme des généralisations de la fonction distance a la mesure.

Enfin, lorsque les données n’ont pas naturellement une structure en k groupes, par exemple,
lorsqu’elles sont échantillonnées a proximité d’une sous-variété de R?, une question plus perti-
nente est de construire un systeme de k représentants, avec k grand, a partir duquel on puisse
retrouver la sous-variété. Cette troisieme question recouvre le probleme de la quantification d"une
part, et le probleme de l'approximation de la distance a un ensemble d’autre part. De nouveau, les
méthodes proposées sont adaptées a des données éventuellement corrompues par quelques
données aberrantes, et reposent sur des outils géométriques. Plus précisément, la construction
d’un tel systéme de représentants revient a fournir une bonne approximation de la fonction
distance a la mesure.

Les réponses que nous apportons a ces trois questions dans cette these sont de deux types,
théoriques et algorithmiques. En particulier, les méthodes proposées reposent sur des objets
continus, définis directement a partir de mesures de probabilité et de sous-mesures. Des études
statistiques permettent de mesurer la proximité entre les objets empiriques et les objets continus
correspondants. Ces méthodes sont faciles a implémenter en pratique lorsque des nuages de
points sont a disposition. L'outil principal utilisé dans cette these est la fonction distance a la
mesure. A I'origine, elle a été introduite pour stabiliser les méthodes d’analyse topologique
des données. C’est-a-dire, pour que les informations topologiques contenues dans des échan-
tillons de points ne soient pas perturbées par la présence de quelques données aberrantes. Ses
intéréts sont multiples. Elle permet d’inférer le support d'une distribution a partir de données
éventuellement bruitées. Son écriture comme fonction puissance* permet d’établir un lien étroit
avec le critere des k-moyennes. Aussi, ses propriétés de stabilité par rapport aux métriques
de Wasserstein en font un outil particulierement adapté a I’échantillonnage et facilite I’étude
statistique des objets d’intérét.

Les apports de cette these recoupent plusieurs domaines. Celui de la comparaison de dis-
tributions, le partitionnement des données et 1'inférence géométrique. Nous commengons par
introduire les notions fondamentales et I’état de 1’art relatifs a ces domaines.

2On parle de mélange hétéroscédastique lorsque les variances des distributions du mélange different.

3La distance a la mesure est une généralisation de la fonction distance & un compact, aux mesures de probabilité.
Elle dépend d’un parametre de trimmage h. Pour une distribution uniforme sur un ensemble de n points X,, dans
R4, la distance a la mesure coincide avec le critere des moindres carrés trimmeés. Elle est alors définie en tout point
de R* comme la moyenne des carrés des distances a ses ¢ = nh plus proches voisins dans X,.

*Une fonction puissance est une fonction définie sur R?, de la forme = ~ infie; ||z — ¢;||* + wi, avec I un
ensemble quelconque, ¢; € R? et w; € R.
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1.1 Notions fondamentales et Etat de I'art

1.1.1 Une introduction a la comparaison de mesures
Des métriques ou pseudo-métriques pour comparer des mesures

Borel et Jordan sont a I’origine de la théorie de la mesure des ensembles ([Bor98] en 1898) et de
la théorie moderne du calcul des probabilités dans le cadre des o-algebres® ou tribus ([Bor30] en
1930).

Une fois les o-algebres définies, la théorie moderne des probabilités repose sur I’axiomatique
de Kolmogorov introduite par le mathématicien russe en 1933 dans [Kol33]°. Un espace probabilisé
est un triplet (2, F, P) constitué d’un ensemble 2 muni d'une o-algebre F et d'une mesure
de probabilité P. Une mesure de probabilité (distribution ou loi) est une application définie sur F
satisfaisant les trois axiomes suivants :

e VAc F, P(A)€[0,1],

e P(Q) =

e P esto-additive au sens ot si les A,, sont deux-a-deux disjoints, P (UnE]N ) Z+°° P(Ay).
En particulier, P(0)) = 0.

On dira qu’une variable aléatoire’ X suit la loi P (noté X ~ P) si la probabilité que X soit a
valeurs dans A vaut P(A). Pour f une fonction mesurable®, on notera Pf(u) ou Ex~p[f(X)]
I'intégrale de f par rapport a la distribution P.

Plus généralement, on dit que P est une mesure positive finie si P est a valeur dans R* et
P est o-additive. En particulier, P(£2) < co. Un exemple de mesures positives qui ne sont pas
nécessairement des mesures de probabilité sont les sous-mesures’ d’une distribution P.

Une premiere idée naturelle pour comparer deux distributions consiste a calculer la différence
maximale entre leurs valeurs prises sur les éléments de la tribu. La métrique correspondante
est la distance en variation totale dy définie pour toutes mesures de probabilité P et () sur le
méme espace mesurable (2, F) par:

dvr(P, Q) = sup [P(A) — Q(A)].
AeF
Le théoreme de Pinsker relie la distance en variation totale a la divergence de Kullback-Leibler
ou entropie relative. Il s’agit d"une autre mesure de dissimilarité entre deux distributions P et )
fréquemment utilisée en statistiques.

Lorsque P est une distribution sur (2, F) et @ sur (', '), on dit qu'une mesure de probabi-
lité 7 définie sur Q x Q''7 est un plan de transport ou couplage entre P et Q si m(A x ') = P(A) et
(2 x A) = Q(A) pour tout Borélien A. Ainsi, un plan de transport 7 est la loi d"un couple de
variables aléatoires (X,Y) tel que X ~ PetY ~ Q. On note II(P, Q) 'ensemble des plans de
transport entre P et Q).

°Une o-algebre ou tribu est définie a partir d’un ensemble 2 comme une collection F de parties de Q qui vérifie
les trois axiomes suivants : Q € Fet() € F;VA € F,A° € F, ou A° = Q\ A est le complémentaire de A dans 2; et
vn € N,VA, € F,U,cn An € F.

6 [Kol33] est un ouvrage en allemand intitulé : Notions fondamentales du calcul des probabilités

"Une variable aléatoire X : (Qo, Fo, Po) — (Q, F, P) est une fonction mesurable (au sens ot X ~*(A) € F, pour
tout A € F) qui satisfait pour tout A € F, Po(X ' (A)) = P(A).

8Voir la note précédente.

Une sous-mesure P d’une mesure de probabilité P est mesure positive P telle que : VA € F, P(A) < P(A).

00 x Q' est muni de la tribu produit F @ F’
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La distance en variation totale se récrit en termes de plans de transports comme suit :

dyr(P,Q) = WG&?IEQ)E(X,Y)W [Tx.yv]. (1.1)

La distance en variation totale est une métrique de transport au sens ou elle consiste a mi-
nimiser 1'espérance d"une fonction de cott (x,y) — 1,., par rapport a un plan de transport.
Cette métrique n’est pas adaptée a I’échantillonnage ni a la convergence en loi lorsque P est
une distribution a densité par rapport a la mesure de Lebesgue dans R¢. Lorsque P, désigne
la distribution ernpirique11 associée a P, alors dyr (P, P,,) vaut toujours 1. Pourtant, dans ce
cas, le théoréme de Varadarajan [Var58b] assure que P, converge en loi vers P presque sirement.

Désormais, on travaille avec Q = X, un espace'” muni d’une métrique ¢ et de la tribu
Borélienne'® o(X). Lorsque cette métrique le rend séparable et complet, on dit que X est un
espace Polonais. Concernant les propriétés intéressantes de théorie de la mesure et des espaces
Polonais, on pourra se référer a I’'ouvrage de Cohn [Coh80].

On peut remplacer la fonction de coftit (z, y) + 1,4, par (z,y) — 6(z,y)? pour unp > 1 dans
(1.1). On retrouve alors les métriques de Wasserstein, aussi connues sous le nom de Mallows,
Kantorovich-Monge-Rubinstein ou distance du cantonnier (earth mover distance en anglais).
Elles ont été introduites en 1969 par le mathématicien russe Vaserstein et leur appellation a été
donnée par Dobrushin en 1970 ([Dob70]), voir aussi [Vil09]. Elles sont donc définies par :

WEP.Q)= __inl | Eixyyes (XY, (1.2

Comme la distance de Lévy-Prokhorov définie en 1956 par Prokhorov [Pro56] a partir des
travaux de Lévy en 1937 [Lév37], les métriques de transport W), ainsi obtenues sont adaptées
a la convergence en loi (ou convergence faible). De plus, elles sont également adaptées a la
convergence des moments d’ordre p associés, PP (u, o) pour g € €, voir [BL14, Théoreme 2.6],
[Vil03, p.212], ou [RAW09].

Parmi les pseudo-distances permettant de mesurer la disparité entre deux distributions, on
peut également citer les métriques de probabilités intégrées ou encore mesures de discrépance
moyenne maximale (voir [eE53, Mi197, GMBJR"12]). Des cas particuliers de telles mesures de
dissimilarité sont la métrique de Kolmogorov-Smirnov et les distances de Wasserstein ou de
Kantorovich et Rubinstein (voir [KR58]).

En inférence géométrique, on a souvent a disposition un n-échantillon tiré selon une distri-
bution P. Le but est d’inférer des propriétés vérifiées par P a partir de propriétés satisfaites par
sa version empirique P,. Pour ce faire, d'une part il est important de montrer que les propriétés
que 'on cherche a mettre en valeur sont préservées lorsque deux mesures sont proches au
sens d"une certaine métrique. On parle alors de stabilité. D’autre part il est primordial que la
métrique en question soit adaptée a 1’échantillonnage. C’est-a-dire, qu’elle respecte la propriété
de convergence faible de P, vers P presque stire (voir [Var58b] ou [BL14, Théoréme 2.13]).

C’est le cas des métriques de Wasserstein, des distances adaptés a la convergence en loi et a
I’échantillonnage que nous utilisons fréquemment dans cette thése. En particulier, nous nous
reposons sur les bornes en déviation et en espérance pour W, (P,, P) obtenues dans [FG15] et

[BL14]. Elles sont de l'ordre de n™ lorsque d > 2 et nz lorsque d = 1.

On appelle distribution empirique associée a P, notée P,, toute distribution uniforme sur un n-échantillon
{X1,X2,...,Xn} deloi P. Cest-a-dire, P, = 237 | 6x,.

2Une espace métrique (X, §) est un ensemble X muni d"une application (métrique ou distance) qui est positive,
vérifie ’hypothese de séparation (a savoir, §(z,y) = 0 = = = y), symétrique et satisfaisant 1'inégalité triangulaire.

B3a tribu Borélienne associée & un espace métrique est la tribu engendrée par les ouverts.
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Des métriques ou pseudo-métriques pour comparer des espaces métriques mesurés

Les métriques et autres outils introduits précédemment ont la particularité de mesurer une
dissimilarité entre deux distributions définies sur le méme espace. En particulier, on peut les
utiliser pour comparer deux nuages de points générés selon deux distributions définies sur
le méme espace. Or, il arrive que 1’on soit amené a comparer deux jeux de données qui ne
sont pas inclus dans le méme espace ou qui n’ont pas été mesurés dans le méme systeme de
coordonnées. Dans ce cas, il est plus facile de représenter les données comme un ensemble de
points et d’associer une valeur a chaque paire de points; la distance entre les deux points.

Le cadre mathématique que nous adoptons dans cette these et qui est parfaitement adapté
a cette vision est celui des espaces métriques mesurés, étudiés par Gromov dans [GLP99]. Un
espace métrique mesuré (ou mm-space) est défini comme un espace X muni d"une métrique ¢ et
d’une mesure de probabilité P définie sur la tribu des Boréliens.

De plus, on considére que deux espaces métriques mesurés (X', 9, P) et (V,~, Q) sont les
méme lorsqu’ils sont isomorphes. C’est-a-dire, lorsqu’il existe une application ¢: X — ) satisfai-
sant les propriétés suivantes :

e ¢ est bijective,
e ¢ est une isométrie : y(p(x), p(z')) = 0(x,2") pour tous z, 2’ € X,
e ¢ préserve la mesure : Q(¢(A)) = P(A) pour tout A € o(X) (olt o(X) est la tribu Borélienne
engendrée par les ouverts de (X, ).).
Une telle application ¢ est appelée un isomorphisme entre les deux espaces métriques mesurés.

Dans ses travaux sur les espaces métriques mesurés [GLP99], Gromov offre une premiere
caractérisation de tels espaces. En effet, dans son Théoreme 31.5, il prouve que tout espace
métrique mesuré peut étre reconstruit a isomorphisme prés, a partir de la connaissance pour
toutes tailles d’échantillon n, de la loi de matrices de distances de taille n x n construites a partir
de n-échantillons.

Plus récemment, dans [Mém11] Mémoli introduit des métriques définies sur I'ensemble des
espaces métriques mesurés quotienté par la relation d’isomorphisme.!* 1l s’agit des distances de
Gromov-Wasserstein G, qui sont définies entre deux espaces métriques mesurés (X', J, P) et
(V,v,Q) pour un parametre p > 1 par:

1
GWP(P,Q)= inf —E/x/y o [10(X, X)) =~ (Y, Y|P,
p( Q) WGIITT(IRQ)Q (X1Y),(X,Y)~7 H ( ) = )‘ ]
Ici, II(P, Q) est I'ensemble des plans de transport entre P et () défini précédemment et (X,Y") et
(X',Y’) sont indépendants. Dans cette these, la distance de Gromov-Wasserstein de parameétre 1
G'Wj est notre métrique de référence lorsque nous cherchons a comparer des nuages de points
ou des espaces métriques mesurés.

Malheureusement, méme lorsque les espaces métriques mesurés sont discrets'”, le calcul de
la distance de Gromov-Wasserstein est extrémement cotiteux. Une vision alternative consiste
a associer une signature a chaque espace métrique mesuré. Une signature est un objet mathé-
matique par exemple un élément de R, de R¢ ou une mesure de probabilité sur R assigné a
un espace métrique mesuré tel que la propriété suivante soit satisfaite : on assigne la méme
signature a deux espaces métriques mesurés lorsqu’ils sont isomorphes.

“Une métrique sur 'ensemble des espaces métriques mesurés MM quotienté par la relation d’isomorphisme est
une fonction d : MM x MM — Ry qui est symétrique et vérifie I'inégalité triangulaire. De plus, d(M1, M2) = 0si
et seulement si M; et M> sont isomorphes.

SPar espace métrique discret, on entend un espace métrique (X, J, P) ot1 X est fini.
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Les espaces métriques mesurés peuvent ensuite étre comparés via ces signatures. On notera
S(P) la signature associée a (X,0(X), P) et S 'ensemble des signatures S(P) pour tous les
espaces métriques mesurés (X, o(X), P). Alors, toute distance ds sur l'espace S fournit une
pseudo-distance (P, Q) — ds(S(P), S(Q)) sur I'espace des espaces métriques mesurés quotienté
par la relation d’isomorphisme.

Un bon ensemble de signatures S devrait satisfaire les propriétés suivantes :
e stabilité,
e discrimination voire séparation,
o facilité d’implémentation dans le cas discret.
La stabilité peut se caractériser par une borne du type ds(S(P), S(Q)) < cGW (P, Q) pour ¢ > 0.
Le caractere discriminant est a comprendre dans le sens out lorsque ds(S(P), S(Q)) est petit,
les espaces (X,0(X), P) et (V,0()), Q) se ressemblent. En particulier, une bonne famille de
signatures satisferait I’hypothese de séparation au sens ot ds(S(P),S(Q)) = 0 n’arrive que
lorsque (X,0(X), P) et (¥,0()), Q) sont isomorphes. Enfin, une bonne signature devrait étre
facile a utiliser en pratique. C’est-a-dire, possible a calculer et a stocker lorsque P et () sont des
mesures discretes, et telle que la distance ds(S(P), S(Q)) soit facile a calculer dans ce contexte.
C’est définitivement ce point de vue que nous adoptons dans cette thése, lorsque nous cher-
chons a comparer deux nuages de points ou deux espaces métriques mesurés. Les signatures
que nous introduisons sont des distributions sur R et nous comparons deux signatures avec la
métrique de Wasserstein ;.

L’exemple le plus basique de signatures qui soit consiste a assigner a tout espace métrique
mesuré un élément quelconque Y. Alors, deux espaces métrique mesurés isomorphes auront
la méme signature Y. Ceci-dit, comme tous auront la méme signature, cette signature n’a pas
grand intérét, elle ne permet pas de discriminer entre deux espaces métriques mesurés qui ne
soient pas isomorphes. Un exemple simple de signature plus discriminant consiste a associer a
(X, F,0)leréel Ex x/.p[0(X, X')] ou X et X’ sont indépendantes.

Dans [Mém11], Mémoli donne d’autres exemples de signatures. La distribution de forme
(shape distribution) par exemple est définie comme la loi de §(X,Y’) pour X et Y deux variables
aléatoires indépendantes de loi P. L'excentricité est la loi de Pd(X,u) pour X ~ P et la dis-
tribution locale des distances est la distribution de P (#(X,r)) pour unr > 0 fixé et X ~ P.
Mémoli fournit des preuves de la stabilité de certaines d’entre elles par rapport a la distance de
Gromov-Wasserstein GW7. Le caractére discriminant de la distribution de forme a été mis en
avant dans [BK04]. Pourtant, un exemple dans [Blo77] montre que la condition de séparation
n’est pas satisfaite. Mémoli fournit également un tel exemple pour la distribution locale des
distances [Mém11, Example 5.6].

Les signatures sont fréquemment utilisées pour des taches de classification ou simplement
de pré-classification ; voir par exemple [OFCDO02]. D’un point de vue plus topologique, les
diagrammes de persistence définis dans la Section 1.1.3 ont été utilisés a ces fin dans [CCSG109,
CDSO14]. Dans cette these, nous utilisons les signatures pour construire des tests statistiques
permettant de comparer directement deux nuages de points.

Des tests statistiques pour comparer des nuages de points

Lorsque l'on a accés a deux mesures ou a deux espaces métriques mesurés, les métriques
et pseudo-métriques introduites dans les paragraphes précédents permettent de décider di-
rectement si ce sont les mémes mesures, si les espaces métriques mesurés sont les méme a
isomorphisme pres ou si elles/ils se ressemblent.
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Dans le contexte des statistiques, les mesures et espaces métriques mesurés ne sont pas
accessibles. Seuls des échantillons générés selon ces distributions sont a disposition. Du fait de
I'aléa, deux échantillons tirés selon la méme loi ne seront pas forcément identiques. Pourtant,
on peut espérer que les lois empiriques associées soient proches. On ne pourra jamais avoir la
certitude que les deux échantillons sont issus de la méme loi. Cependant, il est possible dans
certains cas de fournir une réponse a partir de ces données. On espere alors se tromper avec
petite probabilité. Un procédé pour fournir une réponse aléatoire pertinente est donnée par la
notion de test statistique.

Un test statistique est une variable aléatoire ¢,, a valeurs dans {0, 1}. Plus précisément, ¢,
est fonction d’une variable aléatoire T, appelée statistique de test. Cette statistique de test est
construite sur un échantillon de n points générés selon une procédure Py dépendant d'un
parametre 6 a valeurs dans un certain ensemble O. Le test ¢,, est associé a deux hypotheses
Hy"0 € ©¢” et H1”0 € ©1” ou1 O et O sont deux sous ensembles de O disjoints. Idéalement, on
aimerait que la variable aléatoire ¢ vaille 1 lorsque § est dans ©; et 0 lorsqu’il est dans ©y.

La qualité d"un test statistique est mesurée en terme d’erreur de type I, qui est définie pour
tout 0y dans ©g par Py, (¢, = 1). Il s’agit de la probabilité de prétendre que 0 est dans ©; lorsque
¢ vaut en fait 6y. De plus, on dit qu'un test est de niveau o € (0, 1) si son erreur de type I est
majorée par «, c’est-a-dire si Py, (¢, = 1) < a pour tous 0y dans ©y. Deux tests statistiques de
niveau fixé a € (0, 1) peuvent étre comparés a travers leur erreur de type II. Il s’agit de la fonction
8 définie pour tous ¢; dans © par Py, (¢, = 0), la probabilité de prétendre que ¢ est dans O
alors que 6 vaut 6;. La puissance d"un test est la fonction définie par 1 — . Aussi, on dit qu'un
test statistique ¢,, est de niveau asymptotique « si pour tout 6y dans ©g, Pg, (¢, = 1) converge
vers « lorsque la taille de ’échantillon n tend vers l'infini.

Les méthodes de construction de tests statistiques sont de plusieurs type. Ou bien la distri-
bution de la statistique de test 7;, ou sa loi limite (lorsque n tend vers l'infini) est connue sous
I'hypothese Hy. Dans ce cas, 'expression du test ¢,, en fonction de la statistique de test 7;, se
déduit directement de cette distribution sous Hy. Ou bien la loi de T;, et la loi limite sont incon-
nues ou dépendent de P. Dans ce cas, une stratégie de type bootstrap ou de sous-échantillonnage
permet parfois d’approcher la distribution de la statistique 7}, sous '’hypothese Hj a partir des
données. C’est le cas des tests statistiques que nous introduisons et étudions dans cette these.

Les méthodes de type bootstrap ont été introduites par Efron en 1979 ([Efr79]) dans le but de
construire des intervalles de confiance, et ont été fréquemment utilisées depuis. Une référence
pour le bootstrap avec un point de vue asymptotique est le livre de van der Vaart et Wellner
[vdVWO6]. Pour le point de vue non assymptotique, on pourra se référer a la these de Arlot
[Ar]l07]. Afin de valider la stratégie d’approximation de la loi de 7}, sous Hy par une méthode
de sous-échantillonage, nous utilisons les métriques de Wasserstein. Dans le cadre des tests
statistiques, une telle méthode de validation a déja été employée dans [DBLL15] et [FLLRB12]
par exemple.

Tester I'égalité de deux distributions définies sur un espace (£, F) consiste a choisir pour ©
I'ensemble des couples de distributions (P, ()) et pour O le sous ensemble des couples (P, P).

Parmi les tests statistiques d’égalité présents dans la littérature, on peut citer le test de
Kolmogorov-Smirnov pour des données générés dans R. On peut également citer les tests de
rangs-signés de Wilcoxon, les t-tests ou encore les tests de localisation et d’échelle. Des travaux
récents sur le sujet comprennent les tests de Gretton et al. [GMBJR"12]. Ils reposent sur la dis-
crépance moyenne maximale (MMD) dans les espaces de Hilbert a noyaux reproduisant (RKHS).
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Dans cette these, nous construisons et étudions des tests d’égalité de deux espaces métriques
mesurés a isomorphisme pres. Ceci revient a considérer pour © I'ensemble des couples d’espaces
métriques mesurés ((X, 0, P), (),v,Q)) et pour ©p un sous ensemble de O constitué des couples
d’espaces métriques mesurés isomorphes :

©0 = {((X,6,P),(¥,7,Q)) € ©[(X,4,P) et (¥,7,Q) sont isomorphes},

et
0, = ©\6.

Jusqu’a présent, a notre connaissance, aucun tel test statistique n’a été étudié dans la littéra-
ture. On pourrait cependant imaginer un test de Kolmogorov-Smirnov entre un échantillon de
la méme loi que §(X, X’) out X, X’ ~ P sont indépendantes, et un autre échantillon de la loi de
v(Y,Y") avec Y, Y’ ~ @ indépendantes. Dans cette theése, nous comparons nos tests d’isomor-
phisme a cette procédure de test. Ils sont plus discriminants sous certaines alternatives. Une
autre idée issue du domaine de la TDA consisterait a utiliser les intervalles de confiance calculés
pour des outils topologiques tels que les diagrammes de persistance définis en section 1.1.3,
dans [CFL*13] et [FLR " 14]. Une telle méthode ne fonctionne pas car elle est trop conservative,
le calcul des signatures est trop cofiteux et un tel test ne tiendrait pas suffisamment compte de la
mesure, seulement de son support.

Le domaine des tests statistiques d’égalité d’espaces métriques mesurés a isomorphisme
prés n’en est qu’a ses balbutiements.

1.1.2 Une introduction aux méthodes de partitionnement et de quantification

Diverses questions, par exemple celles des types en anthropologie, ou bien d’autres, d’ordre pratique, comme celles
de la normalisation des objets industriels, exigent pour leur solution la détermination de n représentants fictifs
d’une nombreuse population, choisis de maniere a réduire autant que possible les écarts entre les éléments de la
population et ceux de I'échantillon, I'écart étant mesuré entre tout élément réel et I'élément fictif qui lui est le plus
proche.

Sur la division des corps matériels en parties, 1956 par H. STEINHAUS, [Ste56]

Sil'intérét de faire des groupes a partir des données était déja d’actualité en 1956, elle 1'est
toujours aujourd’hui, avec des applications dans les domaines des réseaux sociaux, des sciences
sociales, de la psychologie, en imagerie médicale, en reconnaissance de forme, en exploration
de données ou en apprentissage automatique...Les données actuelles étant massives, il est
également capital de pouvoir réduire leur dimension sans pour autant perdre d’information.

Les réponses a ces questions portent le nom de partitionnement, lorsqu’il s’agit de faire des
groupes a partir des données et de quantification lorsque 1’objectif est de stocker I'information
contenue dans un ensemble de données de fagon compacte. Dans cette these, nous adoptons ces
deux points de vue avec des méthodes assez similaires.

Le concept de quantification est né dans les années 1950” dans les laboratoires Bell. Une
référence majeure en quantification est [GLO0O]. En 1957, Stuart Lloyd proposa un algorithme
permettant de trouver une solution approchée a ce probleme. La publication de ses travaux
a eu lieu des années plus tard, en 1982, voir [L1082]. En 1965, Forgy proposa dans [For65] un
algorithme similaire a celui proposé par Lloyd. Le terme k-moyennes (k-means en anglais)
est apparu dans le papier de MacQueen en 1967, [Mac67]. Ce concept repose sur les idées de
Steinhaus dans [Ste56].

La méthode des k-moyennes correspond en fait exactement a la méthode de quantification
telle qu’elle a été pensée par Lloyd, mais avec le point de vue k petit. En regle générale, toutes
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les méthodes de partitionnement ou de quantification étudiées dans cette these reposent sur
I'algorithme de Lloyd, de pres ou de loin.

Méthode des k-moyennes et quantification — deux définitions équivalentes

On se place dans R? muni de la métrique Euclidienne || - ||. En quantification, on appelle
codebook une famille ¢ = (cy, ca, . . ., c) de k éléments (appelés centres) dans R?. On note R%(*)
I'ensemble de tels codebooks. Etant donné un codebook ¢, un quantificateur est une application
q:R% = {c1,¢2,...,cr}. Un quantificateur ¢* est dit optimal au sens des k-moyennes lorsqu’il
minimise le critere ¢ — P|u — g(u)|?>. De fagon équivalente, un codebook c* est dit optimal au
sens des k-moyennes lorsque lorsqu’il minimise le critere de coilt

R:c— P min |u— ¢?> (1.3)
ie[1,k]

Le but de la quantification est de fournir une représentation compacte d’'une mesure de
probabilité P sur R%. Il s’agit de I’approcher au mieux, au sens de la métrique de Wasserstein
W3, par une distribution dont le support fini contient au plus k points. On note P*) 'ensemble
de ces distributions.

Le point de vue quantification et minimisation du critére des k-moyennes coincident. En
effet, en notant P o = Y. | a;d,,, avec ¢ € R%(*) et des poids positifs a; de somme 1, les
éléments de P, il vient :

W2(P,P®)) = inf W2(P, Peo) = inf P min_|ju — ¢]|2.1°
c.a ¢ ic[Lk]

La méthode de quantification ou de partitionnement des k-moyennes revient donc a déter-
miner la projection de P sur l'espace des distributions dont le support contient au plus £ points,
pour la métrique W5. Certaines distributions s’approchent facilement par des éléments de P(*).
C’est le cas des distribution a support compact qui sont (a, 4, b)-Ahlfors-régulieres'”. Pour de
telles distributions P, Wy (P, P(¥)) est de I'ordre de kb ; voir [GLO0] ou [Klo12]. Lorsque A est
une distribution de moment d’ordre 2 fini et P est du type Pc o * N 18 alors Wo (P, P(k)) est
majorée par N||ul|?. Cette majoration est en fait une égalité lorsque les supports des mesures
dc, * N sont disjoints.

Décomposition de I'espace en cellules de Voronoi et Algorithme de Lloyd

La méthode des k-moyennes repose sur la décomposition de 1’espace en cellules de Voronoi. La
cellule de Voronoi V; associée a un centre ¢; dans un codebook c est définie par :

Vi={zeR!|lle —cill <llo — gl Vi # i}

On peut également définir les cellules V° = {z € R?| ||z — ¢;|| < ||z — ¢;]|, Vj # i}. Dans la
suite, nous travaillerons avec des cellules W; telles que :

%0On remarquera que le carré de la distance de Wasserstein W3 (P, Pe,o) se récrit comme Pllu — gc,o(w)|?
Ol gc,o €st un quantificateur a valeurs dans c naturellement associé au plan de transport optimal entre P et
Pe . En particulier, W3 (P, Pe,a) > Pmin;epi g |lu — ci||>. Rappelons que la distance W2(P, Q) s’écrit comme
infren(p,Q) Ecx,yv)~r [|IX — Y||I?] et qu'un plan de transport optimal est un plan de transport 7* tel que W2 (P, Q) =
Exy)r [|1X = Y|?].

7Une distribution P est dite (a, A, b)-Ahlfors-réguliere lorsqu’il existe a, A et b positifs tels que : Yz € Supp(P),
1Aar® < P(B(z,r)) < Ar®

'®La mesure de probabilité P x Q correspond a la distribution d"une variable aléatoire X + Y lorsque X ~ P,
Y ~ Qet X et Y sont indépendantes.
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e V2 C W; C V;pour tout i,
e La famille (W;);cq1 4 forme une partition' de R

Afin de comprendre le lien entre la décomposition d"un espace en cellules de Voronoi et la
méthode des k-moyennes, remarquons que

k
R(c) = P mi —|?=P) 1w, — ¢l
(c) i?ﬁfi]]”“ cill 2 w; (w)|lu — ¢l

Etant donné un codebook optimal ¢* = (¢, c3, ..., c;) et W/ les cellules de Voronoi associées,
tout quantificateur qui envoie les éléments de W sur ¢ est optimal. De plus, étant donnée une
partition de I'espace (W;);c[1,x], les centres minimisant P Zle Tw, (uv)|lu — ¢;||? sont donnés par
les espérances ¢; = |[W;| ! Puly, (u).

L'algorithme de Lloyd illustré par la Figure 1.1 repose sur ces deux propriétés. Afin d’initia-
liser I’algorithme, on se donne des centres ¢y, c,... c; au hasard parmi les données. Pour une
initialisation plus adaptée, on pourra se référer a ’algorithme k-means++ [AV07]. Ensuite, on
répete les deux étapes suivantes jusqu’a ce que 1’algorithme converge, c’est-a-dire jusqu’a ce
que les centres ¢, co. .. ¢, ne varient plus.

e Etape 1 : Décomposition de R¢ en cellules de Voronoi associées aux
centres cq, co,...c : Wi, Wo,... Wj.
e Etape 2 : Calcul des nouveaux centres donnés pour tout ¢ par ¢; =

\Wi|_1Pu]lWi(u).

Concrétement, lorsque P est une mesure uniforme sur un ensemble fini de n points X,,, la
premiere étape consiste a faire une partition de X,, en k paquets Cy, Cy,...Cy, olt les éléments de
C; sont dans W;. La seconde étape consiste a actualiser les centres ¢;. Le nouveau centre c; est
donné par la moyennes des éléments du i-eme paquet C;.

Cette méthode permet de faire k groupes a partir de n'importe quel nuage de points dans
R?. Aucune information supplémentaire n’est requise. En ce sens, la méthode des k-moyennes
est une méthode de partitionnement non supervisé.

La méthode des k-moyennes avec 'algorithme de Lloyd est adaptée a des mesures P qui se
décomposent en k£ mesures bien séparées, de préférence isotropes et de méme variance. C’est
le cas des mélanges Gaussiens de centres c;, c3,...c,, de méme variance o2. Dans ce cas, la
cellule de Voronoi associée a ¢; coincide avec la région de l'espace ot la densité de N (c;, 0?) est
supérieure aux densités associées aux autres centres c;.

Ces méthodes s’adaptent a des mélanges non isotropes.

Adaptation de la méthode des k-moyennes pour les divergences de Bregman

Lorsque le modeéle de lois considérées n’est pas isotrope et est hétéroscédastique, au sens ot1 les
variances des lois du mélange différent, la vraisemblance crée une distorsion de l'espace et la
décomposition en cellules de Voronoi n’est plus adaptée au probleme de partitionnement. C’est
le cas de la famille des lois de Poisson (P(c)),, par exemple. La vraisemblance associée a une
loi P(c) étant donné = € N s’écrit

i

fol@) = 55 exp(—¢) = exp(~dg(w,¢) + C(a)),

“La famille (W;);cq1,4) forme une partition de R® si |, e Wi = R? et si les W; sont deux a deux disjoints.
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FIGURE 1.1 : Algorithme de Lloyd pour la méthode des k-moyennes

avec C(x) une fonction de et dg(z, ¢) = xlog (£) — (z — ¢) la divergence de Bregman associée
a la fonction convexe ¢ : = +— zlog(z) — =.

La divergence de Bregman associée a une fonction convexe ¢ différentiable sur Q C R%, de
gradient V¢ est définie dans [Bre67] pour tout z et y de €2 par

dg(z,y) = é(z) — d(y) — (Vyo,x —y).

Une divergence de Bregman n’est pas une métrique au sens ou l'inégalité triangulaire et la
symétrie ne sont pas nécessairement vérifiées. Cependant, d, est toujours positive et lorsque de
plus ¢ est strictement convexe, d,, vérifie ’hypothese de séparation au sens ott dg(z,y) = 0 si et
seulement si z = y.
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En choisissant pour fonction ¢ le carré de la norme Euclidienne || - ||?, la divergence de
Bregman coincide avec le carré de la distance Euclidienne, dg(z,y) = ||z — y|*.

On peut définir les cellules de Bregman-Voronoi associées a une divergence de Bregman d,,
et a un codebook c en remplacant le carré de la norme Euclidienne par d,; dans la définition des
cellules de Voronoti :

Vi = {x € RY | dy(z,¢;) < dgl, ), Vi # z} .
Une étude poussée des réseaux de Bregman-Voronoi est disponible dans [BNN10] et [NBNO7].

Dans le cadre du modele des lois de Poisson, la partition de 1’espace en cellules de Bregman-
Voronoi pour la divergence associée a la fonction convexe ¢ : = — xlog(z) — x est tout a fait
adaptée. En effet, un point x est dans la cellule de Bregman-Voronoi V; lorsque la vraisemblance
¢ — fe(x) est minimale en ¢; parmi les éléments de {ci, ca, ... cx }.

Plus généralement, le lien entre les modeles de mélange et les divergences de Bregman
a été établi dans [BMDGO5], dans le cadre du partitionnement de type k-moyennes. L'étude
comprend les mélanges de lois gaussiennes, de Poisson, binomiales etc.

L’algorithme de Lloyd s’adapte parfaitement aux divergences de Bregman. Les étapes de
l’algorithme sont les suivantes :

e Ltape 1: Décomposition de R? en cellules de Bregman-Voronoi associées
aux centres ¢y, ca,...cp : Wi, Wo,... W.
e Etape 2 : Calcul des nouveaux centres donnés pour tout ¢ par ¢; =

\Wi|_1Pu]lWi(u).

On peut remarquer que la seconde étape de 1’algorithme n’a pas été modifiée. En effet, pour
toute mesure de probabilité @, 'application ¢ — Qd4(u, c) atteint son minimum en I’espérance,
c=Qu.?

Dans [BGWO05], Banerjee montre que les seules fonctionnelles F' pour lesquelles QF (u, c)
est minimale en ¢ = Qu pour toute distribution ) sont de la forme F' = F; + C ou Fj est
une divergence de Bregman et C' une constante. L’algorithme de Lloyd est alors adapté aux
divergences de Bregman mais n’est a priori pas adapté a d’autres types de fonctionnelles. Par
exemple, dans [CAGM97], Cuesta-Albertos et al. remplacent le carré de la norme Euclidienne
par une fonction convexe de celle-ci dans la méthode des k-moyennes. Une telle fonctionnelle
n’est pas une divergence de Bregman. IIs n’ont pas pu utiliser 1’algorithme de Lloyd mais ont eu
recours a un algorithme de type Metropolis Hasting.

L’adaptation de la méthode des k-moyennes aux divergences de Bregman par Banerjee et
al. dans [BMDGO05] fournit un ensemble de méthodes de partitionnement ou de quantification.
De fagon générale, il est possible d’aggréger différentes méthodes de partitionnement et d’en
mesurer la qualité en termes d’information mutuelle ; voir [S]02].

Dans cette these, nous adaptons cette méthode de partitionnement Bregman a des données
corrompues par des données aberrantes, en trimmant.

% On le voit facilement en notant d’une part que Qdy(u,c) = Qdg(u, Qu) + ds(Qu, c), et d’autre part que
dg(Qu, c) est positive et nulle seulement lorsque ¢ = Qu.
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Méthodes des k-moyennes trimmeées

Dans [CAGMY97], Cuesta-Albertos et al. adaptent la méthode des k-moyennes a des distributions
de type Q = aP + (1 — a)R*! avec a € (0, 1], P une distribution de type mélange Gaussien et R
une distribution quelconque. Un échantillon tiré selon () est composé de k groupes de points
avec des données aberrantes issues de la distribution R.

Etant donné un parametre de masse h € (0, 1], la méthode proposée consiste a séparer la
mesure () en deux mesures Qg;ignar €t Qpruir de masses respectives h et 1 — h. Il s’agit d’appliquer
a la distribution Qg;gnq la méthode des k-moyennes, c’est-a-dire, de minimiser le critére

: 2
C — min (ju — ¢
(¢, Qn) @n 1oin Ju — cill
en ¢, un codebook et ();,, une mesure de probabilité telle que hQ)j, = Qsignai SOit une sous-mesure
de Q. De fagon équivalente, cela revient a minimiser le risque R(c) en c, ol :
R(c) = iélf Qn min_|lu — ¢
h

)

Dans ce papier, les auteurs démontrent ’existence d"un codebook optimal c*. La mesure Q},
optimale correspond alors a la restriction de () & une union de k£ boules de méme rayon, centrées
en les éléments de c*. Soit ¢,, le codebook optimal associé a la distribution @,,. Lorsque c* est
unique, Cuesta-Albertos et al. généralisent les résultats de convergence presque stire de ¢,, vers
c* de Pollard, [Pol82b].

IIs démontrent également la convergence presque stire du risque R(¢,,) vers R(c*). Dans
cette these, nous précisons ces résultats avec une étude non asymptotique de cette convergence.

La méthode de k-moyennes trimés est adaptée aux mélanges de lois de méme variance. Dans
le cas des modeles Gaussiens hétéroscédastiques, des méthodes de partitionnement trimmé
ont également été proposées, voir par exemple la méthode de [GEGMMIO8] implémentée par
'algorithme R tclust. Cette méthode repose sur la vraisemblance trimmée introduite par Neykov
et Neytchev en 1990 [NN90]. En général, les méthodes permettant de traiter ce type de données
reposent sur l'algorithme EM?? (Expectation Maximisation).

Dans cette these, nous proposons et étudions une autre méthode implémentée par un
algorithme de type Lloyd trimmé.

Résultats d’approximation des k-moyennes a partir de données

Soit P, la mesure empirique associée a un n-échantillon de loi P. D’aprés Pollard [Pol82b], la
méthode de k-moyennes est consistante au sens ot sous la condition d’existence et d'unicité
d’un codebook optimal c* pour P, toute suite ¢,, de codebooks optimaux pour P, converge vers
ce codebook c* presque stirement. De plus, sous certaines hypothéses supplémentaires, Pollard
montre dans [Pol82a] que les codebooks optimaux ¢,, vérifient un théoréme central limite.

Les premiers résultats non asymptotiques pour la méthode des k-moyennes dans R? appa-
raissent dans le papier de Linder [Lin02]. Les bornes obtenues sont du type :

E[R(¢,) — R(c¥)] < CKQ\/? ,

*'Une variable aléatoire X suit la loi aP + (1 — )R lorsqu’avec probabilité o, X ~ P et avec probabilité 1 — a,
X ~R.

2Cet algorithme introduit par Redner et Walker en 1984 ([RW84], voir [FR02] pour une référence plus récente)
repose sur la notion de vraisemblance.
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lorsque le support de P est inclus dans la boule Euclidienne %(0, K') avec C' une constante
universelle. De telles vitesses lentes peuvent étre obtenues avec la théorie de Vapnik [Vap82],
voir aussi la version plus récente de Lugosi [Lug02].

Dans le cadre plus général des espaces de Hilbert, Biau et al. prouvent dans [BDL08] des
bornes en %, qui ne dépendent plus de la dimension. Avec des techniques similaires, Fischer

démontre dans [Fis10] des bornes en % pour I'exces de risque lorsque ||.||? est remplacée par
une divergence de Bregman.

Des vitesses plus rapides pour la méthode des k-moyennes dans R¢ en 1 et sous des hy-
potheses de condition de marge ont été obtenues dans [Lev15], voir aussi la these de Levrard
[Lev14]. Ces vitesses reposent par exemple sur les travaux de Massart [Mas07, Théoreme 5.1].

1.1.3 Une courte introduction a I'inférence géométrique et topologique
Inférence topologique avec la fonction distance au compact

Dans les domaines de 'inférence topologique et géométrique, le but est d’approcher la topologie
ou la géométrie d'un objet K (par exemple une sous-variété de R?) a partir d"un nuage de points
échantillonnés dans un voisinage de cet objet. Les méthodes fréquemment utilisées reposent sur
I'étude de sous-niveaux de fonctions distance.

Etant donné un espace métrique (X, §) et un compact K C X, la distance au compact K est la
fonction di : & — R4, définie pour tout x € X par di(z) = infycx 6(x,y). Les sous-niveaux
K¢ = di:' (€) de la fonction dx correspondent aux e-épaississements” de K. La distance de Hausdorff
dp définie par dg(KC, K') == ||dx — di||o est fréquemment utilisée en analyse topologique ou
géométrique des données pour comparer la topologie de deux compacts, voir par exemple la
these de Aamari [Aam17].

La topologie des données peut par exemple étre décrite par des diagrammes de persistance
(introduits en 2002 par Edelsbrunner et al. dans [EL1.Z02]) ou des code-barres®. Ces deux outils
décrivent I’évolution de I'homologie (nombres de composantes connexes, nombres de trous etc.)
des sous niveaux K¢ d"une fonction distance, lorsque € va de 0 a 'infini. Dans la Figure 1.2, nous
avons tracé la fonction distance a un ensemble de 4 points, ainsi que le code-barre associé.

24

L'information contenue dans un diagramme de persistance peut également étre résumée
dans un code-barre.

Deux diagrammes de persistance D(f) et D(g) associés aux sous-niveaux respectifs de
fonctions f et g suffisamment régulieres sont proches au sens de la distance de Bottleneck” entre
diagrammes des lors que f et g sont proches. En effet, sous certaines hypotheses de régularité

BLe e-épaississement K¢ est défini par K¢ = {z € X | Jy € K, §(z,y) < ¢}

2Un diagramme de persistance est une famille de paires de points (b, d). Le temps de naissance b; correspond au
parametre e pour lequel la i-éme composante (e.g. composante connexe, trou...) apparait. Le temps de mort d;
correspond au parameétre e pour lequel la -eme composante disparait. Par exemple, lorsque 1'on considére le nombre
de composantes connexes d'un ensemble de n points K,,, le diagramme de persistance contient exactement n paires
(b, d). Toutes ces paires satisfont b = 0 puisque K2 = K,, est composé de n composantes connexes. Aussi, (0, oc) sera
dans le diagramme puisque lorsque € est suffisamment grand, K;, contient exactement une composante connexe.

PUn code-barre est constitué de 'ensemble des segments [b;, d;] pour les points (b;, d;) contenus dans le dia-
gramme de persistance.

La distance de bottleneck est définie par dB(D, D) = inf,sup,.p ||z — p(z)||, avec p la fonction bijective
entre les points = du diagramme D et les points du diagramme D’, avec éventuellement des points supplémentaires
x = (b,b) sur la diagonale dans D et p(z) sur la diagonale dans D’.
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FIGURE 1.2 : Distance to a set of four points and barcode

sur les fonctions f et g, on peut écrire :

dB(D(f), D(9)) < If = 9llce- (1.4)

Il s’agit du théoreme de statibilité des diagrammes de persistance par [CSEH07]. Lorsque les
fonctions en question sont des fonctions distance a des compacts K et K/, di et dg, alors cette
distance est majorée par la distance de Hausdorff dy(/C, K'). Par conséquent, la distance de
Hausdorff est particulierement adaptée a 1'inférence topologique des données.

Dans cette these, nous adoptons un point de vue adapté a la présence de données aberrantes.
Nous travaillons avec une généralisation de la distance au compact, la distance a la mesure.

Inférence topologique avec les fonctions distance a la mesure

Un probleme majeur de la distance de Hausdorff est qu’elle n’est pas stable en présence de
données aberrantes. En effet, I'ajout de quelques points & un ensemble compact K peut induire
une forte variation de la distance au compact K. Alors, les diagrammes de persistance ou les
code-barres associés changent de fagon drastique. Cette difficulté est illustrée par les Figures 1.3,
1.4 puis 1.6.

0.0 0.2 0.4 0.6

00 02 04 06

00 02 04 06

FIGURE 1.3 : Distance a K FIGURE 1.4 : Distancea K, FIGURE 1.5: DTM avec h = 0.2

Afin de remédier a ce probléme, la distance a la mesure a été introduite par Chazal, Cohen-
Steiner et Mérigot en 2009. Elle est définie comme une généralisation de la distance au compact,
pour une distribution P et un parametre de masse h € (0, 1]. Elle s’exprime a partir de la
pseudo-distance dp, définie pour tout ! € [0, 1] par

§py(x) = inf{r > 0| P(B(z,r)) > 1},

ot #(z,r) désigne la boule Euclidienne fermée, centrée en z et de rayon r. La distance a la
mesure (DTM) dp, est alors définie par
1 rh

d?v,h(fﬂ) 1 (5123,1 (z)dl
1=0
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time time time

FIGURE 1.6 : Code-barres associés aux figures 1.3, 1.4 et 1.5

ou plus généralement, pour r > 1 par

1 h

1
dP’h’T(ﬂj) = (h 5;;,l($) dl>

1=0

Lorsque la mesure P est une mesure uniforme sur un ensemble fini de points X,,, la puissance
r-eme de la distance a la mesure en un point = s’exprime comme la moyenne des puissances
r-mes des distances entre x et ses ¢ = hn plus proches voisins dans X,,. Elle est donc facilement
implémentable en pratique.

Lorsque r = 2, une autre définition de la distance a la mesure en termes de sous-mesures est
donnée dans [CCSM11], par :

dpp2(®) = Popllu— 2%,

ou P, j, est la restriction de P a la boule de centre = et de masse h pour P. En regle générale,

@ 2(w) = inf Pllu o

L’infimum est pris sur 'ensemble des distributions P telles que h P soit une sous-mesure de P de
masse h. Cette derniere définition permet d’exprimer la DTM comme une fonction puissance :

dppal@) = inf Im(P) — z||* + v(P),

ot m(P) est 'espérance de P et v(P) sa variance.

Lorsque r = 2, la fonction ¢py, : @ + ||z||2 —d%, (z) est convexe. Dans cette thése, la méthode
de partitionnement/quantification Bregman de [BMDGO5] appliqué a cette fonction convexe.
Une version robuste (aux données aberrantes) de la méthode des k-moyennes. Nous étudions
une telle méthode.

La distance a la mesure est stable par rapport a la distance de Wasserstein. Voir [CCSM11]
pour le cas de R? et [Buc14] pour le cas plus général des espaces métriques. Lorsque P et Q) sont
deux mesures de probabilité supportées sur le méme espace (X', ), on a

1
||dP,h,T - dQ,h,rHoo < thr(Pa Q)

T

La norme || - || correspond au suprémum pris sur ’ensemble des éléments = de X'

Cette borne en Wasserstein permet d’obtenir des vitesses de convergence de 'ordre de nz
pour la déviation ||dpj, — dp, n||ec- Cette vitesse peut étre améliorée lorsque le parametre de
masse h vu comme une fonction de n décroit vers 0; voir [CMM16].

Le théoreme de stabilité des diagrammes de persistance (1.4) s’applique aux fonctions de
type DTM. En particulier, deux mesures proches au sens de Wasserstein auront sensiblement les
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mémes diagrammes de persistance (associés a la DTM). La DTM est une bonne approximation
de la distance au support pourvu que h soit suffisamment petit [CCSM11]. Donc, I'information
topologique contenue dans des données bruitées peut étre lue dans le diagramme de persistance
associé a la distance a la mesure.

D’un point de vue pratique, calculer un diagramme de persistance associé a la distance a un
ensemble de n points revient a calculer '’homologie d"une union de n boules, pour différents
rayons. Un tel calcul est accessible a condition que n ne soit pas trop élevé.

Les sous-niveaux de la DTM associée a un nuage de n points sont des unions d’environ (")
boules, avec ¢ = hn le nombre de plus proches voisins considérés dans le calcul de la distance
a la mesure. Le calcul d'invariants topologiques est alors compliqué. Afin de rendre ce calcul
possible, des approximations de la distance a la mesure dont les sous niveaux sont des unions de
n boules ont été introduites dans [GMM11] (la k-witnessed distance) et dans [BCOS15] (autres
fonctions puissance).

Dans la littérature, a notre connaissance, il n’existe pas encore d’approximation de la distance
a la mesure dont les sous-niveaux soient des unions de k boules, avec k sous-linéaire par rapport
a la taille des données n. Dans cette these, nous proposons et étudions une telle approximation
de la distance a la mesure. Ceci rend possible le calcul d’invariants topologiques pour des
données massives et bruitées.

Pour aller plus loin. L’intérét des méthodes d’inférence topologique va au dela du domaine de
l’analyse topologique des données. En effet, les méthodes de partitionnement hiérarchique telles
que la méthode de single linkage (initialement introduite en 1951 par Florek et al. dans [FEP"51]
puis dans [G.65] et [Joh67]), sont fortement liées a ces outils topologiques. Cette méthode est
également connue sous le nom de partitionnement des £ plus proches voisins (nearest neighbour
clustering). Une telle méthode fournit une famille de partitionnements des données, indexée par
un parametre « € [0, +00]. Le partitionnement d’un nuage de n points K, associé au parametre
a correspond a 1’ensemble des groupes constitués de points appartenant a la méme composante
connexe dans K. L'évolution des composantes est donnée par le diagramme de persistance
associé a la distance a K.

On pourrait imaginer une procédure de type single-linkage associée aux sous niveaux de
la DTM. Une telle méthode permettrait de palier le principal défaut de la méthode de single-
linkage, son caractére non robuste aux données aberrantes. C’est plus ou moins 1'idée des
travaux de Chazal et al. (voir [CGOS13]) ot une méthode de partitionnement reposant sur les
diagrammes de persistance est étudiée.

1.2 Contributions et Contenu

Dans cette these, nous traitons trois types de questions. La premiere concerne la comparaison
de deux nuages de points. Notre contribution consiste a introduire et étudier un test statistique
permettant de décider si deux jeux de données sont issus de deux espaces métriques mesurés
égaux, a isomorphisme pres. La seconde question concerne la décomposition d'un nuage de points
corrompu par des données aberrantes en plusieurs groupes pertinents. D'une part, nous étudions la
généralisation de la méthode de partitionnement des k-moyennes trimmées aux divergences de
Bregman. Cette méthode permet de traiter le cas des modeles de mélange de lois Gaussiennes
homoscédastiques, binomiales, Gamma, de Poisson etc. D’autre part, nous développons et
étudions une nouvelle méthode pour partitionner des données échantillonnées selon un modele
Gaussien hétéroscédastique, en présence de données aberrantes. La derniére question concerne
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I'approximation d'un ensemble compact par un ensemble de k centres, a partir d'un nuage de points tirés
dans un voisinage de ce compact, avec d’éventuelles données aberrantes. Nous développons pour ce
faire une nouvelle méthode de quantification basée sur la fonction distance a la mesure.

Les deux derniéres questions sont fortement liées. Aussi, nous appliquons des méthodes
similaires dans nos travaux afin de les traiter. De plus, dans cette these, nous adoptons un point
de vue géométrique. En effet, les résultats et méthodes développées reposent fortement sur
I'outil géométrique distance a la mesure.

Etant donnés deux nuages de points, une question importante en analyse de données est
de savoir si les distributions dont ils sont issus se ressemblent. Par "se ressembler"”, on peut
entendre "étre égales". Dans la littérature, de nombreux tests statistiques ont été développés
pour répondre a cette question particuliere. On pense aux tests de Kolmogorov-Smirnov et plus
récemment aux tests de Gretton et al. dans [GMBJR"12].

Dans cette these, nous cherchons a savoir si les distributions sous-jacentes sont égales mo-
dulo une certaine transformation rigide (e.g. modulo une translation, rotation, symétrie. ..). Plus
précisément, nous construisons une famille de tests statistiques permettant de décider si les
espaces métriques mesurés sous-jacents sont égaux a isomorphisme prés. A notre connaissance,
aucun tel test statistique n’a été étudié dans la littérature. Ce nouveau point de vue permet
de comparer des données qui n’ont pas été mesurées dans le méme espace ou dans le méme
systeme de coordonnées. Seule la connaissance des distances entre couples de points au sein
d’un méme échantillon est requise pour la construction de nos tests.

Pour construire de tels tests statistiques, nous procédons comme suit. Nous décidons de
rejeter 'hypothese d’égalité des espaces métriques mesurés a isomorphisme pres lorsque les
deux nuages de points sont trop différents. C’est-a-dire, lorsqu'une certaine "distance" entre les
deux distributions empiriques associées est trop grande ; plus grande qu’une certaine valeur
critique. Un bon test statistique consiste alors a choisir une bonne “distance” et une bonne valeur
critique.

Dans cette thése, nous comparons deux espaces métriques mesurés a isomorphisme pres
par le biais de la distance de Gromov-Wasserstein GV;. Cependant, comme mentionné précé-
demment, une telle distance n’est pas calculable en pratique, méme dans le cas discret. C’est
pourquoi nous adoptons le point de vue des signatures.

Nous introduisons une famille de signatures faciles a calculer en pratique. Leur calcul revient
a une recherche de plus proches voisins. Nous montrons que les pseudo-métriques induites
par ces familles de signatures sont stables par rapport a GW; et discriminantes sous certaines
alternatives. Ces propriétés assurent que les tests soient du bon niveau et puissants.

La valeur critique est a déterminer en fonction du comportement de la pseudo-distance entre
deux échantillons, sous I'hypothese Hj. Cependant, ce comportement dépend des distributions
sous-jacentes. Afin de remédier a cette difficulté, nous développons une méthode de type sous-
échantillonnage. Cette méthode permet de mimer le comportement de la pseudo-distance sous
I'hypothése Hy. On en déduit une valeur critique, construite a partir des données.

Nous validons notre procédure d’échantillonnage a 1’aide de la distance de Wasserstein W7.
L'utilisation des distances de Wasserstein dans ce contexte est encore peu répandue dans la
littérature ; voir [DBLL15, FLLRB12].
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Un test de Kolmogorov-Smirnov entre deux échantillons de paires
de distances serait une alternative envisageable a notre famille
de tests statistiques. Cependant, nos tests sont plus discriminants
dans certains cas. Par exemple, ils permettent de discriminer entre
les deux spirales ci-contre, qui ne sont pas isomorphes. Le test de
Kolmogorov-Smirnov ne le permet pas.

Etant donné un nuage de points échantillonnés ou bien selon un mélange de k distributions,
ou bien dans le voisinage d'un ensemble compact (e.g. une sous-variété), en présence de données
aberrantes, on se demande comment le réduire a un ensemble de k centres. Dans un premier
temps, on prend le point de vue du partitionnement des données (i.e. k petit). Dans un second
temps, on prend le point de vue de la quantification (i.e. £ grand). Les méthodes proposées
reposent sur des généralisations de la méthode des k-moyennes et de ’algorithme de Lloyd.

Dans cette theése, nous proposons des méthodes qui permettent de rejeter d’éventuelles
données aberrantes. Pour ce faire, nous adoptons le point de vue des k-moyennes trimmées de
Cuesta-Albertos et al. ; voir [CAGM97]. Contrairement aux méthodes usuelles, cela ne consiste
pas a éliminer les données aberrantes une fois les k centres optimaux déterminés, mais a en tenir
compte a chaque étape de l'algorithme de recherche de ces centres.”

En général, tracer la courbe représentant la somme des “distances” aux centres en les points
non trimmés, en fonction du parameétre i, permet de déterminer le nombre de données aber-
rantes présentes dans 1’échantillon et de les éliminer.

Les résultats que nous obtenons dans cette these sortent du cadre original de la méthode des
k-moyennes trimmées au sens ot nous remplacons la norme Euclidienne par une divergence
de Bregman. Ce point de vue avait été adopté dans le cas non trimmé par Banerjee et al. ; voir
[BMDGO05].

Une partie de notre apport consiste a dériver des vitesses non-asymptotiques pour ces
méthodes de partitionnement trimmé. Nous utilisons a ces fins des outils de déviation de bornes
pour les processus empiriques, faisant intervenir des entropies métriques par exemple. Ces
résultats précisent les résultats asymptotiques obtenus dans le papier original de Cuesta-Albertos
et al.

Nous adaptons les résultats de Cuesta-Albertos et al. (dans [CAGM97]) a des divergences de
Bregman. La généralisation des propriétés de type existence d'un codebook optimal ou conver-
gence presque siire des codebooks empiriques optimaux n’est pas triviale. En effet, la difficulté
majeure consiste a prouver que les codebooks empiriques optimaux (pour le partitionnement
Bregman) sont bornés avec grande probabilité.

Cette méthode de partitionnement trimmé avec une divergence de Bregman d est adaptée
a des données échantillonnées selon des mélanges de lois dont la densité se récrit sous la forme
x +— exp(—dg(x,c) + C(x)) ol c est I'espérance de la loi. C’est le cas des lois Gaussiennes de
méme matrice de covariance, des lois de Poisson, binomiales, Gamma etc. Notre méthode
appliquée a de telle données est illustrée dans la figure 1.11.

Lorsque les données sont échantillonnées dans le voisinage d"un compact (par exemple une
sous-variété) selon une distribution P, le choix de & petit n’a plus de sens. On prend le point de
vue de la quantification (c’est-a-dire k£ grand, mais petit par rapport a la taille de 1’échantillon).

7 A chaque étape, on retire une proportion 1 — h des points, ceux qui sont les plus éloignés des centres selon une
certaine “distance” (norme Euclidienne, divergence de Bregman etc.). Ensuite, les centres sont actualisés puis les
points réintroduits avant de passer a I'étape suivante ; ce jusqu’a convergence de 'algorithme.
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FIGURE 1.11 : Partitionnement trimmé avec une divergence de Bregman

En présence de données aberrantes, la méthode des k-moyennes trimmées échoue ; voir la figure
1.12.

La nouvelle approche que nous proposons consiste a faire de la quantification Bregman
comme Banerjee et al. dans [BMDGO05], mais avec une divergence de Bregman dépendante de
la distribution P. La divergence de Bregman en question est associée a la fonction convexe
Ypp @ = |lz]|* = d}, 5 (z). Cette approche revient a minimiser en t = (1, , .. ., t;) le critere
Pminep g llu — m(t;)||* + v(t;) ott m(t;) et v(t;) correspondent a la moyenne et la variance
de P restreintes a la boule centrée en ¢;, de masse h pour P. Cette nouvelle méthode est une
adaptation de la méthode des k-moyennes pour laquelle les centres sont a chercher parmi les
moyennes locales. Le terme de variance locale a pour effet de rapprocher les centres des zones
de forte densité.

Lorsque I’on implémente la version trimmée de cette méthode de quantification Bregman,
on obtient la Figure 1.13.

La distance a la mesure introduite par Chazal et al. dans [CCSM11] est a la base de toutes les
méthodes introduites et étudiées dans cette these. Elle possede de nombreux avantages. D’une
part sa dépendance en un parametre de masse h fait d’elle un objet géométrique robuste : Deux
mesures proches au sens des métriques de Wasserstein ont des DTM proches. Ainsi, I'impact
des données aberrantes dans un échantillon est minime pour le calcul de la DTM empirique.
Dans ce cas, ce calcul se réduit a une recherche de ¢ plus proches voisins, ce qui est peu cofiteux.
Aussi, ses diverses expressions permettent de faire le lien avec le critere des k-moyennes, des



Chapter 1. Introduction 22

(] cluster
0 = 16 cluster
o 17 0 * 16

1
(]
4- ® 2 o 18 4- 1 .17
3 * 19 2 = 18
(] - 4 * 20 3 20
- 5 o 21 . 4 o2
o0 - . Q.0 [
bq [ 6 22 o () '. 5 22
o ooy Qg0 8 N gt YioadeP
o __' __Q - 7 23 & o- :..-. CoX ] 6 23
(] < <4 L’
XY ?. @y 8 o+ 24 .° & ér.g B 8 o 24
V. o . [} ° 9 o 25
' 9 25
° 10 2 ° 10 2
[ 1" 27 . 12 27
-4- . 12 28 4= * 13 28
° 13 * 29 14 e 29
° 14 o 30 . 15
o 15
4 0 4 4 0 4
P1 P1

FIGURE 1.12 : Quantification trimmée avec la FIGURE 1.13 : Quantification trimmée avec la
méthode des k-moyennes trimmées divergence de Bregman associée a 1 p,

k-moyennes trimmées et méme avec la log-vraisemblance trimmée.

Une expression de la DTM dans [CCSM11] est donnée en un point = de R¢ par d% p(x) =
Py pllz — u||?. La distribution P, j, correspond a la restriction de P a la boule Euclidienne de
centre x et de masse h pour P. D’apres Cuesta-Albertos et al., un minimiseur d"une telle fonction
est en réalité un codebook optimal pour la méthode des k-moyennes trimmées, lorsque k vaut 1.

La perte des k-moyennes trimmées généralise la distance a la mesure a des codebooks ¢
de taille k, par la fonction ¢ — P j, min;epy 4 [|ci — ul|®. Pe p, estla restriction de P a une union
de k boules Euclidiennes centrées en les ¢;, de masse totale h pour P. En remplagant ||c; — u||?
par dg(u, ¢;), pour la divergence de Bregman d, et les boules Euclidiennes par des boules
de Bregman, on obtient une nouvelle généralisation de la distance a la mesure. Le codebook
minimisant cette fonction correspond exactement au codebook optimal pour la méthode de
partitionnement Bregman trimmé, c’est-a-dire pour notre méthode illustrée par la figure 1.11.

Nous mettons également a profit la convexité de la fonction ¢pp, : z — ||z|* — d%, 4 (),
construite a partir de la distance a la mesure. La méthode illustrée par la figure 1.13 repbée en
effet sur la méthode de quantification Bregman avec la divergence de Bregman associée a 1'p .
11 se trouve que la recherche d’un codebook optimal c* pour le critére correspondant revient a
chercher la fonction puissance qui approche le carré de la distance a la mesure par au-dessus, au
mieux (pour la norme L;(P)). On appelle une telle approximation de la distance a la mesure
k-PDTM (fonction k-puissance distance a la mesure). La méthode de quantification que nous
proposons revient ainsi a déterminer un coreset” pour la distance a la mesure.

Dans le cas discret, en choisissant pour £ la taille de 1’échantillon n, la k&-PDTM coincide avec
la g-witnessed distance de Guibas et al. dans [GMM11].

L’'intérét de notre approche est de fournir une approximation de la distance a la mesure
dont les sous-niveaux sont des unions de % boules, avec k petit par rapport a n. On montre en

particulier que le choix de k de I’ordre de nd’+4 est optimal, lorsque K est une sous-variété de
dimension d'. Les outils topologiques deviennent implémentables. La k-PDTM permet d’inférer
la topologie d"un compact a partir d'un échantillon bruité de grand volume.

En théorie, on étudie la version non trimmée de la méthode de quantification Bregman

Le coreset d’une fonction construite sur un nuage de points est une fonction du méme type, mais construite sur
un nombre réduit de points k, et qui en est une bonne approximation.
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associée a 1 p,. En pratique, on peut implémenter la version trimmée de la méthode de quantifi-
cation Bregman. Les performances sont encore meilleures en présence de données aberrantes,
puisque davantage de centres sont conservés.

Enfin, nous établissons un nouveau lien entre la distance a la mesure et des outils statistiques
connus. Soit { P | # € ©}, une famille de distributions paramétrée par la moyenne . On note
pe la densité de P. Soit P une mesure de probabilité sur ©. On note Fy ), la restriction de P
au sous-niveau de z — —log(ps(z)), de masse h pour P. Lorsque le modele considéré est une
famille Gaussienne isotrope, ce sous-niveau est une boule de centre § de masse h pour P.

La fonction définie en 6 par Py j, —log(pg(u)) est une généralisation de la distance a la mesure.
Les deux notions coincident lorsque 1’on consideére une famille Gaussienne isotrope. Dans le cas
discret, un minimiseur ¢ de ce critere est en fait un maximum de la log-vraisemblance trimmée.
On retrouve le maximum de vraisemblance lorsque h = 1. Cette généralisation peut-étre vue
comme une version continue de log-vraisemblance trimmée.

La méthode illustrée par la figure 1.15 consistait a approcher le graphe du carré de la DTM
par I'enveloppe inférieure de k paraboles. On adapte cette méthode a notre généralisation de la
log-vraisemblance trimmée, pour des modéles Gaussiens hétéroscédastiques. Apres trimmage,
on obtient la figure suivante 1.11. Cette méthode améliore 1’algorithme tclust de [GEGMMIO8]
qui ne fonctionne plus lorsque les composantes se croisent, sil’on en croit la figure 1.14.
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FIGURE 1.14 : Algorithme tclust de
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FIGURE 1.16 : Partitionnement pour un modele de mélange Gaussien hétéroscédastique.

FIGURE 1.15 : Notre algorithme

Les contributions de cette these sont listées plus précisément dans la section suivante.

1.3 Présentation détaillée des chapitres

Comparaison de distributions au sens de Gromov-Wasserstein

Dans cette these, la premiére question que 'on traite est la suivante :
Deux nuages de points sont-ils issus de deux espaces métriques mesurés isomorphes ?

¢ Nous introduisons une famille d’ensembles de signatures (Sp,)c[o,1), indexée par un para-

metre de masse h. Ce sont les signatures-DTM, elles sont construites a partir des fonctions
distance a la mesure dpy, 1.

« Les éléments de S, sont des distributions sur R*. Nous les comparons a l'aide de la

distance de Wasserstein ;. Naturellement, nous en déduisons une famille de pseudo-
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distances (ds n)ne[o,1] sur 'ensemble des espaces métriques mesurés quotienté par la
relation d’isomorphisme.

« Pour tout i, nous montrons que S, satisfait les trois propriétés : stabilité (par rapport a
la distance de Gromov-Wasserstein GW1), discrimination (sous certaines alternatives) et
facilité d'implémentation pour des espaces métriques discrets.

e Nous construisons une famille de fests statistiques (¢np)ne(o,1],, permettant de décider si
deux nuages de points sont issus de deux espaces métriques mesurés isomorphismes. Cette
famille est indexée par un parametre de masse h et un parametre de sous-échantillonnage p.

o La distribution de la statistique de test T}, , associée a ¢y, , est construite a partir de la
pseudo-distance ds ;. Sous '’hypothése d’isomorphisme Hj, nous étudions la distribu-
tion de T, ,. En particulier, nous étudions sa distribution limite, et a taille d’échantillon
fixé, son approximation avec une méthode de type sous-échantillonnage.

« Le niveau des tests est étudié d'un point de vue asymptotique et leur puissance d'un
point de vue non-asymptotique.

« Nous fournissons un algorithme permettant d’'implémenter ces tests statistiques et
propose des heuristiques pour sélectionner en pratique les parametres h et p.

o La procédure que I'on propose est implémentée sur des exemples simulés et est com-
parée a d’autres alternatives éventuelles.

De fagon annexe, nous démontrons quelques propriétés de discrimination des fonctions
distance a la mesure. Nous donnons également une preuve détaillée du théoréeme de Gro-
mov [GLP99, Théoreme 3 1/2.5.] relatif a la reconstruction des espaces métriques mesurés a
isomorphisme prés, en se basant sur la preuve originale de Gromov.

Critéres trimmés pour le partitionnement de données

Dans un second temps, nous nous focalisons sur la question suivante :
Comment partitionner au mieux un nuage de points en k groupes, en retirant éventuellement les
données aberrantes ?

Les méthodes proposées sont particulierement adaptées a certains modeles de mélange.

e Nous traitons d’abord le cas des mélanges de familles exponentielles pour lesquelles la
densité se récrit naturellement en fonction d'une divergence de Bregman. En ce sens,
nous faisons le pont entre la méthode des k-moyennes trimmeées (trimmed k-means) dans
[CAGMY7] et le partitionnement avec divergence de Bregman dans [BMDGO5]. (Travaux
réalisés en collaboration avec Aurélie Fischer et Clément Levrard)

o La méthode de partitionnement étudiée repose sur la minimisation d"un critere de
distorsion trimmé. On démontre l'existence d’un minimiseur c* d"un tel critere lorsque la
distribution P considérée a un moment d’ordre 1 fini.

« Lorsqu’un n-échantillon de loi P est a disposition, et sous hypothéese d"unicité de c*,
nous étudions la convergence d’un minimiseur du critére empirique ¢, vers c*. Aussi, sous
des hypothéses de variance finie, nous dérivons des bornes sous-Gaussiennes pour
I'exces de distorsion en ¢,,.

« Nous mettons en évidence un lien fort entre le critere de distorsion trimmé et la fonction
distance a la mesure dp, ».

« Une adaptation de 'algorithme de Lloyd permet de calculer un minimiseur local du
critere de distorsion empirique trimmé. Nous proposons une heuristique permettant de
sélectionner le meilleur parametre de trimmage en fonction des données. Finalement,
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nous étudions les performances de ces méthodes sur des données échantillonnées selon
des mélanges de lois de familles exponentielles, en présence de données aberrantes.

¢ Nous traitons ensuite le cas des mélanges de lois Gaussiennes hétéroscédastiques multidi-
mensionnelles. Cette nouvelle technique repose sur la log-vraisemblance trimmée (trimmed
log-likelihood).

o La distance a la mesure dpj, 2 peut étre vue comme une version continue de la log-
vraisemblance trimmée dans le cadre des lois Gaussiennes isotropes. Plus générale-
ment, nous introduisons une version continue de la log-vraisemblance trimmée, comme
généralisation de la DTM.

« Nous développons une nouvelle méthode de partitionnement trimmé adaptée aux
mélanges Gaussiens hétéroscédastiques. Cette méthode repose sur I’approximation
de la version continue d’une certaine log-vraisemblance trimmée par 1'enveloppe
supérieure de k fonctions linéaires. Ces fonctions linéaires sont chacune paramétrées
par un centre y; et une matrice de covariance ¥;. Nous en déduisons un critere de cotit
fonction de k centres p; et k matrices de covariance ;.

« Lorsque k = 1 et P = N(uo,X0), nous établissons 1'expression des minimiseurs du
critére de cofit en fonction de pg et 2.

« Nous fournissons un algorithme permettant de calculer un minimum local du critere
de cofit, ce qui fournit un partitionnement des données. Nous comparons ensuite ses
performances a celles obtenues par 1’algorithme tclust de Garcia-Escudero et al. dans
[GEGMMIO8].

De fagon annexe, nous revenons sur les méthodes dites de chainage visant a fournir des bornes
de déviation pour les processus empiriques. Parmi les outils utilisés, on peut citer I’entropie
métrique avec la dimension de Vapnik-Chervonenkis, l'intégrale de Dudley, le principe de sym-
métrisation avec les moyennes de Rademache etc. Nous y rappelons les méthodes développées
dans [BBLO5, Section 3] et [BLM13] par exemple. Nous les illustrons par divers exemples utilisés
dans cette these. La plupart de ces exemples ont été obtenus par Clément Levrard, dans le cadre de
nos collaborations.

Une nouvelle méthode de quantification basée sur la distance a la mesure

Dans un dernier temps, nous apportons une réponse a la question suivante :
Etant donné un nuage de points tirés dans un voisinage d’un compact IC, avec éventuellement
quelques données aberrantes, comment choisir k points pour approcher au mieux la distance a C?

Cette question est liée au probleme de quantification d’une distribution P, avec comme
objectif supplémentaire la fonction distance a son support K. (Travaux réalisés en collaboration
avec Clément Levrard)

¢ Nous étudions la méthode de partitionnement de [BMDGO5] pour la divergence de Bregman

associée a la fonction convexe z + ||z|* — d%}hg(:ﬂ). Cela revient a minimiser en t =

(t1,t2,. .., t;) le critere Pminep gy [lu — m(t;)||* 4+ v(t;) ot m(t;) et v(t;) correspondent a

la moyenne et la variance de P restreintes a la boule centrée en t;, de P-masse h. Nous
adoptons le point de vue de la quantification (i.e. k est grand).

« La minimisation du critere de cofit revient au probléme suivant : chercher la meilleure

approximation du carré de la DTM dfp’ h,2 Par une union de k paraboles, par au dessus,
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pour la norme L;(P). On appelle k-PDTM une telle approximation de la DTM. Ses
sous-niveaux sont des unions de k boules.

« On se place dans le contexte ot seule une modification @) de la distribution P (dont le
support K est a inférer) est a disposition. Nous étudions I’approximation du carré de la
DTM associée a P par le carré de la k-PDTM associée a (), dans L; (P).

« Nous calculons des bornes pour la norme infinie de la différence entre la k-PDTM
associée a () et la distance au compact K. En particulier, I'information topologique
contenue dans K peut étre reconstruite a partir de la k-PDTM associée a (), pourvu que
h soit suffisamment petit et () proche de P au sens de Wasserstein.

e La k-PDTM empirique est définie comme la k-PDTM associée a 0, la distribution empirique
associée a un n-échantillon de loi ). Nous étudions le cas particulier ou la distribution @
est obtenue comme la convolution de P par une mesure sous-Gaussienne de variance o>.

« La vitesse d’approximation de la k-PDTM associée a () par la k-PDTM empirique dans

, Vkd o . .
Li(P) est de l'ordre de NGRS Le premier terme correspond aux vitesses lentes

usuelles pour la méthode des k-moyennes. Le terme supplémentaire est un terme de
biais du fait que I'approximation soit mesurée dans 1'espace L(P) plutdt que dans

L2 (Q).

« Une optimisation en k des diverses bornes obtenues incite a choisir k de 'ordre de

/

nd’diﬂ, lorsque K est une sous-variété de dimension d'.

« L'algorithme de Banerjee [BMDGO5] pour la divergence de Bregman associée a la fonc-
tion convexe z — ||z[|* = d7, , ,(«) fournit un minimum local pour le critere empirique.
Nous implémentons également la version Bregman trimmée exposée plus haut. Dans
les deux cas, une heuristique permet de sélectionner le nombre de points a trimmer, i.e.
ceux qui sont considérés comme des données aberrantes.

De fagon annexe, nous étudions la convexité de 'ensemble des moyennes locales associées a
une distribution P, pour un parametre de masse h fixé. Par moyenne locale, on entend espé-
rance d'une sous-mesure de P de masse h. La convexité est assurée en particulier lorsque P
est une mesure Borélienne de R? qui est continue. Ces résultats permettent de faire le lien plus
facilement entre les différentes définitions de la k&-PDTM.

Pour aller plus loin :

Les tests statistiques d’isomorphisme introduits dans cette thése reposent sur la distance a la
mesure de parametre 1. Ces tests sont indexés par un parameétre de masse h. La distance a la
mesure jouit d"un certains nombre de propriétés qui nous permettent d’avoir des garanties sur
son efficacité pour les tests que I'on développe. Une question naturelle est de se demander s’il
existe d’autres fonctions qui vérifient ces propriétés, et qui seraient donc tout autant adaptées au
test d’isomorphisme. Il est intéressant de disposer de différentes fonctions puisqu’il est possible
que la distance a la mesure soit parfois incapable de distinguer que deux distributions sont
non isomorphes, alors qu’une autre fonction serait capable de les distinguer. D’autres pistes
d’amélioration sont a considérer. Dans certains cas, nos tests ne fonctionnent pas, en particulier
lorsque les signature-DTM sont des mesures de Dirac. C’est le cas des distributions uniformes
sur une sphere. Dans ce cas, une piste serait de convoler les deux distributions par une loi
normale, on en déduirait un test statistique qui fonctionnerait méme dans les cas dégénérés.
Une autre piste d’amélioration du test consisterait a renormaliser la statistique de test par une
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certaine quantité, de sorte a autoriser des dilatations entre les deux distributions a comparer.

D’autre part, on rappelle qu’a partir d"'un méme échantillon, plusieurs p-valeurs différentes
peuvent dériver d’'un méme test statistique d’isomorphisme. Cela est dti au fait que la statistique
de test est construite sur un sous-ensemble de 1’échantillon. Les p-valeurs sont donc aléatoires.
Les dépendances entre deux p-valeurs associées au méme test et au méme échantillon sont
faibles pourvu qu’elles soient construites a partir de deux parties distinctes de I’échantillon. I
serait intéressant de tirer parti de cette propriété. Par exemple, le test de Kolmogorov-Smirnov
appliqué a plusieurs p-valeurs pour le méme h permet de fabriquer un test un peu plus puissant
en pratique. D’autre part, une procédure de type Benjamini-Hochberg permet de sélectionner
les parametres h pour lesquels la signature-DTM discrimine le mieux les deux distributions.
A priori, la procédure de Benjamini-Hochberg est valable pour des p-valeurs indépendantes.
Dans notre cas, les p-valeurs ne sont pas indépendantes, mais leurs dépendances sont faibles.
Il serait intéressant de développer des outils théoriques permettant de justifier ces méthodes
expérimentales.

Les vitesses usuelles de convergence des codebooks empiriques vers les codebooks optimaux

sont de I'ordre de n~2 pour la méthode des k-moyennes. Nous montrons dans cette these que les
mémes vitesses sont obtenues pour la méthode de partitionnement trimmé avec une divergence
de Bregman. Dans [Lev14], Levrard propose des vitesses plus rapides de 1'ordre de n™!, sous
des hypotheses de conditions de marges. Il serait intéressant de chercher a adapter ces vitesses a
notre cadre plus général. La théorie des méthodes de partitionnement trimmées étudiées dans
cette these repose sur des hypotheses de sous-gaussianité. Pourtant, expérimentalement ces
méthodes s’adaptent a des distributions a queues lourdes, on pense aux lois de Cauchy. Nous
pourrions essayer d’adapter les résultats de cette these aux distributions a queues lourdes.

Nous proposons dans cette thése une méthode permettant de partitionner des données
échantillonnées selon un modéle Gaussien hétéroscédastique, en présence d’éventuelles don-
nées aberrantes. Une telle méthode pourrait étre utilisée pour inférer les moyennes et matrices de
covariance des distributions du mélange. Cela semble possible lorsque les moyennes sont dans
des zones de faibles densité pour les autres distributions du mélange, que & est suffisamment
petit, et que la taille de 1’échantillon suffisamment grande. Il serait intéressant de donner une
réponse probabiliste ou statistique a cette question.

Approximer un nuage de points par un ensemble de k-points peut étre fait au sens de la
distance de Hausdorff, on obtient alors un réseau. Lorsque cette approximation est faite par une
méthode de type k-moyennes, la distance qui est minimisée est la distance de Wasserstein. Notre
méthode approxime elle aussi la distribution empirique associée a un nuage de points, tout en
étant plus robuste aux données aberrantes. Ces approximations peuvent permettre en utilisant
les méthodes d’inférence topologiques de reconstruire les sous-variétés sous-jacentes.

Une adaptation simple de notre procédure de recherche de codebooks optimaux pour la
k-PDTM pourrait permettre de rechercher les modes d'une distribution, en faisant décroitre
le parametre h dans l'algorithme de recherche du codebook optimal. II serait intéressant de
faire I’étude théorique et pratique d"une telle méthode. Enfin, une adaptation de la méthode de
single-linkage avec la k-PDTM permettrait de fournir une méthode de classification hiérarchique
adaptée a la présence de données aberrantes.

La distance a la mesure est une version continue du critere des moindres carrés trimmés.
De facon plus globale, des généralisations de la distance a la mesure, construites a partir de
sous-mesures, pourraient étre utilisées pour fournir des versions continues d’objets discrets
trimmés. Ceci permettrait d’en faciliter 1’étude statistique, comme dans cette these.



CHAPTER 2

Similarity of distributions according
to the Gromov-\Wasserstein distance

Dans ce chapitre, nous traitons de la comparaison de distributions au sens de Gromov-Wasserstein.
En ce sens, nous développons des outils et méthodes permettant de décider si deux espaces
métriques mesurés sont isomorphes. Dans un premier temps, nous introduisons une famille
de signatures construites a partir de la famille des fonctions distance a la mesure (dp,1)ne(o,1),
les signatures-DTM. Nous étudions leurs propriétés de stabilité et de discrimination. Dans un
second temps, nous développons une famille de fests statistiques permettant de décider si deux
échantillons de points sont issus de deux espaces métriques mesurés isomorphes. Ces tests
reposent sur des pseudo-distances dérivées des signatures-DTM. Ce travail a fait 'objet d'un
papier [Brél8], soumis a Electronic Journal of Statistics. Une version géométrique du papier est
disponible dans [Bré16].
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In this chapter, we deal with the comparison of distributions in the Gromov-Wasserstein
sense. To this aim, we provide tools and methods to decide whether two metric-measure spaces
are isomorphic or not. Firstly, we introduce a family of signatures built from the family of the
distance-to-measure functions (dp, hvl)he[[)’l], the DTM-signatures. We consider their stability and
discriminative properties. Secondly, we derive a family of statistical tests that amount to decide
whether two samples of points have been generated from two isomorphic metric-measure
spaces. Such statistical tests are based on pseudo-metrics derived from the DTM-signatures.

2.1 Discriminative tools for comparing probability distributions

In this section, we expose and develop tools to compare probability measures. Over a first phase,
we consider two distributions defined on the same Borel o-algebra. The pseudo-metrics and
metrics we exhibit aim at measuring proximity of two such distributions, or proximity of their
supports. Over a second phase, we consider two metric spaces equipped with a distribution
(i.e. two metric-measure spaces). The notion of proximity is then measured in terms of the
Gromov-Wasserstein metric, developed by Mémoli in [Mém11] (see Definition 2.10). According
to this metric, two metric-measure spaces are considered the same when they are equal up to an
isomorphism, i.e. a rigid transformation, as defined in Definition 2.9.
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2.1.1 From comparison of compact sets to comparison of probability
distributions

Set P, a probability distribution defined on the Borel o-algebra of a metric space (X, ). The
support of P is defined as the largest closed subset of X with P-mass' 1. The support of P is
denoted by Supp(P).

A first strategy to compare two probability distributions consists in comparing their supports.
Whenever the supports are compact sets, their proximity is measured in terms of the Hausdorff
distance.

Distance to a compact set and Hausdorff distance

Set K, a compact subset of (X, ). The distance to the compact set K, is a function dx : X — Ry
defined for every z € X by dx(z) = inf {§(z,y) | y € K}. For every € > 0, the e-offset of K is
defined as the e-sublevel set of di. by

K={z e X|dc(z) <e} = ] Bla,o),
zelkl

where #(x,¢) = {y € X | §(x,y) < ¢} denotes the closed ball centered at x with radius ¢ in the
space (X, ).
A compact set IC can be recovered from dy since it coincides with its 0-offset:

K =dc'(0) = {z € X | dg(x) = 0}.

As a consequence, two compact sets /C and K’ are equal if and only if dx and di are the
same. The Hausdorff distance dy is defined after such a consideration by

dy(K,K") = sup |dx — dir| (z).
reX

Equivalently, a definition for the Hausdorff distance can be given in terms of offsets:
dp(K,K') =inf {¢ > 0| K C K“and £’ C K} .

See e.g. [Aam17] for the equivalence of the definitions and for additional properties satisfied
by the Hausdorff distance. In a nutshell, two compact sets K and K’ are equal if and only if
their Hausdorff distance is zero, i.e. if and only if dx and di+ coincide everywhere. Moreover, K
coincides with the set of points x € & for which d is zero.

The Hausdorff distance is perfectly adapted to topological data analysis. Indeed, if D(K)
denotes the persistence diagram associated with (K)o, the family of sublevel sets of dx, and
dB is the bottleneck distance between persistence diagrams, we have:

dB(D(K), D(K')) < dg(K,K'). (2.1)

It comes as a direct application of the stability theorem for persistence diagrams (Theorem 1.4),
that are defined in Section 1.1.3.

Now, we take the point of view of topological inference. In that, we consider a set of n
points KC,, in X’ and intend to recover topological information for K (number of connected com-
ponents, holes, voids...) from KC,,. If dy (K, K) is small, then according to (2.1), the topological
information contained in D(K,,) will roughly be the same as the information contained in D(K).

'We say that a Borel set A has P-mass h € [0, 1] whenever P(A) = h.
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Figure 2.1: Distance to K Figure 2.2: Distance to ), Figure 2.3: DTM to Q,,

Figure 2.4: Barcodes associated to Figures 2.1, 2.2 and 2.3

Nonetheless, if some points in C,, are far from K2, this assertion turns out to be wrong.
Indeed, in this case, the distance functions dx and d,, are very different, as highlighted by
Figures 2.1 and 2.2. As a consequence, the barcodes (that contain the same information as the
persistence diagrams) are completely different; see Figure 2.4. Then, the topology of X cannot
be recovered from dy,,.

An alternative point of view consists in replacing compact sets by distributions. For P a
probability measure with support K, we intend to recover the topology of K from a distribution
Qn close to P. As an example, we consider the distribution P = i (60 + do.9 + 01 + 61.1), with
Sz the Dirac measure® centered on z. The measure P is supported on the set £ = {0,0.9,1,1.1}
represented in Figure 2.1.

If Figure 2.2, we observe a set K,,. Then we can set Q,, = % > ozc i, 0z Some elements in /C,,
are far from K. Nonetheless, the distribution ),, remains close to P in terms of the Wasserstein
metric, as defined by Definition 1.2. As a consequence, as highlighted by Figure 2.3, we see
that di is well approximated by the distance-to-measure (DTM) to @,,. In addition, the barcode
associated with K is close to the barcode associated with K,,, see Figure 2.4.

Though, in presence of outliers, a strategy to compare compact sets or measures consists
in replacing the function distance to a compact set with the function distance-to-measure, as
defined below.

Distance-to-measure and Wasserstein metrics

The distance-to-measure, introduced by Chazal et al. in [CCSM11] is a generalization of the
function distance to a compact set that depends on a mass parameter & € [0, 1] and is defined as
follows.

2Such points are called outliers.
*Set (2, F) a measurable space, the Dirac measure centered on = € (2 is a probability measure defined for all
A€ Fbyds(A)=1ifz € Aand 6,(A) =0ifz ¢ A.
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Definition 2.1 (Chazal et al. 2011, see [CCSM11]). Set P, a Borel probability measure on a metric
space (X, ¢) and h a mass parameter in [0, 1].
The pseudo-distance with mass parameter [ € (0, 1) is the function dp;: X — R defined for
every z € X by
Spi(z) = inf{e > 0| P(B(z,¢)) > I}

Then, the distance-to-measure (DTM) associated to P with mass parameter h is the function
dpp: X — Ry* defined for every z € X by

1 h
dpp(x) = 7 - op(x)dl

More generally, the DTM with parameter » > 1 is defined for every x € X by

1 h

deno(@) = (5 [ dhute) )

1=0
In this chapter, when r is not specified for the DTM, the parameter equals to r = 1.
The DTM to a distribution P approximates the function distance to its support, Supp(P), in
the sense that for every « € X

lim dp () = dsupp(r) (2)-

In [CCSM11, Corollary 4.8 and Proposition 4.9], upper-bounds are derived for the difference
ldpn — dsupp(p)lloc, in the context of uniform distributions on submanifolds. The broader
framework of (a, b)-standard distributions’, for some a and b in R, is also considered.

By analogy with the Hausdorff distance construction, pseudo-metrics between two measures
P and @ can be derived from the corresponding DTM. A natural definition for such pseudo-
metrics is given by the maximal difference between the two DTM, ||dp . —dg h,r||oo- This family
of pseudo-metrics are actually to relate with the family of Wasserstein distances (W;.),>1.

Proposition 2.2 (Stability, in [CCSM11] for R, in [Buc14] for metric spaces). If P and @ are two
probability distributions on the space (X, 0), it comes that

1
ldphr — dQhrlleo < thr(P, Q),

where the supremum is taken on the whole space X .

We recall that the Wasserstein metric W, with parameter r > 1 is defined for two probability
distributions P and @ with a finite 7 moment® by:

WIP.Q) = __int  Eixy)r 5" (XY).

The set of transport plans I1( P, Q) corresponds to the set of all distributions on X’ x X" of a random
vector (X,Y), for X generated according to P and Y according to Q.

*When h = 1, the DTM might be equal to infinity. When h € [0, 1), the DTM is always finite and takes values in
R..
°A distribution P is (a, b)-standard if P(%(z, 7)) > min {1, ar’} for every = € Supp(P) and r > 0.
® P has a finite r moment if for some xo € X, Pd(xo,u)" < co.
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Set X,, = {X1, Xs,..., Xy} an n-sample from P and P, = 1 37 | §y,, the corresponding
empirical distribution. According to [BL14, Theorem 2.13], for every r > 1 W,(P,, P) converges
to 0 a.e., provided that P has a finite moment of order r.

As a consequence, it is relevant to approximate the DTM from X, via its empirical counter-
part, the empirical distance-to-measure, that is obtained by replacing P with P, in the definition of
the DTM. In that sense, we say that the distance-to-measure is stable under sampling.

Moreover, it is possible to obtain upper-bounds for the variation ||dpp » — dg a.r||cc When Q
is a modification of P given as the convolution of P with a distribution A with finite » moment,
by Q@ = P« N. That is, Q is the distribution of the random variable Y = X + Z where X is
generated according to P and Z according to AV. Then, it comes that

Wi(P,Q) S E[|Z]I"] = Mlu]".

A sample from () consists in data points generated from P with a slight error of measurement
given by the distribution N. Often, N is a Gaussian distribution.

Another type of transformations consists in replacing the measure P with the distribution
Q = aP + (1 —a)C for a close to 1 and C a distribution with bounded support, in a ball #(0, R).
For such a distribution (), it comes that

WI(P,Q) < (1—a)R".

A sample from () is composed of many points generated according to P and a few points gen-
erated from C. When the distribution C is uniform on an open set, we use the term “clutter noise”.

Previously, we mentioned two very important properties satisfied by the distance to a
compact set. Firstly, two compact sets K and K’ are equal if and only if dx = dis. Secondly,
it is possible to recover the compact set K from the function distance to the compact set, as
d:'(0) = K. We will prove that similar properties are satisfied by the DTM.

The question of the determination of a measure from its DTM is of interest. Some work
has been done in this direction for discrete measures; see [Buc14, Theorem 3.21]. Firstly, we
prove that for some particular spaces, the knowledge of the DTM at every point = and for every
h € (0,1) determines the distribution. Secondly, we prove that uniform distributions with
regular’ support can be recovered from the DTM associated with a mass parameter A > 0 small
enough.

Proposition 2.3. We define maps ¢ and 1) for every probability measure P such that P|lu|| < oo by:

O(P) = (dpn(®)) e (0,1, zex

and B
¢(P) = (P (’@(x7r)))r€]}{+yx€)(’
Then, the map ¢ is injective if and only if the map ) is injective.

The proof of Proposition 2.3 is available in Section 2.3.1.

Concretely, it means that spaces (X, §) equipped with the Borel o-algebra o(X'), that satisfy
the property:

"Here a set is regular if it has a positive reach, as defined by Equation (2.2).
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— Every distribution on ¢(X') is determined by its values on balls.
coincide with the spaces that satisfy:

— Every distribution on o (X)) is determined by its DTM forall h € (0,1) and z € X.
As noticed in [BL16], Euclidean spaces R4 satisfy these assertions, but there exists metric spaces
for which these assertions are not satisfied.

In the following, we will establish a stronger identifiability result in the following specific
framework.

Set O, a non-empty bounded open subset of R satisfying (O)° = O°. Then, the uniform
measure P is defined for every Borel set A4 of R, by:

B Lebd(O N A)
PO(A) - Lebd(O) ’

with Leb, the Lebesgue measure on R,
The medial axis of O, M(O) is defined as the set of points in O having at least two projections
onto its boundary 0O. That is,

M(0)={y€0|3a",2" €90, 2" #£ 2", |ly — 2'|l2 = [ly — 2"]2 = dso (y)},

with dypo(y) = inf{||lx — y||2 | x € 00}.
The reach of O, Reach(O) is defined as the distance between its boundary 0O and its medial
axis M(O). That is,

Reach(O) = inf{|lz —y[|2 | z € 00,y € M(O)}. (2.2)

If K is a compact subset of RY, it is standard to define its reach as Reach (K¢), the reach of its
complement in R?. See [Fed96] to get more familiar with these notions.

Figure 2.5: Medial Axis and Reach of an open set

The notion of medial axis is to relate with the notion of skeleton, as enhance by the following
lemma from Lieutier.

Lemma 2.4 ([Lie04]). The skeleton Sk(O) of the open set O is defined as the set of centres of maximal
balls (for the inclusion) included in O. Then, it comes that

M(0) € Sk(0) € M(O).

8Recall that the notation A stands for the closure of A, and A° for its interior.
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In Section 2.3.1, we give a proof of Lemma 2.4. This proof was obtained in collaboration with
Frédéric Chazal.

Note that when P is a finite set, these inclusions are actually equalities. Nonetheless, there
exists sets for which theses inclusions are not equalities. For instance, in [Lie04], Lieutier proves
that the medial axis of an ellipse is given by a segment without its extremities.

The knowledge of the distance-to-measure at every = € R¢ for two distributions Pp and Py
is discriminative, provided that h is small enough.

Proposition 2.5. Let O and O be two non-empty bounded open subsets of R® with positive reach, such
that O = (0)° and 0" = (@) . Let h > 0 be such that

wWd

. . d 'Ind [ —
h < min (Reach<0> , Reach(0”) )Lebd(O)

with wyq = Leby(%(0, 1)), the Lebesgue volume of the unit d-dimensional ball. If for every x € R4
dpy.n(x) =dp ,, n(x),
then Po = Py,

The proof of Proposition 2.5 is available in Section 2.3.1 and is based on the two following
propositions.

On the one hand, the set of minimisers of the DTM of Pp coincides with the set of points in
O which distance to O is larger than some radius e(h, O). This radius is defined for h € (0, 1) by

hLebd(O)> a |

Wd

e(h,0) = <
Such an €(h, O) corresponds to the radius of a ball included in O, with Pp-mass h.

1
Proposition 2.6. The constant dy,in = d%l ( %Z(OU  is a lower bound for the DTM of Po over R4

Moreover, the set of points attaining this bound is exactly O, o). where

O, = {:p60|ylenaf0]$y”2 26}.
The proof of Proposition 2.6 is to be found in Section 2.3.1.

On the other hand, O can be recovered as the e(h, O)-offset of the set of minimizers of the
DTM of Po.

Proposition 2.7. If Reach(O) > €(h, O), then:
{z € R? | dpyp(2) = dmin} ") = 0.

The proof of Proposition 2.7 is to be found in Section 2.3.1.
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Many metrics, pseudo-metrics and dissimilarity measures have been studied in the literature
to compare distributions defined on the same o-algebra. Among others, we can cite the total-
variation distance, the Kullback-Leibler divergence, the Prokhorov metric, the Kolmogorov
distance and the maximum mean discrepancy.

In this section, we have proposed alternatives to these tools based on the DTM. The pseudo-
metrics we consider are specially designed for the context of topological inference with data
corrupted by outliers. The pseudo-metrics aim at detecting equality of two probability distribu-
tions.

2.1.2 Equality of probability distributions up to rigid transformations

As aforementioned, the comparison of two datasets may be compromised when the data sets
have not been generated on the same space, or have not been stored within the same coordinate
system. In the context of compact sets comparison, the Gromov-Hausdorff metric GH was
introduced in 1975 by Edwards [AE75] and reintroduced in 1981 by Gromov [GLP81, Gro81].
Moreover, according to [CdSGO16] or [CGLM15, Equation (2.3)], the persistence diagrams
associated with compact sets K and K’ that are close in the Gromov-Hausdorff sense, roughly
contain the same topological information, in that:

dB(D(K),D(K")) < GH(K,K').
When dealing with distributions, it is common to work with the following setting.

Definition 2.8. A metric-measure space (mm-space) is a triple (X, §, P), with (X, §) a metric space
and P a probability measure on X equipped with its Borel o-algebra.

Definition 2.9 (Isomorphism between mm-spaces). Two mm-spaces (&X', J, P) and (), v, Q) are
said to be isomorphic if:

— Their exist Borel sets Xy C & and )y C Y such that P(X\Ap) = 0 and Q(V\)o) = 0.

— There is some one-to-one and onto isometry ¢ : Xy — ).

— The map ¢ preserves measures, i.e. Q(¢(A N Xp)) = P(AN Ap) for every Borel set A of X.
Such a map ¢ is called an isomorphism between the mm-spaces (X, 0, P) and (Y, v, Q).

In this section, we address the question of the comparison of general mm-spaces, up to an
isomorphism. In other terms, we aim at designing a metric or at least a pseudo-metric on the
quotient space of mm-spaces by the relation of isomorphism. A suitable pseudo-distance should
be stable under some perturbations, under sampling, discriminative and easy to implement
when dealing with discrete spaces.

From metrics to pseudo-metrics to compare mm-spaces

A first characterisation of mm-spaces is given in [GLP99]. In its Theorem 31.5, Gromov proves
that any mm-space can be recovered, up to an isomorphism, from the knowledge, for all size
N, of the distribution of the N x N-matrix of distances associated to an N-sample. A proof of
this theorem is available in the appendix, in Section 2.A. More recently, in [Mém11], Mémoli
introduced metrics on the quotient space of mm-spaces by the relation of isomorphism, the
Gromov-Wasserstein distances.

Definition 2.10 (Gromov—Wasserstein distance). The Gromov—Wasserstein distance between two
mm-spaces (X, d, P) and (), v, @) denoted GW (P, Q) is defined by:

. 1
GW(P,Q) = welllI(llf;,Q) B Y1), (XY )~ [[6(X, X") =~7(Y, Y]] -
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Again, II( P, Q) stands for the set of transport plans between P and @, and (X', Y’) and (X,Y)
are independent random vectors with distribution 7.

Unfortunately, even when dealing with discrete mm-spaces, the computation of these
Gromov-Wasserstein distances is extremely costly. An alternative is to assign a signature to
every mm-space. A signature is an element (in R, R¢, or a distribution on R) assigned to a
mm-space such that the same element is assigned to isomophic mm-spaces. The mm-spaces
are then compared through their signatures. In [Mém11], Mémoli gives an overview of such
signatures, as for instance shape distribution, eccentricity or what he calls local distribution of
distances.

In this section, we introduce a new signature that is a probability measure on R, and we
propose to compare such signatures using Wasserstein distances.

For two probability measures P and () over R, the L1-Wasserstein distance can be rewritten
as the Li-norm between the cumulative distribution functions of the measures, Fp : t —
P((—o00,t]) and Fy, or as well, as the L;-norm between the quantile functions, F, s
inf{z € R| F(z) > s} and F, 1. Thus, the computation of the L;-Wasserstein distance between
empirical measures is easy, in O (N log(NN)) for two empirical measures from subsets of R of size
N, the complexity of a sort.

Shape signatures are widely used for classification or pre-classification tasks; see for instance
[OFCDO2]. With a more topological point of view, persistence diagrams have been used for
this purpose in [CCSG 09, CDSO14]. But, as far as we know, the construction of well-founded
statistical tests from signatures to compare mm-spaces has not been considered among the
literature, this is the purpose of Section 2.2.

In the following, we will study stable and discriminative properties of the DTM-signature,
that is a new signature that derives from the distance-to-measure function, as follows.

Definition 2.11 (DTM-signature). The DTM-signature associated to some mm-space (X, 9, P),
denoted dp(P), is the distribution of the real-valued random variable dp}(X) where X is
some random variable of distribution P.

Study of a stable and discriminative descriptor of measures up to an isomorphism — The
DTM-signature

Stability of the DTM-signature In this section, we prove stability results for the DTM-
signature. These results all rely on the stability of the distance-to-measure function itself.
The DTM-signature turns out to be stable with respect to this Gromov-Wasserstein distance.

Proposition 2.12. We have that:

Wa(dpa(P), dga(Q)) < 7GW(X, ).

The proof of Proposition 2.12 is to be found is Section 2.3.1. The proof is relatively similar to
the ones given by Mémoli in [Mém11] for other signatures.

It follows directly that two isomorphic mm-spaces have the same DTM-signature. Whenever
the two mm-spaces are embedded’ into the same space, we also get stability with respect to the
L1-Wasserstein distance.

"We say that two mm-spaces (X, 4, P) and (), 7, Q) are embedded into the same space when X and ) are
included in the same metric space (Z,0z) withd =0z on X and y = 6z on Y
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Proposition 2.13. If (X,0, P) and (Y, 0, Q) are two metric spaces embedded into some metric space
(Z,6), then we can bound W1(dpp(P),dgn(Q)) above by

Wl (Pa Q) + min {HdP,h - dQ,h||oo,Supp(P)7 HdP,h - dQ,h”oo,Supp(Q)} 5

and more generally by

1
The proof of Proposition 2.13 is to be found in Section 2.3.1.

As a consequence, just as the distance-to-measure, the distance-to-measure signature turns
out to be stable under sampling. Moreover, set Q = aP * N + (1 — «)C for N and C distributions.
Then, provided that N has a low first moment N ||ul|, « is close to 1 and C has a bounded support,
the DTM-signature dg 5 (Q) will be close to dp,(P).

Discriminative properties of the DTM-signatures The DTM-signature is stable but unfortu-
nately does not always discriminate between mm-spaces. Indeed, in the following counter-
example from [Mém11] (example 5.6), there are two non-isomorphic mm-spaces sharing the
same signatures for all values of h.

Example 2.14. We consider two graphs made of 9 vertices each, clustered in three groups of
3 vertices, such that each vertex is at distance 1 exactly from each vertex of its group and
at distance 2 from any other vertex. We assign a mass to each vertex; the distribution is the
following, for the first graph:

p_[(28 L 67) (3 1 4) (21 2
N 14071057420 ) "\ 2872821 ) "\ 15715’ 15 ’

and for the second graph:

o {(3 L 6 2 4 1 23 2 1
N 287157420 ) "\ 157217105/ "\ 140’ 15" 28 '
The mm-spaces ensuing are not isomorphic since any one-to-one and onto measure-preserving
map would send at least one pair of vertices at distance 1 from each other to a pair of vertices at
distance 2 from each other, and thus it would not be an isometry.

Moreover, note that the DTM-signatures associated to the graphs are equal since the total
mass of each cluster is exactly equal to .

Nevertheless, the DTM-signature can be discriminative in some cases. As an example, in the
following we derive lower bounds for the L{-Wasserstein distance between two DTM-signatures
under three different alternatives.

When the distances are multiplied by some positive real number ). Let A be some positive
real number. The DTM-signature discriminates between two mm-spaces isomorphic up to a
dilatation of parameter A, for A # 1.

Proposition 2.15. Let (X, 6, P) and (), ~, Q) = (X, A\d, P) be two mm-spaces. We have

Wi(dpn(P),don(Q)) = [1 = AlPdpp(u).
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Figure 2.6: P Figure 2.7: Q)

The proof of Proposition 2.15 is straightforward, see Section 2.3.1.

The case of uniform measures on non-empty bounded open subsets of R?

The DTM-signature discriminates between two uniform measures over two non-empty
bounded open subsets of R¢ with different Lebesgue volume, provided that & is small enough.
We use the same notation as in Section 2.1.1.

Proposition 2.16. Let (O, ||-||2, Po) and (O', ||-||2, Por) be two mm-spaces, for O and O’ two non-empty
bounded open subsets of RY satisfying O = (0)° and O' = (0)°.
A lower bound for W1(dp,,n(Po),dp,, .n(Por)) is given by

Leby(0)d — Lebg(0')d|.

1
i d h\d
win (o (Ocn.0)) - Por (O'cnon)) 7717 <wd>

The proof of Proposition 2.16 is deferred to Section 2.3.1. This proposition can be applied to
a simple case.

Example 2.17. Let O be the open unit ball in R%, and O’ the hypercube of radius 1 in R®. Then,
the DTM-signature discriminates between Pp and Py whenever

Wd
h < 9
The proof of the statement in Example 2.17 is to be found in Section 2.3.1.

The case of two measures on the same open subset of R? with one measure uniform
Let (O, | - ||l2, Po) and (O, || - ||2, @) be two mm-spaces with O a non-empty bounded open

subset of R%, Py = %{8) and ) a measure absolutely continuous with respect to Fo.
According to the Radon-Nikodym theorem, there is some Pp-measurable function f on O such

that, for all Borel sets A in O,
Q) = [ F@)Pow).

We can consider the A-super-level sets of the function f denoted by {f > A}. Again, we will
denote by {f > A}, the set of points belonging to { f > A} whose distance to 0{f > A} is at least
€.

Then we get the following lower bound for the L;-Wasserstein distance between the two
signatures:
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Proposition 2.18. Under these hypotheses, a lower bound for W1 (dp, n(Po),dg x(Q)) is given by

1
1 1 [hLebg(O)\# [* 1 ,
Leb > A L) da
1+ dLebgy(O) < Wy > /A 1 NG A PGS <{f }(LLebd(O))}i

wg A

where wq stands for Leby(2(0, 1)), the Lebesgue volume of the unit d-dimensional ball.

The proof of Proposition 2.18 is to be found in Section 2.3.1.

When the density f is Holder
In the following, we assume that Reach(O) > 0 and that f is Holder on O, with positive
parameters x € (0,1] and L > 0, that is:

v,y € O, [f(z) = f(y)l < Lz —yll3.

Then for i small enough, the DTM-signature is discriminative.

Proposition 2.19. Under the previous assumptions, if one of the following conditions is satisfied, then
the quantity W1 (dp, 1 (Po),dg x(Q)) is positive:

w [1fllso,0 — 1

h < Wd(o)min {Reach(O) (2L) } :

he [Lel‘)‘;(o)(Reach( N (I fllos.0 — 2L(Reach(0))X) (Reach(O))dIﬂ:d(OQ;

7Wd d : X mln eac d K
he[Lebd«» (5) o min o, s Rench(0) +Xd2L}>’

ﬁ
with by = 1110 ety (£)° @0 (25) 7
Moreover, under any of these conditions, we get the lower bound for W1 (dp, »(FPo),dgn(Q)), our

pseudo-metric:

1 <hLebd<0>>“ /:" Ssup Q ({2 N+ LeN)¥} N 0,n) dA,

1+d wq 1AM G A

-

with e(X') = N4 <7hLebd<O> .

Wd

Here, wq stands for Leby(%(0,1)), the Lebesgue volume of the unit d-dimensional ball.

The proof of Proposition 2.19 is to be found in Section 2.3.1.

This proposition displays different intervals of values for h for which the DTM-signatures
are discriminative. These intervals depend on the reach of O. Indeed, for h small enough (i.e.
smaller than a function of Reach(O)), Proposition 2.6 entails that the DTM of Py is known for
most of the elements of O. For such elements, it will be easier to derive bounds for the difference
between the DTM of Py and the DTM of Q.

The Holder hypothesis implies the DTM of Q) at two points close enough in O are close. The
bounds obtained come from the simple idea that the density of () is not constant. Then, for some
h, we can exhibit a set of points with positive Fy-measure for which the DTM of () is smaller
than the minimum of the DTM of Pp.
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Note that these intervals do not necessarily represent all of the values of h for which the
distance-to-measure is discriminative. Furthermore, they do not always correspond to the most
discriminative values of h. At least, this proposition can be applied to concrete cases, proving
the existence of some mass parameters h for which the DTM-signature is discriminative.

Example 2.20. Let O be the open unit ball %(0, 1) in R¢, Py the uniform measure on O and Q
the multivariate normal distribution N(0, 02 I) restricted to %(0, 1).

The signatures are discriminative, provided that o is small enough, for all ~ smaller than
0.23ifd =1;0.30if d = 2; 0.68 if d = 3; and for all values of h if d > 4.

The proof of the statement in Example 2.20 is to be found in Section 2.3.1.

In Section 2.2, we will build a statistical test of isomorphism based on the DTM-signature.
Morally, whenever the DTM-signatures are discriminative, the test will be powerful. The
previous examples provide several relevant examples for which the DTM-signature turns out to
be discriminative. Thus, for these examples among others, the test will be powerful.

2.2 Statistical test of similarity in the Gromov-Wasserstein sense

Let (X,6, P) and (), ~, Q) be two mm-spaces.

In this section, we build statistical tests of the null hypothesis
Hj “The mm-spaces (X, ¢, P) and (), , Q) are isomorphic”,
against its alternative:
H,; “The mm-spaces (X, §, P) and (), ~, Q) are not isomorphic”.

The statistical tests we propose are based on the observation of two samples, an N-sample
from P and an N’-sample from Q. To simplify notation, we assume that N’ = N, but the
methods proposed also work when N’ is different from N. The important thing is to keep the
same n in both cases, as defined below.

Given an N-sample X, X»,... Xy from the measure P, we denote Py = N va 10x, and
P, = % >, 0x, for some n < N. As well, we define Q N and Qn from an N-sample from Q.
We recall thatdp h(Pn) is the discrete distribution 1 =3 0q dp (X0} and that we compare

signatures with Wy, the L;-Wasserstein distance.
The test statistic is then defined as
Tnnn(P,Q) = vaWi (dp ,(B) dg ,(Qn)).
and its distribution is denoted by Ly ,, »(P, Q).
Note that for two isomorphic mm-spaces (X (i P)and (),~,Q), the following distributions
LN

LNnn(P,P), Lnnn(Q,Q), and %EN,ML(P, P) + 1(Q, Q) are equal. They correspond to
the distribution of the test statistic Ty, (P, Q).
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Lemma 2.21 (EQUALITY OF EMPIRICAL SIGNATURES UNDER THE ISOMORPHIC ASSUMPTION). If
(X,0,P)and (Y,~,Q) are two isomorphic mm-spaces, then the distributions of the random variables

\/ﬁWI(dPN’h(pn)v dp]/wh(Pylz))

and R .
\/77W1(de7h(Pn)v dQN,h(Qn))

are equal. Here the empirical measures are all independent and the measures Pl and P, are from samples
from P.

The proof of Lemma 2.21 is to be found in Section 2.3.2

For some a > 0, we denote by q, = inf{zx € R| F(z) > 1—a}, the a-quantile of a distribution
with cumulative distribution function F .

The a-quantile qq v 5 Of %E Nan(P, P) + %E N.nh(Q, Q) will be approximated by the a-

quantile 4,y Of %E}‘Vm’h(PN, PN) + %E*N’n’h(QN, QN) Here E?v,n,h(PNa PN) stands for the
distribution of /nW; (d pon(B)dp PA*)) conditionally to Py, where P and P/* are two

n

empirical measures from independent n-samples from Py .

The test we deal with in this paper is then

(ZSN:nvh = ]]'TN,n,h(PvQ)>éla,N,n,h :

The null hypothesis Hy is rejected if ¢ ,, 5, = 1, that is if the L-Wasserstein distance between
the two empirical signatures d 5 h(f?n) and dg h(Qn) is too high.

Note that it is equivalent to compute a p-value py 5, from the subsampling distribution and
the test statistic:

PNpp =1 = F(Tnpnn(P,Q)), (2.3)
with F*(t) = P(T < t) for T a random variable from the distribution %E}‘V’n,h(PN, Py) +

%E}(V,n’h(QN? QN)
The statistical test consists in rejecting the hypothesis H, if the p-value is not larger than ¢,
that is

SNk = Lpy o p<al

2.2.1 A test of asymptotic level «
In this section, we derive assumptions under which the test we propose is of asymptotic level «,

that is such that

limsup P (p gy r, (ONnn = 1) < a,
N—o00

where P (p gy p, (ONnn = 1) stands for the probability that ¢, , = 1 when the test is build
from samples from two mm-spaces (X, §, P) and (), v, Q) which are isomorphic.

In the following, Gpj and G5, represent two independent Gaussian processes with co-

variance kernel (s, t) = Fq,, (p)($) (1 — Fap,(p) (t)) for s < t,and |Gpp — G [l1 denotes the
random variable corresponding to the integral on [0, 1] of the absolute value of the difference
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between the two Gaussian processes.

This first theorem describes the case of measures supported on compact subsets of R¢
equipped with the Euclidean metric. Better results are obtained for measures which are more
regular in the following sense. We say that a measure P is (a, b)-standard with positive parameters
a and b, if for any positive radius  and any point x of the support of P, we have that P(B(xz,r)) >
min{1,ar’}, with B(z,r) = {y € X | 6(x,y) < r}.

Theorem 2.22. Let P and Q be two Borel probability measures supported on compact subsets of R%. We
set N = cn® with some ¢ > 0 and p > 1.
The statistical test

-1 ) -
O = L mw (g (P, (@) >0 nnn

is of asymptotic level o
— in the general case, if p >
— in the (a,b)-standard case, if p > 1,

with the additional assumption that L(||Gpp, — G'p,||1) is atomless.

max{d,2}
2 7

This second theorem describes the case of measures supported on compact subsets of general
metric spaces, but requires assumptions that are more difficult to check.

Theorem 2.23. Let P and @) be two Borel probability measures supported on compact subsets of general
metric spaces.

Let n be chosen as a function of N such that when N goes to infinity, n goes to infinity and
\/ﬁE[Hdp7h—de7h||oo’X] goes to zero. Assume moreover that /nWi(dpp(P), dp,h(pN)) and \/n||dpp—
dp, plloc,x 0 to zero ae..

Then, if L(|Gpp — G'pyll1) is atomless, the statistical test

ONnh =L mwitdp (P dg (@) >0y
is of asymptotic level .

Note that for uniform measures on any sphere in R¢, the continuity assumption for the
cumulative distribution function of L(||Gp — G'p,||1) is not satisfied. This is a degenerate case.
Thus, the test cannot be applied to such mm-spaces directly. Nonetheless, it can be applied after
adding isotropic noise to both samples.

These theorems are obtained by proving that the distribution of the test statistic

1 1
EEN,n,h(Pa P) + §£N,n,h(Q7 Q)
under the hypothesis Hj and the subsampling distribution
/OO
§£N,n,h(PN7 Pn) + §EN,n,h(QN> QN)
converge weakly to the fixed distribution

1 1
S LU Ges — Grall) + 5 £(1Gon — Goulh)

when n and N go to oco.
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In order to adopt a non-asymptotic and more visual point of view, we also derive upper
bounds in expectation for the L;-Wasserstein distance between the first two distributions above.

Note that it is sufficient to prove weak convergence for Ly, (P, P) and L}, h(PN, Py).
Moreover,

1 1 1 A 1 A oA
Wi <2£N,n,h(P, P) + §£N,n,h(Q7 Q), 3 Nan(Pny Py) + §£7v,n,h(QN7 QN))
is bounded above by

1 P 1 A oA
§W1 (EN,n,h(P7 P)7£7V,n,h(PN7PN)) + §W1 (EN,n,h(Qa Q)vﬁf\f,n,h(QNaQN)) :

This is a straightforward consequence of the definition of the L;-Wasserstein distance with
transport plans. Thus, this is also sufficient to derive upper bounds in expectation for the

quantity Wy (['N,n,h(P, P), 7V,n7h(PN7 PN)) .

Theorem 2.23 follows from the following two lemmas.

Lemma 2.24. For P a measure supported on a compact set, we choose n as a function of N such that:
when N goes to infinity, n goes to infinity, \/nE[||dpn — dp ,[lec,x] g0es to zero or more specifically

%E[Wl(P, Py)] goes to zero. Then we have that
LNnn(P,P) ~ L(|Gpn — Gpyll) ,

when N goes to infinity. Moreover, if n is chosen such that /nW1(dp(P), dps(Py)) and v/n||dpy, —
dPN plloo,x g0 to zero a.e., we have that for almost every sample X1, Xo,... XN ...,

Ly n(Pr, Py) ~ L ([|Gpp = Cpylh)
when N goes to infinity.
The proof of Lemma 2.24 is to be found in Section 2.3.2.

Lemma 2.25. If the two weak convergences in lemma 2.24 occur, and if the a-quantile q, of the
distribution L(3||Gpj, — Gpplh + 3 Gon — Gg.all) is a point of continuity of its cumulative
distribution function, then the asymptotic level of the test at (P, Q) is c.

The proof of Lemma 2.25 is to be found in Section 2.3.2.

Theorem 2.22 follows from Theorem 2.23 and some rates of convergence for the Wasserstein
metric between a measure and its empirical version in [FG15], or for the infinity norm of
the difference between the distance-to-measure and the distance to the empirical measure in
[CMM16]. These results are recalled and proved in Proposition 2.26 and Proposition 2.28 with
complementary results.

The case of measures supported on a compact subset of R?

We choose N = cn” for some positive constants p and c. Then the test is asymptotically valid

for two measures supported on a compact subset of the Euclidean space R? if we assume that
p> max{d,2}
—
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Proposition 2.26. Let P be some Borel probability measure supported on some compact subset of R%.
Under the assumption
max{d, 2}
>
2
the two weak convergences of lemma 2.24 occur.
Moreover, a bound for the expectation of W ([, Nan(P, P), Ly, h(PN, PN)> is of order:

1
N7~ w7 (log(1 + N))e=2 .
Furthermore, W, (EN,nyh(P, p), E*N’mh(p]v, ]5N)> — 0 a.e. when n goes to co.

The proof of Proposition 2.26 is deferred to Section 2.3.2.

The case of (a, b)-standard measures supported on a compact subset of R¢

Recall that a probability measure P is (a, b)-standard with positive parameters a and b, if for any
positive radius r and any point x of the support of P, we have that P(%(x,r)) > min{1, ar’}.
Uniform measures on open subsets of R satisfy such a property:

Example 2.27. Let O be a non-empty bounded open subset of R?. Then, the measure Py is
(a, d)-standard with

a

- oy ()"

Here, D(O) stands for the diameter of O, wy for Lebg(#(0, 1)), the Lebesgue volume of the unit
d-dimensional ball, and Reach(O) is the reach of the open set O as defined in Section 2.1.2.

The proof of the statement in Example 2.27 is to be found in Section 2.3.2.

Similar results can be obtained for uniform measures on compact submanifolds of dimension
d. In [NSWO08] (lemma 5.3), the authors give a bound for a depending on the reach of the
sub-manifold.

The test is asymptotically valid for two (a, b)-standard measures supported on compact
connected subsets of R? if p > 1:

Proposition 2.28. Let P be an (a, b)-standard measure supported on a connected compact subset of RY.
The two weak convergences of lemma 2.24 occur if the assumption p > 1 is satisfied. Moreover, a bound

for the expectation of W1 (£N,n,h(P, P), E}‘Vm’h(PN, PN)> is of order N7z up to a logarithmic term.

The proof of Proposition 2.28 is to be found in Section 2.3.2.

Note that we can achieve a rate close to the parametric rate for standard measures, whereas
for general measures, the rate gets worse when the dimension increases. In any case, we need p
to be as large as possible for the subsampling distribution to be a good enough approximation
of the distribution of the statistic, that is to have a type I error close enough to «a, keeping in
mind that n should go to oo with N.

2.2.2 The power of the test
The power of the test ¢ 1, ;, = is defined for two mm-spaces

(X,6,P)and (¥,7,Q) by

1 : o
VWi (dp u(P)dg 1 (@n)) >da,nonn

1 - Ppg) (@nnnr=0),
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where P (p o) (#n,n,n = 0) stands for the probability that ¢, , = 0 when the test is build from
samples from two general mm-spaces (X, §, P) and (), 7, Q).

If the spaces are not isomorphic, we want the test to reject Hy with high probability. It means
that we want the power to be as large as possible. Here, we give a lower bound for the power,
or more precisely an upper bound for P(p gy (¢n,n,n = 0), the type Il error.

Theorem 2.29. Let P and Q be two Borel measures supported on X and Y, two compact subsets of RY.
We assume that the mm-spaces (X, 0, P) and (Y, ~, Q) are non-isomorphic and that the DTM-signature
is discriminative for some h in (0, 1], meaning that the pseudo-metric Wy (dpy(P), dg.n(Q)) is positive.
We choose N = n® with p > 1. Then for all positive €, there exists ng depending on P and Q) such that
forall n > ny, the type II error

N ~

Prq) (\/ﬁwl (dﬁN,h( n),dQN,h(Qn)) < Qa,N,n,h)

is bounded above by
Wi (dpp(P), do.n(Q))
(2 + €) max {D?D,iw Dé,h}

with Dpy, the diameter of the support of the measure dpp,(P).

4 exp

The proof of Theorem 2.29 is to be found in Section 2.3.2.

In order to have a high power, that is to reject Hy more often when the mm-spaces are not
isomorphic, we need n to be big enough, that is p small enough. Recall that n has to be small
enough for the law of the statistic and its subsampling version to be close. This means that
some compromise must be made. Moreover, the choice of & for the test should depend on
the geometry of the mm-spaces. The tuning of these parameters from the data is still an open
question.

Moreover, note that the power of the test is strongly related to W (dp(P),dgr(Q)). The
test is powerful when the pseudo-metric is high, and does not discriminate between measures
when it is low. In the following section, we derive some upper-bounds and lower-bounds for
this pseudo-metric, under some geometric assumptions.

In this section, we first describe the procedure to implement the statistical test of isomor-
phism. Then, we illustrate the validity of the method by providing some numerical approxima-
tions of the type-I error and the power of the test for various examples. We also compare our
test to a more basic statistical test of isomorphism.

2.2.3 The algorithm

The procedure for the statistical test is as follows.
In the code, if Z = {Z1, Zs, ..., Z,}, then we use the notation 17 for the measure % >0z,

Algorithm 2.1: Test Procedure

Input:

X = {X1, Xo,...,Xn} N-sample from P;

Y ={¥1,Ys,..., Yy} N'-sample from Q;

parameter n, mass parameter h, level o, number of subsampling repetitions Ny, ;

# Compute 7 the test statistic
Let 0 be a random permutation of {1,2,...,N};
Let o’ be a random permutation of {1,2,..., N’} independent of ¢ ;
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Define X,, = { X, (1), X, (2)
Y.

7Xa(n)}
Define Y, = {Yo/(l)a o'(2) Y,

goee U’(n)};

Define the test statistic 7" = \/nWi(di4 n(1x,),d1y 1 (1v,));

# Compute Wiy, a Ngyp-sample from the subsampling law
Compute dtmX = {d]XJL(Xl), d]lx’h(XQ), ey d]lx,h(XN)};
Compute dtmY = {dh{,h(yl)’ d]lYJL(YQ), cee dﬂYJL(YN/)} ;
Let Wy, be empty;
for j in 1..[Ngw/2]:
Let dtmX; and dtmX, be two independent n-samples from dtmX with replacement ;
Let dtmY and dtmY> be two independent n-samples from dtmY with replacement;

Add oW1 (Lapmx,, Latmx,) and /nWi(Lamy,, Latmy,) t0 Weup ;

# Compute pval, the p-value of the statistical test
Let pval be equal to the mean number of elements in Wy,,;, bigger than T ;

Output:
The hypothesis retained is H; if pval < 0.05, Hy if not.

Recall that the L;-Wasserstein distance W; is simply equal to the Li-norm of the difference
between the cumulative distribution functions, which is easy to implement in the discrete case.
As explained in the Introduction, in order to compute the distance to an empirical measure
on an N-sample at a point z, it is sufficient to search for its k¥ = [hN|-nearest neighbours in
the sample, where & € [0, 1] is the mass parameter. The distance to the empirical measure can
also be implemented by the R function dtm with tuning parameter » = 1, from the package TDA
[FKLM14].

An example in R?

In this subsection, we will compare the statistical test of this paper (DTM) with the statistical
test (KS) which consists in applying a Kolmogorov-Smirnov two-sample test to the &' -sample

{5(X1,X2), (5(X3, X4), - ,(5(XN_1,XN)}

and the N%-sample
{V(lev YVQ)a’Y(K’n }/4)7 s 7’7(YN’7la YN’)}

given an N-sample X = {X;, X»,..., Xy} from an mm-space (X,d, P) and an N’-sample
Y = {¥1,Ys,..., Yy} from an mm-space (Y, 7, Q).

We apply our isomorphism test to measures supported on spirals in R?. For some shape
parameter v € R, the measure P, is the distribution of the random vector (Rsin(vR) +
0.03S, Rcos(vR) + 0.035”), with R, S and S” independent random variables, S and S’ from
the standard normal distribution N(0, 1) and R uniform on (0, 1). In the following experiments,
we choose P = Pjpand QQ = P, for v € {15, 20, 30,40, 100}.

First, from the measure P = P;p we get an N = 2000-sample X = {X;, Xo,..., Xn}. As
well, we get an N = 2000-sample Y = {Y7,Y5,..., Yy} from the measure ) = P». This leads to
the empirical measures Py and Q. In Figure 2.8, we plot the cumulative distribution function
of the measure d Pu. h(PN), that is, the function F' defined for all ¢ in R by the proportion of the
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Xi in X satisfying dp_, (X;) < ¢. It approximates the true cumulative distribution function
associated to the DTM- -signature dp 1(P). As well, we plot the cumulative distribution function
of the measure dj; (Q ~). Observe that the signatures are different. Thus, for the choice of
parameter i = 0.05, the DTM-signature discriminates well between the measures P = P;o and

Q = Pao.

In Figure 2.9, for h = 0.05 and n = 20, we first generate 1000 mdependent realisations of the
random variable \/nWi(dp h(P ), dp h(P ), where Py and P} are independent empirical
N>

measures from Pig, N = 2000, and f’n and P,,’l are the empirical measures associated to the n
first points of the samples. We plot the empirical cumulative distribution function associated to
this 1000-sample.

As well, from two fixed N-samples from P, leading to two empirical distributions Py
and P};, we generate a set of Ny, = 1000 random variables /nW; (d Py (Pn)d ﬁz’wh( P'*)), as
explained in the Algorithm in Section 2.2.3, and we plot its cumulative distribution function.
Note that the two cumulative distribution functions are close. This means that the a-quantile of
the distribution of the test statistic is well approximated by the a-quantile of the subsampling
distribution.

—— distribution of the statistic
-~ subsampling distribution

—— signature, v = 10
-~ signature, v = 20

00 02 04 06 08 1.0

T T T
0.05 0.10 0.15

T T T T T T
0.05 0.10 0.15 0.20 0.25 0.30

h = 0.05 Figure 2.9: Subsampling validity, v = 10, h =

Figure 2.8: DTM-signature estimates, 0.05

In order to approximate the type-I error and the power, we repeat the procedure of test DTM
described in Section 2.2.3 1000 times independently. At each step, we sample N = 2000 points
from the measures P = Pjp and ) = P, to approximate the power, or twice P, to approximate
for the type-I error. We select the parameters oo = 0.05, h = 0.05, n = 20, and repeat subsampling
Ngyp = 1000 times. Then, we retain either Hy or H;. The type-I error or power approximation
is simply equal to the mean number of times the hypothesis H; was rejected among the 1000
independent experiments. We also approximate the power for the method KS after repeating
this test procedure 1000 times independently. Note that by construction, the test KS is truly of
level o = 0.05. Figure 2.12 contains the numerical values we obtained using the R software.

\Y 15 20 30 40 100

type-Ierror DTM 0.043 0.049 0.050 0.051 0.050
power DTM 0525 0.884 0.987 0.977 0.985
power KS 0.768 0.402 0.465 0.414 0.422

Figure 2.10: Type-I error and power approximations

It turns out that our isomorphism test DTM is of level close to o = 0.05 and is powerful. For
parameters v > 20, our test is even more discriminative than the test KS.
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An example in R28%28

In this subsection, we use our statistical test of isomorphism to compare the distribution of the
digits “2” and the distribution of the digits “5” from the MNIST handwritten digits database.
Each digit is represented by a picture of 28 x 28 pixels with grey levels, meaning that each digit
X = (21,2, ..., Ta8x2s) can be seen as an element of R?*28, where z; is equal to the grey level
of the i-th pixel. We equip R?**?® with the Euclidean metric.

Arz2R2azznplzzz2Jd
S s s §ySss58585s585%

Figure 2.11: MNIST database of handwritten digits

The interest of the statistical test here is not to test whether a “2” and a “5” are isometric, but
whether the distribution of the “2”s and the distribution of the “5”s (which are distributions on
compact subsets of R?**28) are equal up to an isomorphism. These distributions are clearly not
equal, since their supports are different, but it is not clear that there is no rigid transformation
between the set of "2" and the set of "5" preserving the measures, as for instance a simple
permutation of the pixels.

The statistical test is based on the observation of N = 5958 "2" and N’ = 5421 "5". In order
to prove the validity of the test, we repeat 1000 times the experiment consisting in randomly
splitting the set of "2" in two parts and applying the statistical test to these two samples. The
type-1 error approximation is equal to the mean number of times the hypothesis H, was rejected.
We do the same with the set of "5". And we repeat these experiments for different values of
n € {10, 20, 30, 50, 75,100,200} and for a fixed m = 0.1, we repeat subsampling N,;, = 1000
times.

n 10 20 30 50 75 100 200
"2" 0.052 0.052 0.051 0.052 0.058 0.048 0.069
"5" 0.064 0.07 0.043 0.044 0.047 0.045 0.054

Figure 2.12: Type-I error approximations

These results are encouraging since they prove that the test does not discriminate between
two samples of "2" (respectively, between two samples of "5") with probability 0.95. Thus, the
type-I error is of order 0.05. We choose the parameter n = 100 to make the test between the
sample of "2" and the sample of "5". We get a p-value equal to 0. It means that we reject Hy at
any level a. So we can conclude that the distribution of the "2" and the distribution of the "5" in
the MNIST database are not isomorphic.

2.2.4 A discussion of other methods
The Kolmogorov-Smirnov test applied to empirical DTM-signatures

In order to test isomorphism between two mm-spaces (X, 6, P) and (Y,v,Q) from two N-
samples { X1, Xo,..., Xy} and {Y1,Ys,..., Yy}, the idea of applying a Kolmogorov-Smirnov
test to the set of points Dp = {dp_,(X1), dP #(X2),...,dp, ,(Xn)} onone hand, and the set
of points Do = {dg, ,(Y1),dg ,(¥2), ... dQ 7h(YN)} on the other fails drastically. Indeed,
using a Kolmogorov-Smirnov test requires independence in the data, which the data Dp and
D¢ do not satisfy.
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In the following figure, we have plotted the cumulative distribution functions associated to
the uniform measures on Dp and Dg, where P and () are equal and defined as in Section 2.2.3,
with v = 10. The p-value was equal to 4.107¢ < 0.05, thus the hypothesis Hj, was rejected.

<
-

signature, v = 10

@ |
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"""" signature, v = 10
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Figure 2.13: DTM-signature estimates, h = 0.05

We repeated the experiment 1000 times independently, and the proportion of rejected hy-
potheses Hj was equal to 0.926, instead of 0.05 for a statistical test of level 0.05.
Thus, applying a Kolmogorov-Smirnov test to empirical DTM-signatures is to be avoided.

A different value of n for the test statistic and for the subsampling distribution

In [PR94], Politis and Romano propose subsampling methods consisting in approximating the
distribution of a statistic with values of the statistic built from smaller subsets of the data.

For our statistical test, since the distribution of the statistic and the subsampling distribution
converge weakly to the same distribution a.e. under some assumptions, see Lemma 2.24, we
can imagine fixing some parameters n and [ smaller than IV, choosing as a test statistic

T = Viwi (g, ,(B),dg, (@)

and approximating its distribution with the subsampling distribution
1, a1,
§£N,n,h(PNv Py) + §£N,n,h(QNa QnN).

If we do so, consider (a,b)-standard measures supported on compact subsets of R and
choose N = n” and | = n® with 1 < 8 < p, then the test is asymptotically of level o, provided that
the cumulative distribution function of |Gpp — G, |1 is continuous. Indeed, the hypotheses of
Lemma 2.24, VIE[||dps — dp_ pleo.x] = 0, vaWi(dpn(P),dpa(Py)) — 0 a.e. and v/n||dp) —
d Prh ||oo,xx — 0 a.e., will be satisfied then. Moreover, the proof of Theorem 2.29, which provides
an upper-bound for the type-II error, can be generalized to this case, leading to the upper-bound

desp | - Wt (dpn(P), do.n(Q)) P

(2 + ¢) max {D?D’h, Dévh}

for the type-II error of the test oy, = if n is big enough.

]l\ﬁW1 (deyh(ﬁl):dQN,h(Ql)) >4a,N,n,h
Note that it is a real improvement for the power.

Nonetheless, the upper-bounds for the L;-Wasserstein distance between the test statistic
distribution and the subsampling distribution in Proposition 2.26 and Proposition 2.28 cannot
be generalized easily.
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The following experiments emphasize the fact that the subsampling distribution does not
necessarily well approximate the distribution of the test statistic if n and [ are different. For the
parameters n = 20 and [ € {20, 50,200}, we have repeated 1000 times the experiment consisting
of computing the p-value of our statistical test from two 2000-samples on a spiral with shape
parameter v = 10, subsampling N,,;, = 1000 times and with mass parameter » = 0.05. We sorted
these p-values and plotted the associated cumulative distribution function. In this experiment,
the hypothesis H) is satisfied, so the p-values should be uniformly distributed. Moreover they
are independent. Thus, the curve we obtained should lie close to the diagonal. This is not the
case when [ is too far from n.

However, we get a power equal to 1 when choosing I = 200 or [ = 50 instead of [ = 20,
which is much better than 0.884 which was obtained in Section 2.2.3 from the same experiment
but with [ = n = 20.

Figure 2.14: [ =20 Figure 2.15: [ =50 Figure 2.16: [ = 200

Such a procedure should not be used, despite the improvement of power. Indeed, we have
not proved the existence of a non-asymptotic control of a distance between the distribution of
the test statistic and the subsampling distribution. Moreover, the experiments emphasize that
these distributions are too different to get a test of type-I error not greater than .

The one-sample Kolmogorov-Smirnov test of uniformity applied to p-values

A major problem of the statistical test proposed in this paper is that the hypothesis retained
truly depends on the arbitrary selection of the two n-samples to build the test statistic among
the (]X ) 2 possible pairs of n-samples. Indeed, the p-value defined by (2.3) is random in the sense
that different p-values can be associated to the same two N-samples. Moreover, the power is
not that high because of n, which can be very small in comparison to N.

As an example, in Figure 2.17, we split an N = 2000-sample X = {X;, X»,..., Xy} from the
distribution Py on the spiral with shape parameter v = 10, into % = 100 disjointed subsets

Xl - {leXQ) . 'aXn}a
X2 - {Xn+l7Xn+2u L 7X2n}7

X% ={XN-nt1, XN-nt2,-. -, XN},
with n = 20.

As well, we split Y, an N = 2000-sample from P into % = 100 disjointed subsets Y7,
Yo, .. Y.
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Then, with the notation in the algorithm in Section 2.2.3, we consider the p-values py,
P2,...pn with p; associated to T; = /nWi(diy n(1x,), diy a(1v,))-

Note that the % p-values would be independent if we replaced d;, , by dp,, 5 in the com-
putation of the test statistic, and if the subsampling distribution was replaced with the true
distribution of the statistic. In practice, when NN is big enough, we are close to these assumptions.
Then the p-values p1, po,...p~ should behave like independent random variables uniformly
distributed on [0, 1]. "

In figure 2.17, we have sorted these % = 100 p-values, which were built after repeating
subsampling Ny, = 1000 times and with mass parameter h = 0.05. They seem to be uniform
on [0, 1]; indeed their associated cumulative distribution function lies close to the diagonal.

We use this randomness to propose the following method (DTM-KS) to improve the power
of our statistical test. We apply a one-sample Kolmogorov-Smirnov test of uniformity on [0, 1]
to the sample py, po,...p~. Then we get a p-value pxs. Thanks to the previous heuristic, this
p-value should be close to uniform on 0, 1] if the hypothesis Hy of the isomorphism test was
satisfied, and should be small if most of the p-values p1, po,... p~n were small. We can hope for a

power improvement.

00

Figure 2.17: Sorted p-values Figure 2.18: Sorted p-values Figure 2.19: Sorted p-values
P1, D2y PN prs DTM-KS. prs DTM-KS2.

In Figure 2.20, we evaluate the type-I error and the power for this new method, with the
same procedure as in Section 2.2.3 and the same parameters.

v 15 20 30 40 100
type-I error DTM-KS 0.186 0.131 0.096 0.076 0.074
power DTM-KS 1 1 1 1 1

Figure 2.20: Type-I error and power approximations DTM-KS

In Figure 2.21, we evaluate the type-I error and the power for the testing method (DTM-KS2)
consisting in applying a one-dimensional Kolmogorov-Smirnov test of uniformity on [0, 1] to
the p-values p}, ph,... Py, where p is obtained from the test statistic

T] = VaWi(duiy n(Ix:), diy n(1yr))

with X/, X5,... X o and Y7, Y5,... Y/, independent n-samples without replacement from X
and Y respectively. The procedure is the same as in Section 2.2.3 and the parameters are the

same as well.
These procedures lead to major improvements for the power, but the type-I error degrades.



Contents 53

\4 15 20 30 40 100
type-I error DTM-KS2 0.198 0.145 0.093 0.073 0.088
power DTM-KS2 1 1 1 1 1

Figure 2.21: Type-I error and power approximations DTM-KS2

2.2.5 On the selection of the parameters
Naive criteria

Selection of 1 We have introduced a family of statistical tests parametrized with a mass
parameter h. According to Theorem 2.29, the power of the test ¢ ,, ;, is an increasing function
of W2 (dpn(P),dgn(Q)). This discriminative quantity is unknown, but can be approximated in

practice by W3 (d P h(PN), dQN h(@ N)) Thus, a natural heuristic to select the mass parameter

h consists in plotting the function h — W} (d Pr. h(PN), dg,. h(Q N)) The parameter h for the

test can be chosen by the user, as a maximizer of this function, a local maximizer or a breaking
point.

The main problems of this heuristic is that it requires the intervention of the user. Indeed,
selecting the maximum is not always the best choice since the dependence in & of the power is
not well understood. Moreover, there is no guarantee for this procedure. Also, this method may
introduce a bias in the ensuing statistical test.

Selection of n  Fix h in (0, 1) and «, the level for the test. The best parameter n should be as
large as possible (to have a large power), with the constraint that the statistical tests have a
level close to a. A naive idea to approximate the true level of the test consists in proceeding as
follows. First, we split the N-sample from P into two subsets of £ points. Then, we apply the
statistical test qb% 5, t0 these two samples. We repeat the experiment many times and compute

the proportion of tests for which Hy was rejected. We proceed with the same method for the
sample from (). The selected parameter n is the largest n for which this proportion is close
enough to a.
Again, there is no guarantee for such a method. Moreover, by using & points instead of
N points for the approximation of the distance-to-measure dpj, we loose out. We split the
N

sample from P into two 5-samples. The empirical distributions are denoted by P, and P.

An n-sample from P; is denoted by 15,“ Another method consists in replacing the statistic

VWi <dp1’h(Pn71), dpz’h(Pn’2)> by /nW) (dPN,h(PnJ)v dPN,h(Pm?))' and the subsampling dis-
tribution accordingly. Such a method may improve the approximation of the type I error of
®nNn,n under Hy. But again, this comes without guarantees. Thus, there is many work to do
about the selection of n.

From Bonferroni to Benjamini-Hochberg procedures to find out discriminative parameters
h

Set (¢i)ier a family of statistical tests with level a. The corresponding hypotheses (Ho ;)icr
satisfy Hy C Hy; for every ¢ € I, where H is called global null hypothesis. Given a fixed ¢ € I,
“rejecting the global null Hy whenever H; is rejected” results in a statistical test of level a.. This
remark does not generalize to more than one test. Indeed, given a set I of cardinality |I| > 2, the
test that rejects Hy whenever H ; is rejected for some i € I, does not necessarily have a type I
error inferior to a.
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Multiple testing procedures such as Bonferroni or Benjamini-Hochberg are designed to
overcome this issue, when the p-values (p;)icr are all independent. Firstly, a statistical test of
the global null hypothesis Hy of type I error smaller than « is derived. Secondly, when Hj, is
rejected, these procedures return a subset of I, that correspond to the set of p-values that are
smaller than some threshold, determined by the procedure.

For the Bonferroni procedure, the hypothesis Hj is rejected whenever one of the p-values
p; is smaller than ﬁ For the Benjamini-Hochberg procedure, we sort the p-values (p;)icr

in ascending order (p\)) jeq - The threshold & is defined as the largest index j such that
) < <17 II a. The hypothesis Hj is rejected whenever this set of indices is not empty.

We retain the parameters h associated to p-values smaller than F il for the first method or
such that j < k for the second method. Such parameters are the most likely to correspond to

tests that are discriminative for the global null.

We can apply such a procedure to the family of tests (¢ .1 )ner With I, a finite subset of
(0,1). The hypothesis Hy j, corresponds to the assumption dp(P) = dg (Q), meaning that
the DTM-signatures are equal. Just as in Section 2.2.4, the p-values (pn n 1 )ner are random and
“almost independent”, provided that they are built on disjointed sub-samples of size n.

We repeated the experiment 100 times with 2000-samples generated on the two spirals. We
set I = {0.95/21 x i+ 0.05 | ¢ € [1,20]} and n = 50.We have experimented both procedures
and computed the mean number of rejections of the hypothesis Hy. This number & (or 1 — j3)
approximates the type I error o (power 1 — ) when H (H;) is satisfied. When the two spirals
are the same (i.e. under the hypothesis Hy), we got & = 0.08 for the Benjamini-Hochberg
procedure and & = 0.07 for the Bonferroni procedure. When the two spirals are different (i.e.
under the hypothesis H;) with parameters v = 10 and v = 20, we got 1 — 3 = 0.87 for the
Benjamini-Hochberg procedure and 1 — 3 = 0.86 for the Bonferroni procedure.

2.3 Proofs

2.3.1 Proofs for Section 2.1
Proof of Proposition 2.5

This is a straightforward consequence of Proposition 2.7. The proof relies on the fact that the set
of points in R? minimizing the DTM of Py is equal to {x € O | dgo(x) = €(h, O)} with €(h, O) =
(hLebd (0)

wq
O equals to the set of points at distance smaller than ¢(h, O) from {z € O | dspo(z) > €(h,0)}.
Thus, the measure Py can be recovered.

1
) ‘ providing that the set is non-empty. Then, if Reach(O) is not smaller than e(h, O),

Proof of Proposition 2.6

The proof of Proposition 2.6 is based on the following lemma.

Lemma 2.30. If x in R? satisfies Po(%B(z,¢)) = then B(x,€) C O.

Leb()

Proof of Lemma 2.30. 1f z in R satisfies Po(%B(z,¢)) = Leb (O), then, Leby(O° N A(x,€)) = 0.

Assume for the sake of contradiction that the set O N #(z, €) is not empty. Since (O) = O, then
the open subset (0°)° N %B(z, €) of O° N AB(x, €) is not empty, thus of positive Lebesgue measure,
which is absurd. So #(z,¢€) C O. O
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Note that for all positive [ smaller than h, we have:

Wd

dp(z) > (

Moreover, these inequalities are equalities for all points x in O, o). By integrating, we get the
lower bound dyin for x — dp (), and it is attained on O, o).
Now take some point z in R4 satisfying dpj,(2) = dmin. For almost all [ smaller than h, we

1
have: 0p;(z) = <%> *. In particular we get for these values of [ that:

1
So, P (%’ (x, (M> d)) = h, and according to Lemma 2.30, we get that z € O, 0.

Wd

Proof of Proposition 2.7
The proof of Proposition 2.7 is based on the following lemma.

Lemma 2.31. For any x in O, there exist a maximal ball for the inclusion, included in O and containing
Z.

Proof of Lemma 2.31. Let us consider the class S = {#(y,r) | r > 0and x € AB(y,r) C O} of all
non-empty open balls included in O and containing . We are going to show that this class
contains a maximal element by using the Zorn’s lemma. For this, we need to show that the
partially-ordered set S is inductive, which means that any non-empty totally-ordered subclass 7
of § is bounded above by some element of S. Let 7 be a non-empty totally-ordered subclass of
S.Set R=sup{r > 0|3y € O,%(y,r) € T} the supremum of the radii of all balls in 7. Since
T is non-empty and O is bounded, R if positive and finite. Let (yj)ren be a sequence of centres
of balls in 7 converging to a point y in R? such that the sequence of associated radii (7 )ren
is non decreasing with R as a limit. Since 7 is totally-ordered and the radii non decreasing,
the union (J; oy #(vk, 1) is non decreasing, equal to %(y, R). Thus, %(y, R) belongs to S and
upper bounds 7. So the class S is inductive and according to the Zorn’s lemma, it contains a
maximal element. O

Remind that Proposition 2.6 entails that {z € R? | dpj(2) = dmin} = O¢n,0)- Moreover,

O:EZ’gg C O. Assume for the sake of contradiction that the set O\O:EZ’gg

point z in this set and consider #(z’, ") a maximal ball containing = and included in O given by

Lemma 2.31. Since = ¢ OEEZ’(O);, we get that 7’ < e(h, O). Moreover, 2’ belongs to Sk(O) and so,

is non-empty. Take a

according
set 00, ' = dyo(2’) = Reach(O) > €(h, O), which is a contradiction. So, O:(h O; = 0.

Proof of Proposition 2.3

From the definition of §p,(x), we have:
P (B(z,r)) =inf{h 20| dpp(x) > r}.

Moreover, since h — dp () is right-continuous, after the differentiation the distance-to-measure
function with respect to h, we have:

0
h%dp’h(CC) + dP,h(l") = 5P,h(x)'
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Proof of Proposition 2.12

The proof is relatively similar to the ones given by Mémoli in [Mém11] for other signatures.
For any map plan = between P and () Borel measures on (X, §) and (Y, 7), we get:

Wi(dpa(P),don(Q)) <

/ dpa (@) — dou(y)| dr(z,y) =
XxY

1 [P 1 [P
/ ‘h/ dpy(x)dl — h/ dq.(y)dl
XxY 0 0

h
//’;,’xy li/o 0pa(x) — dqu(y)|dldr(z,y) =
h
1/ / ’inf{r > 0| P(B(x,r)) > 1} —inf{r > 0| Q(A(y,r)) > 1} dldn(z,y) =
XY

dr(z,y) <

-1 dr|dldnr(z,y) <

<1P@<m>><l Q@(w))él)

+o0
1 — 1o F
/Xxy/ / ’ P(#(w,r))< Q(B(yr))<l
+oo
/ / ) A —Q(%B(y,r)) Ah|drdr(z,y) <
X X 0
/ / / ]15 (z,z")<r — ﬂ»y(y,y/)gr) dﬂ'(l‘/, y,)
AxY XxY
+oo
/ / / ‘]16 (z,2")<r — y/)gr‘drdﬂ(x’,y’) dﬂ(x’y) —

/ / |0(2,2") = 3y, y)| dn(’,3/) dm(z, ),
XXY JXXY

which concludes.

didrdn(x,y) <

<

A hdrdr(z,y) <

S R =l S IS I

Proof of Proposition 2.13

First notice that:

Wi(dpa(P), dga(P)) < /X dpa(z) — dga ()] dP(z)

< |dpp —

).
Then, for all 7 in II(P, @Q):

Wi(doa(P). dga(Q)) < /X  dan(®) = daay)] dn(r,).

Thus, since dg , is 1-Lipschitz:

Wi(dgn(P),don(Q)) < Wi(P, Q).

Then, the result follows from Proposition 2.2.
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Proof of Proposition 2.15

: . -1 -1
First notice that F don(@ = A dpp(P)° Then,
Wl(deh(P)’th / ‘ dPh dth(Q)(S)’ ds

1_/\|/ ’ dPh(P

=[1 - MEp[dpn(X)].

Proof of Proposition 2.16

This proposition comes from the fact that for » small enough, for both mm-space, the distance-
to-measure function will attain its minimum on a set of positive measure. Moreover, the two
minima are different since the Lebesgue measure of the open sets are different.

More precisely, if the set O, o) is non-empty, then the minimal value of the distance-to-
measure is given by

1
d [ hLeby(0)\4
d = dmin =

;Ielgl(Poh( z)) d+1< wd )

Moreover, the points at minimal distance are exactly the points of O, o). This is Proposition 2.6.
S0, Fap, 4(Po) (dmin) = Po (Oc(n,0))- To conclude, we use the definition of the L;-Wasserstein
dlstance as the L{-norm between the cumulative distribution functions.

Proof of Example 2.17
Since Leby(0) = wy, €(h, 0) = hi,and O(n,0) is the ball of radius 1—¢(h, O), thus, Po (Oe(h,O)) =

()
Also, Lebg(0') = 24, ¢(h, 0') = (w%)
s o 00 = (1-2(2)°)

Thus, when h is smaller than £ 54, the DTM-signature discriminates between Pp and Fpr.
Moreover, the Li-Wasserstein distance between the signatures is bounded above by

(12(2)") 2 (8) (o)

Proof of Proposition 2.18

-

,and O’ o) is the hypercube of radius 1 — ¢(h, O'),

As for Proposition 2.6, we get that for any point x in O:

hLebd(0)> i d

= in 1= .
dPo,h<m) = dmln ( 1+4d

Wd

We will lower bound the L;-Wasserstein distance between dp,, 1, (Po) and dg »(Q) by the integral
of Fy o.n(Q) OVer the interval [0, dpin], since Fy o (Po) equals zero on this interval. We thus need

to lower bound Fag (@ (t) for all ¢ < dpin-
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As for Proposition 2.6, for A > 1, any point z of {f > A} satisfies dg (z) <

1
/\_% (hLeEZ(O) ) d
dujn  Thus,
d

dmin
FdQ,h(Q) ( )\é ) 2 Q ({f 2 )‘}A_Cll<hLebd(O))clz> :
wq

And we get by denoting A(¢) the real number A\ satisfying ¢ = d;\“%, that:
d

dmin

Wi(dpon(Fo), dgn(Q)) = /t—O

Q <{f > )‘(t)})\(t)_é(hLebd(O))zi> dt.

“d

Since a cumulative distribution function in non decreasing, we get:

Wi(dp,n(Po),don(Q)) =

dmin
/t supQ <{f > ()}

=0 t'<t

)\(t')*% (hLebd(O)>(11> dt

“d

o 111
= dmin=—7 })\/ 1| dX
[iwiiirizme (729, s gy

1
1 hLebg(O) d/‘” 1 ,
> —sup Po [ {/ = A » ] ax
d+1< wa > ol am Po (U }<hLede<i0>>é

N w

|
Now we assume that the density f is Holder over O with parameters x in [0, 1] and L in RY.

Proof of Proposition 2.19

=

First notice that for all positive \, with e(\) = A~ <%Z(O)> we have:

{f 2 A+ Le(N)*FNOcny CH{f = At

According to Proposition 2.18, the aim is thus to show that for some ) larger than 1, the set
{f = A+ Le(A)X} N Oy is non-empty. We thus focus on the supremum of f over O,(y), which
we denote by || f||o ¢(x) and try to prove that it is larger than A + Le(A)X.

Remind that if Reach(O) > €()), then according to Proposition 2.7, the set O:&; equals

O. Since f is Holder, we can thus build some sequence (y;,)nen+ in Oc(n), such that f(y,) >
| flloc,0 — % — Le(\)X. Finally we get:

[fllso.ey = 1 flloc.0 = Le(A)X.
So the quantity Wi (dp, 1(Po),dg,r(Q)) is positive whenever:
| flloo,0 > inf {A +2Le(A)X | A > 1,€e(X) < Reach(O)}.
X
With Ao = 1, we have Ag + 2Le(Ao)X = 1+ 2L (%3“))) 7
With \; satisfying €(A1) = Reach(O), we have:

1 ALeby(O)
(Reach(0))?  wy

A1+ 2Le(M\)X = + 2L(Reach(0O)X).
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We also have that

inf {A 4+ 2Le(A)X | A > 0} = (20)#x (W) R [(X)’L + (z)_dﬂ .

X
hLebg(0) x+d
Wy :

d
The infimum is attained at Ay = (&) x+4 (2L)ﬁ (
It proves the first part of the proposition.
The second part is a straightforward consequence of the proof of Proposition 2.18.

Proof of Example 2.20
The measure Q) is absolutely continuous with respect to Pp with density f defined by
(13

1
Tr) = 00'4 €Xp — )
f(x) 2P P53

with
1

f 1 eXp—“xH%dI‘.
%(0,1) (277)%04 202

According to the previous proposition, we can prove that the signatures are discriminative
provided that o is small enough, for all ~ smaller than 0.23 if d = 1; 0.30 if d = 2; 0.68 if d = 3;
and for all value of his d > 4.

More precisely, the signatures are discriminative when

d a g\ ¢
h<oloR2 (1 - (2”)20d> ,

a2

or when

2 1
AN\ enT  d d/d\*/ 1 \&1 2 exp—3
he |of+d (2 ¢ mind1,Crexpo (&) (——— ‘o, P73
17 \2) o P ez) \ar1) a7 g lan

When o is small enough, this last assumption can be rewritten as follows

2
AN\?@enT  d
he ot <2> (2; expi,min{l,CgC/d} )

1

. exp — %
with ¢/ = 2- 2272
(2m)2 gd+1

% . Note that C’; is much bigger than 1 when d > 4. Also, C'; ~ 0.23,
C’'9 ~0.30, C'3 ~ 0.68.

In order to get these results, we use Proposition 2.19. According to the mean value theorem
on %(0,1), which is a convex subset of R, the density f is Lipschitz with parameter

_1
L=C,—P73
(2ﬂ-) 3 gd+l
Thus we use x = 1 since f is Lipschitz. Moreover, the reach of a ball is equal to its radius, thus
Reach(O) =1, and Leb;(O) = wq by definition.
Note that when o goes to zero, the scaling parameter C,, goes to 1.
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Proof of Lemma 2.4

We give a proof for Lemma 2.4 that was stated by Lieutier in [Lie04]. I am extremely grateful to
Frédéric Chazal for his help.

First, we need to introduce some setting and recall some results from [Lie04].

For 2 € R?, we set I'(z) the set of all projections of  on 90O:

I(z) ={y € 00 | [z — yll2 = dao(z)} -
Also, we denote by R(x) = dgpo(x) the distance of z to the boundary 00.
Definition 2.32. We define the function 7 on O by:
F(z) =inf{r > 0|3y € RY, B(y,r) D T(z)}.

Note that this function is upper bounded by the diameter of the bounded open set O.
Moreover,
F(x) >0z e M(O).

Definition 2.33. We defined by O(z) the centre of the closed ball with radius F(z) that is
minimal among all closed balls that contain I'(z).

Such a minimal ball exists and is unique. Indeed, if not, a ball containing the union of two
balls containing I'(x) would also contain I'(z) and would have a smaller radius.

Figure 2.22: T, R, F and ©. Figure from [CL05]

The vectorial function V that generalises the gradient function is defined as follows:
Definition 2.34. The vectorial function V is defined by:

x—@)(:c).

V(z) = R(x)

According to [Lie04], the following proposition is satisfied:
Proposition 2.35 ([Lie04]). If O is a bounded open set, it comes:

F(x)?

R@?

IV (@) +
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Asa Consequence,
0< V(@) < Land [V(2)] <1 & 2 € M(O).

Lieutier introduces in [Lie04] a continuous map C : Ry x O — O that satisfies for every
r€O0,andtc {0, Rf)]:

C(t,x) ::1:—1—/0 V(C(r,x))dr,

and
R(C(t,2)) /\v (r,2))|2dr.

Moreover, the image of the curve t — C(t, z) is a rectifiable curve. Its arc length is an increasing

function of ¢ defined by:
t
= [IveEopar

As a consequence, the map ¢ — R(C(t, x)) is non-decreasing and 1-Lipschitz.

Lieutier also proves that the map t — F(C(t, z)) in increasing. So, H : [0,1] x O — O,
(t,z) — C(tD, z) is a retraction of O onto its medial axis, where D denotes the diameter of O.

Finally, Lieutier proves the following Proposition:

Proposition 2.36 ([Lie04]). Given T > 0, if V(C(T,x)) # 0, then the arc-length map s : [0,T] —
[0,s(T)], t — s(t) is increasing, and has an inverse function defined by: t : [0,s(T)] — [0,T], s — t(s).
As a consequence, it is possible to re-parametrise the curve with the arc-length map, and it comes that:

R(C(t(s),2)) = Ria) + [ [V (Clt(a).0))]do
Now we prove Lemma 2.4.

First we prove that the skeleton is a subset of the closure of the medial axis. Set z in the
skeleton. For the sake of contradiction, assume that x is not in the closure of the medial axis.
Set p(z) the unique element of I'(x). Then a ball %, centred at z is included in M(O)¢ N O.
Thus, the gradient V() is non-zero on this neighbourhood %j. The continuity of the map
s — C(t(s), z) entails that for 7" > 0 small enough, V(C(T, z)) # 0. Thus, for every s < s(T),
C(t(s), x) is in Ay. According to Proposition 2.36, R(C(t(s), z)) = R(x) + [, [V(C(t(0),z))|/do,
with V(C(t(0),z)) = 1 Vo < s. In particular, we deduce that:

dpo(C(T, x)) = dgo(x) + s.

So,
1C(T, ) — p(2)|| = [lz — p(z)|| + s.

Moreover, since we parametrised the curve with arc-length,
IC(T,2) — =]l < s
As a consequence, equality holds everywhere in the following sequence of inequalities:

1C(T; 2) = p(@)l| < [C(T, 2) — 2| + [l — p(a)]|

<
<|C(T,z) — 2| + |C(T,z) — p(x)|| — s
< |O(T, x) — p(=)].
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So, ||C(T, z) — z|| = s and C(T, x) lies on the half line (z, p(z)]\]z, p(z)]. As a consequence, the
ball centred at C(T, x) with radius s + || — p(z)|| contains the ball #(x, R(x)) and in included
in O', since R(C(T,z)) = s+ ||z — p(x)||, with s > 0. This is a contradiction with the maximality
of the ball Z(z, R(x)) and to the fact that = was is in the skeleton.

The inclusion of the medial axis into the skeleton is easier. It comes from the fact that for any
point z in the medial axis, the ball % centred at « with radius R(x) is maximal for the inclusion
order. Indeed, any ball containing # and included in O should be such that 00 N 0% (z, R(x))
contains the projection of z on 9O, thus should contain at least two elements. These balls should
then coincide. As a consequence % is maximal and z is in the skeleton, hence the inclusion.

2.3.2 Proofs for Section 2.2

Proof of Lemma 2.21

Note that for (X1, X3, ..., X)) an N-sample of law P and ¢ an isomorphism between (X, 4, P)
and (Y, 7, @), the tuple (¢(X7), #(X3), ..., #(X}y)) is an N-sample of law Q. Moreover, (X}, X7) =
Y(¢(X;), ¢(X;)) forall i and j in [1, N]. It follows that the distances and the nearest neighbours
are preserved.

Thus, the distributions of (d m(Xz{))ieﬁl,n]] and (dg ., (Yi))ie[1,] are equal.

The lemma follows from the equality:

Wl(dPNJL(pn) d ) (Qn))

_/+°°1
-/

with (X1, Xo,..., Xn) an N-sample from P.

n

Z PN n Z h(Y)<S

=1 =

Li-Wasserstein distance between the distributions of interest

Lemma 2.37. The quantity W, (ﬁN nh (P P), £N " h(PN, PN)) is bounded above by

2\/% (E[HdﬁN,h , ] + Wl(dpyh(P% dpﬁ(PN)) + HdP,h — de7hH007)(> .

Proof of Lemma 2.37. Let (X1, Xo,...Xy) be an N-sample of law P, and Py the associated em-
pirical measure. We can upper bound the L;-Wasserstein distance between the subsampling
distribution

L (VnWi(dp, ,(Pr),dpy (Pr)|Py)

and the distribution of interest
ﬁ(\/ﬁwl( Py h(f? ) d[:,, h(p/z)))a

by

We bound the term 2.4 by
2\/ﬁ||dpyh — dPN,hHOOvX'
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the term 2.5 by
2v/nW; (dP,h(P)a dpp <PN)>
and the term 2.6 by
2vnE[|ldps — dp, plloo,x]-
This is proved in the three following lemmas. O

Lemma 2.38 (Study of term 2.6). We have

Wi (LWL (dpy (Pa)dpy (PO LW/AWA(Ap(Pa), dpa(Ph))) <
2VRE(ldpn — dp, o)

Proof of Lemma 2.38. To bound this L;-Wasserstein distance, we choose as a transport plan the
law of the random vector

(VaWi(dpy (P dpy (PO) VW (dpa(Bn). dpi(B))),

with Pn, P{L, PN_n and PJ’V_n independent empirical measures of law P. Then the L;-Wasserstein
distance is bounded by

E[VaWi(dp, ,(Pn), dpy 1, (Bn) = VaWi(dpa(Pa), dpa(P)]],
which is not bigger than:
VIEWi(dpy 5, (Bn), dpa(Pa)) + Widpy (), dpa(P)))].

We bound the term E[W:(dp h(Pn),dp,h(Pn))] by E[[[dpr — dp, pllc,x], thanks to Lemma
2.41. O

Lemma 2.39 (Study of term 2.5). We have

Wi (L(/aWi(dpa(P), dpa(Ph), £(/aWi (dpa(P), dpa(Py)) Py) ) <
2v/nWi(dpp(P),dpn(Py)).

Proof of Lemma 2.39. Let 7 be the optimal transport plan associated to W; (d ph(P),d Pﬁ(PN)),’

see the definition of the L;-Wasserstein with transport plans.

From an n-sample of law 7, we get two empirical distributions dp,(P,) and dpy,(P}).
Independently, from another n-sample of law m, we get dp,(P.) and dp,(PL).

The L;-Wasserstein distance is then bounded by

VIE rongron [Wi(dpn(Pn), dpn(Pr) + Wi(dpn(Ph), dpp(Pr))].

Now notice that, if we denote P, = S 6y and P} ="

1 5zz,we have:

i=1n

Z ]ldPh Z ]ldp n(Zi)<
S - Z/ ‘:ﬂ'dPh = Lap ,(z)<t

= Z |dpn(Yi) — dpa(Zi)] -
=1

Wi (dpn(Pn), dpn(Pr) /

dt




Contents 64

So, the Li-Wasserstein distance is not bigger than

2vnE[|dpn(Y) —dpn(2)]],

with (dpp(Y),dpr(Z2)) of law 7, so we get the upper bound:

2v/n (Wl(dP,h(P)a dP,h(PN)) :

U
Lemma 2.40 (Study of term 2.4). We have
Wi (LW (dp(P), dpn(P)IPr), (VAW Ay 4 (i), dpy (PED)IPY)) <
2vn|ldpp — dp pllo,x-
Proof of Lemma 2.4. Tt is the same proof as for the first lemma, except that Py is fixed. O

Lemma 2.41. Let ), P and P’ be some measures over some metric space (X, ), we have:

Wi(dpn(Q),dp n(Q)) < /X [dpp(r) — dpr p(2)|dQ(z) < [|[dpn — dpr hlloo,Supp(Q)-

Proof of Lemma 2.41. We chose the transport plan (dp(Y),dps 1 (Y)) for Y of distribution Q. [

Thanks to Proposition 2.2 and to the fact that the distance-to-measure is 1-Lipschitz, we
can derive another upper bound depending only on the L;-Wasserstein distance between the
measure P and its empirical versions:

Corollary 2.42. The quantity W, <£ Nanh(P, P), Ej‘\,’n’ h(PN, PN)) is bounded above by

2\2% [Wl (PN, P)} +2uvn (1 + ]11> Wi (Py, P).

The rates of convergence of the L1-Wasserstein distance between a Borel probability measure
on the Euclidean space R? and its empirical version are faster when the dimension d is low; see
[FG15]. Thus, we prefer to use the first bound for regular measures. In this case, we use rates of
convergence for the distance-to-measure, derived in [CMM16]. For regular measures, in some
cases, the bound in Lemma 2.37 is better than the bound in Corollary 2.42.

Proof of Lemma 2.24

The random function /n (de,h( P) — de,h ( Pn)> converges weakly in L; to some gaussian
prossess G pj, with covariance kernel

A(5,) = Fap(p)(5) (1= Fapr)(®)

for s < t; see [dBGM99] or part 3.3 of [BL14]. Thanks to Theorem 2.8, p.23, in [Bil99], since
Ly x Ly is separable and P,, and P), are independent, the random vector

(\/ﬁ (de,h(P) - FdP,h(P")> Vi <de’h(P) - FdP’h(pTIL)>>

converges weakly to (Gpp, G’R p) with G pj, and G’R ;, independent Gaussian processes. Since the

map (x,y) — z—y is continuous in L;, the mapping theorem states that \/n (F a2y~ Fap 13”)>
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converges weakly to the Gaussian process Gpj, — G, in L1. Once more we use the mapping
theorem with the continuous map z — ||z||; and the definition of the L;-Wasserstein distance as
the Li-norm of the cumulative distribution functions to get that:

VIWL(dpu(Po),dpp(P)) ~ |Cpp — Gyl

We then get the convergence of moments following the same method as for Theorem 2.4 in
[dBGM99]. We have the bound E[|[t — 14, (x,)<t — Ldp,(vi)<tll1] < Dp < cc. Moreover, the

random function \/n ( apn(Py) ~ Fapn(pn )> converges weakly to the gaussian process Gp, —
(Y ppin L. So, thanks to Theorem 5.1 in [dAG79] (cited in [AG80] p.136), we have:

E[ViWi(dpa(Pn), dpa(Py))] = Bl|Gpn — Gy l)-
We deduce that:

Wi (L (ﬁwl (dRh (Pn> Jdpy, (Pg))) L (|G pp — G'thnl)) =0

Moreover, we have the bound:
( (\fW1 (dPh< ) dpp (P ))) LNnn(P, P)) < 2vnE[[dpn — dp plleo,x]-
So, if \/nE [Hdgh — de,hHoo,X] — 0when N — 0o, we have that:

W (ﬁNnh(P P (HGPh — 1)) — 0.

Finally, with the same arguments as for Lemma 2.37, we get that:
Wi (Ln(Prs P), £ (1Gpp — Gyl ) <
Wi (£ (vawa (dpn (Po) s dpn (P1))) £ (IGpn = Gpalh))

4 2u/nW; (dp,h(P), dpy, (PN)) +2v/nlldps — dpy plloot-

Proof of Lemma 2.25

Let € < o and 7 be two positive numbers.
The probability P (pg) (¢n,n,n = 1) is bounded above by

P (ﬁwl (devh(Pn), dQN,h(Qn)> 2 date — n) + P (4o < date =) -

With a drawing, we see that IP (4, < qa+e — 1) is bounded above by

1 1
P (i (¢ (Glen - 31Gan -~ Gl ) .£) = en).

where £* = %Ej‘\,’n’h(PN, Py) + %E}*\,’n’h(QN, Qn).
Thanks to the weak convergences in Lemma 2.24 of the paper and the Portmanteau lemma,
limsupy_,oo P(pq) (¢N,n,n = 1) is thus bounded above by

1 1
P (510 - Ghall + 51Gon — Coulh > dare —1).
We now make 7 and € go to zero and under the continuity assumption,
limsupP(p o) (PN nn =1) < @
N—o00

As well, we get that liminf 0o P(pg) (dNnp =1) = a
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Proof of Proposition 2.26

Proof of part 2 of Proposition 2.26 We may assume that the diameter Dp of the support of the
measure P equals 1. Indeed, if we apply a dilatation to the measure to make the diameter of its

support be equal to 1, then the quantity W (E NP P), Ly W (P, PN)> is simply multiplied
by the parameter of the dilatation. By using Corollary 2.42 and Theorem 1 of [FG15], we have a
bound for the expectation:

CYIN~u if d>2
E [Wl (ﬁzv,n,h(P, P)vﬁ}‘v,n,h(ﬁwjﬁw))] <{CYEN"zlog(1+ N) ifd=2
CYIN~3 if d<2

for some positive constant C' depending on P. B

Proof of part 3 of Proposition 2.26 First notice that for A > 1,
P (W1 (Lynn(P.P), Ly (Py, Pa)) = A) =0

under the assumption Dp = 1. We thus focus on values of A not bigger than 1. In this case, with
the Theorem 2 of [FG15], we get easily that:

P (W1 (Lnn (P P), Livs(Pys Pr)) 2 ) <

C exp <—C’ (ANjﬁh - c”>d> for d>2
2
Cosn | YRk N-C" [ tog(14N—n) for d=2
log 2+%)\—C” QNJJXN" log<1+1vn>>
| Cexp (—0' (A - C”)2> for d<2

for some positive constants C, C’ and C” depending on P.

We conclude the proof with the Borel-Cantelli lemma.
Proof of part 1 of Proposition 2.26 We need to show that under the assumption p > %
the following properties are satisfied:

7

ViE([ldps —dp, pllec,x] = 0,

VWi (dp(P),dpy(Py)) — 0 ace.,

and
\/ﬁHdP,h — dPN,h||°O»X — 0a.e..
We treat the case d > 2. The cases d < 2 and d = 2 are similar.
Thanks to Theorem 1 of [FG15], there is some positive constant C' depending on P such that
for N big enough:
E[W,(Py,P)] < CN~a.
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Thus, thanks to part 2 of Proposition 2.26, the quantity vnE[|dpn — dp_ [l x] g0es to zero if

%N 4 goes to zero when N goes to infinity. So, this convergence occurs under the assumption
p> 4.

We get from Theorem 2 of [FG15] that for = < 1, there are some positive constants C' and ¢
depending on P such that:

P(Wi(Py, P) > z) < Cexp(—eNz?).

We use this inequality with z = %% for positive integers K. Thanks to the Borel-Cantelli

lemma, under the assumption p > 4, we get that:

\{fwl(P, Py) = 0ae..

So, thanks to Proposition 2.2, the third property is true.

To finish, note that dp,(Py) is the empirical measure associated to dpj(P). Once more
we use Theorem 2 of [FG15] and get that for = < 1, P(v/aWi(dps(Py),dpn(P)) > x) <
C exp(—c%:z:Q). Thanks to the Borel-Cantelli lemma, under the assumption p > 1, the a.e.

convergence to zero of \/nW; (d pr(P),dpp <I5N)) occurs.

Proof of Example 2.27

For every point z in O and r > 0, according to Lemma 2.31 there exist a maximal ball #(z', )
included in O N #(z,r) which contains z. Assume for the sake of contradiction that " <
min {Z, Reach(O)}.

Since r’ < %, the ball #(z’,7') is included in #(z,r) thus %#(z/,7') is maximal in O. So 2’
belongs to Sk(O), and thanks to Lemma 2.4, to M(O). But ' < Reach(O); this is absurd.

It follows that:

Po(#B(z,r)) = Po (%’ (x',min {Reach(O), g})) .

So, for r < 2Reach(0), since 2Reach(O) < D(O) by considering a point on Sk(O), we get:

Reach(O) ) 4w

Po(B(z,1)) >t < D(0) Lebg(O)’

which is also true for r in [2Reach(O), D(O)], whereas for r > D(O) we have Po(%(x,r)) = 1.
The choice of a in the lemma is thus relevant.

The case of (a,b)-standard measures
Proof of Proposition 2.28

Before proving Proposition 2.28, we need to prove some lemmas.

Let P be a Borel probability measure supported on a connected compact subset X' of R¢. We
assume this measure to be (a, b)-standard for some positive numbers a and b. In this part, we
derive rates of convergence in probability and in expectation for the quantity [|dp_, — dpplloc,x-
Thanks to these results, we can derive upper bounds and rates of convergence in expectation for

Wi (£ N (P P), Ly h(PN, PN)> We finally propose a choice for the parameter N depending

on n for which the weak convergences Ly n(P, P) ~ |Gpp — G, [1 and ﬁ}k\f,n,h(PN7 Pyy) ~
|Gpp — Gpylli occur.
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Upper bounds for P(y/n[|dp , — dpallec,x = A) We use the bounds given in Theorem 1
of [CMM16], with the bound for the modulus of continuity given by Lemma 3 in [CMM16]:

1
w(h) = (2)*. We directly get the following lemma:

Lemma 2.43 (Upper bound for |dp , (z) — dppa(z)]). Let x be a fixed point in X and X a positive
number. We have,

1
SP(ldp, p(2) —dpa(@)] 2 A) <

2
exp (—2(1%N11Lb_2 )\2) + exp (—%N%l hb)\b) + exp (—a%Nb;Tl h)\) .

In order to derive an upper bound for ||dp_;, — dpp|leo,x, like in [CMM16], we use the fact
that the function distance-to-measure is 1-Lipschitz and that X" is compact, which means that
we can compute a bound by upper-bounding the difference |[dp () — dpa(z)| over a finite
number of points z of X'. Thanks to the following lemma, the minimal number of points needed
for this purpose is not bigger than MDP)\M:

Lemma 2.44. Let P is a measure supported on X a compact subset of R¢, and for X\ > 0 denote
N (P,A) =imf{N € N, Jz1,22...an € X, U;jep vy B(wi; A) O X'} Then, we have:

d
(Dpx/g + A)
A '
Proof of Lemma 2.44. The idea is to put a grid on the hypercube containing X with edges of
length Dp. The grid is a union of small hypercubes with edges of length equal to %, so that the

N (P,)) <

d
number of such small hypercubes into which the big one is split is not superior to (DPT\E +1) .

Then, we decide that each time the intersection between & and some small hypercube is
non-empty, we keep one of the elements of the intersection. We denote x; the element associated
to the i-th hypercube. Finally, each point x in X belongs to a small hypercube, and its distance

to the corresponding x; is smaller than y/>¢_, )‘72 =\ O

We thus derive upper bounds for v/n||dp, ;, — dppallso,x:
Proposition 2.45 (Upper bound for /n[|dp_ , — dppllec,x). We have,
)\d
2 (4DpVid +2)

2 2b—2 b+1 1 b+1
ab Nh' 5 a N=2h, av N2 h
exp (-2 n A ) —i—exp <—22b_1ng)\ +exp —? n% )\ .

Proof of Proposition 2.45. Since the function distance-to-measure is 1-Lipschitz, we get that:

1 P(Vnlldp, , —dpallcx = A) <

A
ldpy = dpallsca < 5 + Sgp{|de,h(xi) —dpn(zi)|},
for the family (z;); associated to a grid which sides are of length equal to 4—\)}&. We can thus
bound the probability P(||dp,_;, — dppllec,x = A) by

N(P.3)

>, P (|de,h($i) —dppn(zi)| = ;\) 7

i=1
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d
with N (P, %) < @DP/\#A) thanks to Lemma 2.44. O

Upper bounds for the expectation E[||ds , — dpallec,x] In order to get upper bounds for
E[l|dp, ; — dpnlle,x], we use the same trick as used in [CMM16], which is:

Lemma 2.46. Let X a random variable such that:
P(X > )X) <1ADXN Texp(—c)®)

for some integers q and s and some D > 0.

We have: )
Inc\s /q 1
E[XK((;) (2)

More particularly, if ¢ > exp Da+s 3, then:

s <2() ()’

14D (2) == (Inc) "+

S S

|

1
Proof of Lemma 2.46. For any Aq > 0, that we can choose as Ao = 251 we get that:
E[X] < Ao+ DX\ 9 exp(—cA®)dA
Ao
—q—s+1
<A+ D exp —c)§
cs
LY SN Y S |
B C% SCC_q_fS-F1 K
_ [mK]:  [InK]: oK™ 1
1 —q—s
In K5 In K]~
WA [, I
cs sKcs

Finally, if we choose K = v, we get:
1

Bx) < (4)" 29

S C

Len[f <1nc>q‘] .

S S

From this lemma, we can derive the following lemma.

Lemma 2.47. We have,
E[Valdp, , - dpalleca] <
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for some constants O depending on a and b.

Proof of part 2 of Proposition 2.28 For all A > 0, for any (a, b)-standard measure P supported
on a connected compact subset of R4, we can use Lemma 2.37 and Lemma 2.47 together with
the rates of convergence of the L;-Wasserstein distance between empirical and true distribution
in [BL14] to get the following result.

If b > 3, then for n big enough we have, for some constants 0 depending on a and b:

E [WI (EN,n,h(R P)aE}FV,n,h(PN’PN)H s

S5 h
2
+ 05 T log< T )
N)z h n2
1
nz2
+0
4N%

Proof of part 1 of Proposition 2.28 In order to get these two results, we use Lemma 2.24. The
convergence to zero of \/nE|||dp;, —d Pu_.nlloo,x] is a direct consequence of Lemma 2.47. We can

14
2

derive a bound of its rate of convergence in nzt, up to a logarithm term. The a.e. convergence
of vnWi(dpy(P),d p7h(]5N)) to zero is derived as in the proof of Proposition 2.26, with the
assumption p > 1. Finally, the a.e. convergence of \/n||dp; —d pr.nlloc,x to zero is a consequence
of Proposition 2.45 and of the Borel-Cantelli lemma. It occurs under the assumption p > 1.

Proof of Theorem 2.29

Lemma 2.48. Let «, x be two positive numbers and L and L* two laws of real random variables. We
denote q,, (respectively q},) the a-quantile of the law L (respectively L£*). If W1 (L, L*) < & then:

K
qf; < 2& =+ qg-
Proof. With a drawing, since the L;-norm between F; and F.+ is smaller than «, we have:

Fp- (q% +2g> >1-—a.

In this part we assume that h is fixed in [0, 1] and N = cn” for some p > 1 and ¢ > 0.
Recall that our aim is to bound above the type II error, that is:

Pre) (\/ﬁwl <d15N,h(PN)7dQN7h(Qn)) < 61@) .

For some k = n? with v in [0, %) to be chosen later, we first bound above the quantile g,
with high probability.
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As noticed in the proof of Lemma 2.24, the law of /nW; (d pu(Pn),d Rh(ﬁé)) converges to

L(|Gpn — Gpyll1), there is also the convergence of the first moments. So, for n big enough, we
have:

Wi(c (Vawi (dea(P). dpa(P)) ) £(IG R = Gpylla) < 1.

Then, under the assumption

WL (VAW (dea(Pa), dea(P)) ) s Exvn (P, P)) <

we have o
Wi(L(|Gpp — Gppll), L pn (PN, Py)) < 5+ 1.

We can do the same thing for . Thus we get that for n big enough and under the previous
assumptions:

1 1 1., L4 1., A oA
W1 (GG R = Gl + 501G ~ Bl 3 EivnalPr o) + 5 (@, Q) )

is bounded above with x + 1. And thanks to Lemma 2.48,

R ~ k+1
o < Qo +2 ;
8]

[Nl

with d, the a-quantile of the law L L([|Gpp — G, 11) + 3£(|Gon — Gy pll)-
We need to notice that with similar arguments as for Lemma 2.37, we have:
Wi (£ (VAW (dpa(Pa), dpa(Ph) ) s L (Pys Py)) <

N
2\/HIDPHde,h(P) — de’h(PN)HOO,(O,DP) + QTWMP, PN).

Now notice that
VW (dp (Pa),dgy 4(Qn)) = VAW (dpa(P), ds(Q))
—v/ny (de,h(Pn%dP,h(P)) — /W (dQN,h(Qn),dQ,h(Q)) ,

but as well, thanks to Lemma 2.41, the definition of the Li-Wasserstein distance as the
Li-norm between the cumulative distribution functions and to Proposition 2.2:

VWi (dPN,h(Pn)7dP,h(P)) <

vn :
S WP PN) +VnDenl Fy,, 5,y — Fapp)lloo,00p):
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with Dp), the diameter of the support of the measure dpj(P). So, we can finally upper bound

PQ) (\/ﬁwl (dﬁN,h(Pn%dQN,h(@n)) < qa) by

K
P (\/ﬁDPHde,h(m —Fy, (o) lc0,0p) 2 1) +

K
P (\/EDQHFdQ,h(Q) - FdQ,h(QN)Hoo,(O,DQ) > *) +

4
v (fWI(P’ Py 25 op (YEM@.an = § ) +
| F, —F, I S Wi(dpa(P),donr(Q)) ds (ta)mtd
drnPa) =T dpr(PY oo 0Pr) 2Dpp 2Dpp/n 4Dppray/n
IE, —F, [ _ Wildpa(P),doa(@) G5 (4+a)k+4
donl@n) - Han @l 00 = 2Dq,n 2Dony/n  4Dgpay/n

For all positive ¢, for n big enough, note that the sum of the last two terms can be bounded
thanks to the DKW-Massart inequality [Mas90], by

Lexp G (dP,h(P)>dQ,h(Q))n ‘
(2 + €) max {D%,Dé}

Note also that thanks to the DKW-Massart inequality, the first term can be bounded above by

1
2exp | — QCn”_HzV :
$D?

The second term is similar. Thanks to Theorem 2 in [FG15], the third term is bounded above by

d
c1 exp <—02hdnp+d7_ 2> 7

for some fixed constants ¢; and cy. The remaining terms are similar.
Since p > 1, we can choose a positive v satisfying: v < %, p+dy— % >land p—1+2y > 1.
So the two last expressions are negligible in comparison to the first one.

So, for n big enough, P(p ) <\/ﬁW1 (dPN,h(pn)v dQN,h(Qn)) < qa) is bounded above by

\ (W% (dp1(P). dg(Q)) )
exp nj.
3max {D%,, D3, |




Appendix

2.A A characterization of metric-measure spaces up to an
isomorphism — On the proof of a theorem from Gromov

Le Chapitre 2.A présente une preuve détaillée du théoreme de mm-Reconstruction de Gromov [GLP99,
Theorem 3 1/2.5.]. Dans ces travaux, Gromov se restreint a des espaces Polonais munis d une mesure de
probabilité. Il propose une caractérisation de I’ensemble des espaces métriques mesurés ainsi obtenus, a
isomorphisme pres. Le théoreme énonce le fait suivant : la connaissance, pour tout r, de la distribution de
la matrice des distances associée a un r-échantillon tiré selon une mesure suffit a reconstruire l'espace
métrique mesuré associé, a isomorphisme pres. Chapter 2.A presents a detailed proof of the
mm-Reconstruction theorem from Gromov [GLP99, Theorem 3 1/2.5.]. In this work, Gromov
studies Polish spaces equipped with a probability distribution. He offers a characterization
of the set of metric measure spaces obtained in this way, up to an isomorphism. The theorem
states the following fact : the knowledge, for all r, of the distribution of the matrix of distances
associated to a r-sample from a measure suffices to reconstruct the associated metric measure
space, up to an isomorphism.

2.A.1 The Theorem of identifiability of measures up to an isomorphism

In this chapter, (&X', §) is a Polish space that we equip with a Borel probability measure P € M(X).
For all » € IN* we define the distribution P, = 1,(P) which is the push-forward of P by
the application v, : X" — Mat,(R+), (z1,%2,...,7) = (0(%i,25)); jepn,r]- Here, Mat,(Ry)
denotes the set of  x r matrices with elements is R .

The Gromov theorem states as follows.

Theorem 2.49 (mm-Reconstruction theorem [GLP99]). Let (X, 6, P) and (), ~, Q) be two Polish
mm-spaces such that P is supported on X and ) supported on Y. Then the following property is satisfied.
If the measures P, and Q, are equal for all r € N*, then (X, 9, P) and (), ~, Q) are isomorphic.

The proof of this theorem relies on the well-know theorem of isometries extension.

Lemma 2.50 (Isometries extension theorem). Let (X, 6) and (Y, ) be two metric spaces, with (Y, )
complete. Let A be a dense subset of X and f : A — Y an isometry. Then, there exists a unique isometry
g : X — Y which coincides with f on A.
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Proof. For all sequence (xy,)nen in A converging to z € X, (f(2n))nen is Cauchy in the complete
space Y since f is an isometry, thus (f(z,))nen converges to some limit g(z) € ). Note that this
limit does not depend on the sequence (z,,)nen. The map g built in this way is an isometry. [

Let (X,9, P) and (Y, 7, Q) be two Polish mm-spaces such that the measures P, and @), co-
incide for all » € N*. Proving Theorem 2.49 boilds down to build an isomorphism between
both mm-spaces. We proceed as follows. First we define an isomorphism ) : =7 — y on a
dense countable subset of X, {z} | i € N} . Then, according to Lemma 2.50, it will be possible to
extend 7 to an isomorphism ¢ defined on the whole space X. We also need to check that ¢ is
one-to-one and onto. Finally, we prove that the map 1) preserves the measures and is thus an
isomorphism between (X, 6, P) and (Y, v, Q).

Let (x]);en be a dense sequence in X'. Such a sequence exists since (X, ) is a Polish space,
thus separable The set Ry defined by

— Ut e R | PO, p)) > 0}
ieEN

is a countable subset of R™, as a countable union of countable sets. Then we can set R =
(pn)nen, a sequence of elements in R™*\ R; which is dense in R*. Since the set R = RU
{-+00} is countable, the set of maps |,y {# : [1,n] — R} is also countable. Thus, we can
define a sequence (¢, ),en+ which contains all of the elements of |, .y {¢ : [1,n] — R "}. For
convenience, for all n € N*, we extend ¢,, to N with ¢,,(i) = +0o whenever i is not in the

definition domain of ¢,,.
3n2+n

We define the map ¢, : X" - R * foralla” = (z1,...,2,) € X" by:

Un(z") = [ (P(B (i, $5(0))))); jeqn) > (P( N @(ﬂfi,ﬁbj(i)))) , (0(zi, T5))i jelnl, i<j
J,lel,n]

€[]
2.7)
According to Lemma 2.51, for all n € N, ¢, (P®™) and ¢, (Q®") coincide.

Lemma 2.51. If P, = Q, forall r € N, then for all n € N* 1), (P®") = 1, (Q®™), with v,, defined in
@.7).

Set (y™)nen, a sequence of elements y" € YN obtained as in Lemma 2.52.

Lemma 2.52. We can build a sequence (y™)nen of elements y™ = (Y1.n, Y2, - - s Yy Qs - - -5 G, .. .) €
YN with a a fixed point in Y, such that Vn € N :

~ Vi,j € [1,n], |P(B(x}, $;(0) — Q(B(yin, ;(D)))| < 1,

= Vil € Ll 1P g 805 650)) = Qhepun i 050 < 3
- Vi, j € [1,n], |6(x], j) Y(Wims Yin)| < 5

\ =

With a diagonal process, see Lemma 2.53, we can extract a subsequence of (y"),en such that
Y;,n converges to a point in ), which we denote by y;".

Lemma 2.53. We can build a subsequence of (y")nen such that for all i € N*, the i-th coordinate
converges to a point y; in Y.
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According to Lemma 2.54, the points y;" satisfy:

Q(ﬂ B (y;, 65 (1) ) (ﬂ B (7}, ¢;(0) ) (2.8)
i€1,n] i€[1,n]

and 6(z7, %) = (Y}, v;)-

Lemma 2.54. The points (y;)icn+ satisfy:
(i) j.n € N, Q (Nicquag 25 650))) = P (Nicpug 227 65(1)))

(ii) Vi, j € N*, 8(x7,2%) = y(y},y}).

According to Lemma 2.54, the map 1 defined on (z});c by ¥(z}) = y; is an isometry. Since
(),7) is complete, Lemma 2.50 entails that ¢ can be extended to an isometry ¢) on X which
coincides with ¢ on (z);en.

Moreover, Lemma 2. 55 yields that the sets ¢)(X) and ) are equal. Thus, 4 is an isometry
from X to Y. In addition, we get that (y;);civ is dense in V.

Lemma 2.55 (Equality of ¢(X) and Y). The sets ¢(X) and Y are equal.

Note that the collection {(;cp ,j(Z(y;, ¢5(i))) | j,n € N*} is a m-system generating the
o-algebra of Borel sets of ). Indeed, we can write any open set as a countable union of balls of
radius in R™ centred on the y;'s. Moreover, the measures @ and ¢ (P) coincide on this 7-system.
Indeed, according to Lemma 2.54, for all j,n € N*

Q(ﬂ By, b5(i) ) (ﬂ B}, (1) )
i€[1,n] i€[1,n]
P({yEXl/}(y)E N %(yf,qﬁj(i))})-
i€[1,n]

Thus, according to the monotone class lemma, the measures () and ¢(P) coincide. This concludes
the proof of Theorem 2.49.

2.A.2 Proofs
Proof of Lemma 2.51

The image of the map 1, is contained in R% with d = WT_” According to the monotone class
lemma, proving equality of the probability measures ¢, (P®") and v, (Q%™) boils down to prove
that they coincide on the m-system {Ja1, b1[x .. .Jag, ba[| (a;,b;) € Q2 a; < b;}.

Set d’ = 2n?, we approximate 1j,, 5, for all i € [1,d’] with a bounded continuous function
a;,; which is equal to 1 on |a; — %, b; + %[ and to 0 on |a;, b;[¢ for [ large enough, so that:

d
. _ ®n
Jim N ]__[104” R ]E;[H Ljg, b, ((t:)don (PE™)(t1, - - -y ta) = Yu(PE™)(Ja1, bi[x . .. X]ag, ba)-

It remains to prove equality of the integrals associated to both measures, for all a;;s. The
Stone-Weierstrass theorem entails that for all bounded continuous function « defined on [0, 1]%,
the integrals f[o,l]d’xﬁi—d’ alty,... ta) H?:d,ﬂ g, b, (ti)dipy (P€™)(t1, . . . , q) coincide for both
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measures. Indeed, these integrals coincide for all polynomial function «. For instance, as noted
in [GLP99, Theorem 3 1/2.5.], Fubini-Tonelli theorem and the fact that the measures P, and Q)
coincide for all r € N yield

| P @) = [ [ 1iedP@art /Q (.0))dQ(x).

This method can be generalised to all products of polynomial functions of measures of balls, of
intersections of balls and of functions z,y — d(x,y).

Proof of Lemma 2.52

The following lemma, Lemma 2.56, ensures the continuity of all the maps 1, defined by (2.7) for
n € IN*.

5n2—n

Lemma 2.56. Forall n € N*, the map 1, : X — R *  defined in (2.7) is continuous.

Proof. We equip the space X" with the metric §” defined for all © = (z1,z9,...,2,) and z =
(21,22,...,2n) by 0"(z,2) = maxze[[l n] (024, 23)).

Let (2 )ke]N = ((2F,25,.. ., n))kze]N be converging sequence in X" with limitz = (x1, 22, ..., zy).
Then |§(zF, z; 2Ky — (x4, 24)| < 26™(w, 2*) which converges to zero when k goes to infinity.

Note that P(Z(2F, $;(i))) < P(#(x;, ¢;(i)+0"(z, 2*))). Thus, lim sup,,_, ., P(B(zF, ¢;(i))) <
P(B(xi,¢;(i))). As well, we get that lim infy o, P(B(2F, $;(i))) = P(B(x:, $;(i)))-

Since for all j, ¢; is chosen such that Vi € N, P(0%(z;, $;(i))) = 0, it holds that

P(B(wi,0,(0))) = P(Bs,05(0))) = lim P(A(E,65(0)))
The same result holds for the intersections of balls. Thus, the map 1), is continuous. O

Since Supp(P) = X, 2" = (x1,%2,...,2,) € Supp (P®"). It yields that for all > 0,
P®"(A(z"™,n)) > 0. Moreover, according to Lemma 2.56, v, is continuous on X". Thus, for all
€ > 0, there exists n > 0 such that Z(z",n) C {z = (21,22,...,2n) € X" | ||Yn(2") — ¥n(2)]lco <
€}. It holds that v, (™) € Supp (¢, (P®")).

According to Lemma 2.51, the distributions 1, (P®") and v, (Q®™) coincide. Thus, ¢, (z") €
Supp (¥ (Q®™)), and Ve > 0, 1, (Q®") (B (Yn(27), €)) > 0.

It yields that for all n € N*, there exists some y" = (y1.n,Y2.n, - - - s Ynn) € V" = Supp (Q®")

which satisfies: )

¥ (y"™) = ¥n (@)oo < —

Proof of Lemma 2.53

According to Lemma 2.52, (y;n)nen+ is built such that for all j € [1,n], |P(AB(yin, $j(i))) —
P(#(x},¢;(i))| < L. Forall e > 0, there exists N € N* such that 0 < ¢n(i) < e. Thus,
foralln > N, P(B(yin.€) > P(%(z},¢n(i))) — L. And for n large enough, P(B(y;n,€)) >
$P(%(x}, on(i))) which is positive since z} € Supp(P).

Thus, from any subsequence of (y; »)neN+ We extract a converging subsequence, according
to Lemma 2.57.

In order to make the sequences (y; n)nen+ for i € N* converge simultaneously, we apply a
diagonal process.

Lemma 2.57. Let (z,,)nen be a sequence in a complete metric space (X, §) equipped with a Borel measure
P, such that for all € > 0 it exists ¢ > 0 and N > 0 such that foralln > N, P(#(xp,€)) > c. Then, a
converging subsequence can be extracted from (xy,)nen.
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Proof. For € > 0, let c and N be defined such that for all n > N, P(#(xp,€)) > c. Set L(e) =
sup{m € N | 3n1,ng, ... 0y = N,Vi,j € [1,m]B(xn,, €) N HB(2n;,€) = 0}. It corresponds to the
packing number of {#(zn, €)},,- - Note that L(e) < 1 <o

Thus, there is a set of points (z});c[1,1()) Maximizing the previous set. Note that X' =
Ui,z 2 (a7 s 2¢). Thus, there is a ball of radius 2¢ containing an infinite subset of points of
the sequence (z,,)nen+. We denote any such infinite subset by S ((z,,)nen, €).

To build a subsequence (z,)nen+, we proceed as follows. First set z; = 21 and keep S; =

S ((xn)nen, 1)\ {z1}. For n € N*, select for z,4 the first element of S, 11 =S (Sn, n%rl) \ {zn}.

Then (2, )nen~ is a subsequence of (x,,),en+ Which is Cauchy in a complete metric space, thus
converging. [

Proof of Lemma 2.54
Triangular inequality and Lemma 2.52 yield (yj, y}") =0 (acj, x}‘)
According to Lemma 2.52,

1
Vil e 1 < -
.]7 6[[ 7n]]7 n

P( () 2«0 (i))) -Q ( (1 2 Win. &5 (i)))

i€[1,1] i€[1,l]

Forall j,i € N, we can build an increasing sequence (¢; x (1)), converging to ¢; (i).
For all k, [ in N*, for m large enough, (;cp g 2 (47 05 (i) O Niepip £ Wiim, @5,k (7). Thus,

Q( N 2.6, <z’>>> > @( ) 2 Wi b <z'>>>

ie[1,]] ie[1,0]

> p ( N 5o <z’>>> -=

1€[1,]]

By making m and k go to infinity, we get that:

P( ) 2, ¢; (i))) <Q( (N 2. ¢; (i)))-

i€[L,]] i€[1,1]

Similarly, we prove that P (ﬂie[[u]] B (z}, ¢, (z))) >Q (ﬂie[[u]] B(yS, o (z))) Since the pjs are
chosen such that P (ﬂie[[u]] B (z}, 0, (z))) =P (ﬂie[[u]] B (7}, P; (z))), the result follows.

Proof of Lemma 2.55

First note that ¢(X) is a closed subset of )} by using the completeness of }. For the sake
of contradiction, assume that )(X) # ) and choose y € Y\¢¥(X). Then, for some ¢ > 0,
H(y,€) C V\$(X). Since y € Supp(Q), Q(B(y, §)) > 0.

Let p € R be such that p < 5, then QV\%(y,5)) > limyoo Q(U;<,, (¥, p)). The
Poincaré’s formula and Lemma 2.54 (with j chosen such that for all i € [1,n], ¢;(i) = p) yield
P(Uicn B(7,p)) = QU< Z(y;, p)). By making n go to infinity, it holds that 1 = P(X) =
Q(IV\%(y, 5)), which is a contradiction.



CHAPTER 3

Trimmed criteria for clustering with
applications to mixture models

Dans le chapitre précédent il était question de comparer deux distributions ou deux nuages de
points. Désormais, nous considérons un unique nuage de points, ou une unique distribution.
L’objectif de ce chapitre est d’introduire/étudier des méthodes permettant de séparer une telle
distribution ou un tel nuage en £ composantes, de facon pertinente. Les méthodes étudiées
sont adaptées a des données échantillonnées selon certains modeles de mélange, en présence
de données aberrantes. Dans un premier temps, nous étudions une version trimmée a la facon
[CAGM97] de la méthode de partitionnement Bregman proposée par [BMDGO5]. Ces travaux
ont été réalisés en collaboration avec Aurélie Fischer et Clément Levrard et ont fait I'objet d'un papier
[BFL18] soumis a la conférence NIPS 2018. Dans un second temps, nous développons une nou-
velle méthode de partitionnement trimmé adaptée aux mélanges Gaussiens hétéroscédastiques.
Cette méthode repose sur une version continue de la vraisemblance trimmée. C’est une alterna-
tive a la méthode de [GEGMMIO08] implémentée par 1’algorithme R fclust. L'originalité de notre
alternative vient de la possible non convexité/connexité des composantes. Cette caractéristique
rend notre méthode plus performante pour certains types de distributions. Les travaux associés
a cette deuxieéme partie sont en cours.
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In this chapter, we consider a distribution or a sample of points. We aim at splitting the data
into £ components. The methods we study are well suited for data generated according to certain
mixtures of models, in the presence of outliers or clutter noise. On the one hand, we consider a
trimmed version (in the sense of [CAGM97]) of the Bregman clustering method introduced in
[BMDGO5]. On the other hand, we develop a new method of trimmed clustering well-suited to
heteroscedatic Gaussian mixture models. This method is based on a continuous version of the
trimmed log-likelihood. This is an alternative to the work of [GEGMMIO8] with the R algorithm
tclust. The originality of our point of view resides in the possible non convexity /connectedness
of the k components. This property makes our method perform better for some distributions.

3.1 Trimmed clustering with Bregman divergences

In this work we investigate a k-means type method for clustering data possibly corrupted with
clutter noise. We propose a trimming approach based on Bregman divergences. The main
interest in using Bregman divergences for clustering is two-sided: first it adapts to data sampled
according to mixture models from exponential families, and second there is a possibility to apply
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Lloyd-type algorithms. In this work we prove that the optimal empirical codebook converges
a.e. to the optimal codebook, which is proved to exist. We also prove that the Bregman-loss
associated with the empirical optimal codebook approximates the optimal Bregman-loss at a
rate %ﬂ which is the usual rate for k-means.

Moreover, the Bregman-loss associated with some trimming parameter h coincides with a
notion of distance-to-measure, where the squared Euclidean distance is replaced by a Bregman
divergence in the definition of the DTM. Then, optimal codebooks (resp. empirical codebooks)
coincide with minima of this generalization of distance-to-measure (resp. empirical distance-to-
measure). This generalization of the DTM will be called Bregman divergence-to-measure.

Finally, we derive a Lloyd-type algorithm with a trimming parameter that can be selected
from data according to some heuristic.

3.1.1 Context and motivation

Given a set of data points sampled according to some distribution P on R¢, possibly corrupted
by noise, it is often a question in data analysis to determine clusters together with centres
associated to each cluster, for instance to provide a concise description of the data. Given a
positive integer k, a set ¢ = {c1,¢2,...,c;} of k elements in R?, or k centres, will be called a
codebook. We focus on the problem of choosing the codebook that best depicts the data, together
with a quantizer, that is a map ¢ : R? — c that assigns each element of R to some centre
¢; = ¢(x) in c. Whenever z is a data point that satisfies ¢; = ¢(z), we say that the label of the
point z is i. This kind of method consisting in assigning each data point to a single centre is
called hard clustering. This is in opposition to soft clustering where to each data point z we assign,
for each center, a number corresponding to the probability for = to belong to the corresponding
cluster. Also, we focus on unsupervised clustering, in the sense that the data come without
labeling, contrary to supervised clustering where some of the data points are already labeled.

One of the most famous and widely used hard unsupervised clustering methods is k-means.
This method is based on the concept of variation about c given P, V¥ (c) defined by

VP(c) =P min |ju— ¢,
i€[1,k]
where we use the notation [1, k] for the set {1, 2, ...k}, and for any function f, P f(u) denotes
the expectation of the random variable f(X) when X is sampled according to P. The symbol
||| denotes the Euclidean norm on R%. The loss or k-variation given P for k-means is given by

VP =infvP(c).

Any minimizer ¢* = {c], c3, ..., c;} of the k-variation given P will be called an optimal codebook.
Then, an optimal quantizer associated to the k-means method is given by ¢* : = — Ciz) whenever
|z — C:(x) | = min;epy 4 [|# — ¢} ||. This provides a clustering method, where each data point z is
assigned to the cluster i whenever ¢*(x) = ¢}. Intuitively, when the form of the data is truly a
union of £ well-separated clusters, then c¢* should correspond to the set of all barycentres ¢ of
data points within a cluster 4, and every point in the cluster i should be assigned to c; though ¢*.

When the data are corrupted with outliers, it is more appropriate to decide not to assign all
data points to a cluster, that is not to label all data points. For convenience we assign the label 0
to a proportion 1 — h of the data points. Such points will be considered as noise and will count
for 0 in the remaining loss Vy, 5, (P), also called trimmed k-variation which is defined by

Vin(P)= inf VP,
PePp 4 (P)
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where Py (P) = Upyepa) Pr (P) with P, (P), the set of probability measures P= FQforQa
sub-measure of P of P-mass h.

Such a point of view has been taken in [CAGM97]; it corresponds to the concept of trimmed
k-means. It consists of applying a k-means method to a subset of RY with P-mass at least h, such
that the loss is minimized. In practice, when we observe a set of data points from P, corrupted
by clutter noise, a suitable choice of h would be the proportion of signal, that is of data points
truly sampled from P. Moreover, we can expect that this set minimizes the loss. Roughly, noisy
data points should have 0 as a label.

In [CAGMO97], the authors generalise these notions by replacing the squared Euclidean norm
||.|* with a convex function of the Euclidean norm x — ¢(||z||), where ¢ is convex on IR, in the
definition of the variation about c given P.

To every codebook c, it is possible to assign a radius rj(c), which is the largest radius
r > 0 such that P(%(c,r)) < h < P(%(c,r)) with the notation %(c,r) = Uiepi g #(ci;r) and
H(c,r) is its closure, where %(c,r) = {x € R? | ||z — ¢|| < 7} denotes the Euclidean ball. The
family of distributions P, € Pp,(P) supported on #(c,r) and such that h P j, coincides with
P on %(c,r) is denoted by P ;(P). In [CAGM97], the authors prove that any measure P*
realizing the infimum in the definition of Vy, j,(P) is an element of P¢« ,(P), for a codebook c*
which minimizes ¢ — V' (c), where the h-trimmed variation about ¢, V¥ (c) is defined for all
Pc,h S th(P) by

VPc)= inf VF(c)=VFler(e).
PePr4(P)

In addition, see [CAGMY97, Proposition 2.3], the trimmed k-variation coincides with the h-
trimmed variation about c*, that is V¥’ (c*) = Vi ,(P). Concretely, sets minimizing the loss are
unions of balls centered at the elements of c*.

Such a method is particularly well adapted when the data are sampled from a mixture of
Gaussian distributions, since in this case, sub-level sets of the density are union of Euclidean

balls.

In [BMDGO05], the authors propose a variation of k-means based on the Bregman divergence
as an alternative to the squared Euclidean distance. Given some convex subset (2 of R¢, and
some strictly convex C! function ¢ defined on 2, the Bregman divergence to a point y €  is
defined for all x € Q by

dg(z,y) = d(x) — d(y) — (Vyo,x —y),

where V¢ denotes the gradient of ¢ at y.

The notion of Bregman divergence is particularly suited to mixtures of distributions from
exponential families, such as for instance Poisson, binomial or even Gamma distributions. To
each family of distributions, a function ¢ is naturally assigned. Moreover, the authors con-
firm, through experiments, that clustering data with the corresponding ¢-Bregman divergence
provides a better clustering. The quality of a clustering method will be measured in terms of
normalized mutual information, introduced in [S]02].

Another advantage of the use of Bregman divergences for clustering data comes from the
possibility to adapt the Lloyd algorithm to compute a local minimizer of the loss. The adaptation
is possible since for every strictly convex function ¢, the expectation of P, Pu minimizes
¢ — Pdg(u,c) among all elements ¢ € RY. Such a property is not satisfied for the function
z — ¢(||z — ||) used in [CAGMI7]; the authors had to use an annealing based algorithm.
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3.1.2 Contribution

In this Section, we propose a generalization of k-means to data sampled from a distribution
P possibly corrupted by noise, where the mixtures of distributions from exponential families
is of particular interest. The method we propose is an adaptation of [CAGM97] in the sense
that a proportion 1 — h of the data will be wiped out. It might also be seen as an adaptation
of [BMDGO5] in the sense that the square of the Euclidean distance will be replaced by the
Bregman divergence associated to some convex function ¢.

Given X,, = {X;,X>,...,X,}, an n-sample from P, an empirical optimal codebook is an
optimal codebook for the empirical measure P, = 1 3" | §x,, the uniform measure on the set X,,.
We prove that empirical optimal codebooks converge a.e. to the optimal codebook under some
assumptions, and that the loss associated to the empirical optimal codebook will converge to the
loss associated to the optimal codebook (for P), at a rate ﬁ The proofs will rely on measure
concentration inequalities such as the bounded difference inequality, together with the Dudley
entropy integral and the metric entropy, related to the notion of shattering dimension.

We also make the link with the notion of distance-to-measure. Indeed, the Bregman h-
trimmed variation about a codebook ¢ = (c1,co,...,c;) coincides with the DTM when the
Euclidean distance is replaced with the Bregman divergence, and the point z is replaced with
c and the ball centered at = with P-mass h is replaced with a union of balls centered at the ¢;s
with fixed radius and P-mass h. Then, the optimal codebooks coincide with the minima of this
notion close to the DTM, that we will call Bregman divergence-to-measure.

In addition, we provide a Lloyd-type algorithm that is proved to converge to a local min-
imum for the empirical loss. We also furnish a heuristic for the selection of the trimming
parameter h from data. The algorithm together with the heuristic are exploited on some illus-
trative examples where data are sampled according to a mixture of distributions from various
exponential families, with clutter noise.

Before introducing a framework for trimmed clustering with the Bregman divergence,
we introduce some additional notation. For k& € N* and any space A, A*¥) stands for {c =
(c1,¢2,...,¢x) | Vi € [1,k], ¢; € A}, where two elements are identified whenever they are
equal up to a permutation of the coordinates. We equip A*) with the metric dist(c,c’) =
inf, e, max;eq 4 llci — b, ||, with Xy, the set of all permutations of [1, £]. Also, for any subset A
of R?, A stands for its closure, A° for its interior and A° = R%\ A its complementary set in R¢.

3.1.3 A framework for trimmed clustering with Bregman divergences

A natural setting adapted from the trimmed k-means setting

Definition 3.1. Let ¢ be a strictly convex C! real-valued function defined on a convex set Q c RY,
the Bregman divergence dy is defined for all z,y € Q2 by

We generalise this notion to every codebook ¢ = (¢1,¢a, ..., ¢k) € Q) by:

dg(z,c) = 1ér[lllrllf]] dg(z, ).

Note that by taking ¢ : x — ||z||%, dy(z,y) = ||z — y||*. Also, since ¢ is strictly convex, for all
z,y € RY, dg(x,y) is non-negative and equal to zero if and only if x = y; see [Roc70, Theorem
25.1].
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Lemma 3.2 (Proposition 2 in [BMDGO05]). The map ¢ € Q — Pdy(u, c) has a unique minimizer
given by ¢ = Pu.

Proof. For all ¢ € Q, Pdg(u,c) = Pdg(u, Pu) + dy(Pu,c). O
Note that this minimizer belongs to {2 which is a convex set.

Definition 3.3. The Bregman ball %4(c,r) centered at ¢ € Q®), with radius 7 > 0 is defined by

Note the presence of a square root on the Bregman divergence in the definition of Bregman
ball. It comes from the fact that the Bregman divergence behaves like a square; see for instance
the particular case where ¢ equals the squared Euclidean distance or the more general case
where ¢ is strongly convex (i.e. s.t. dy(z,y) > 4||z — y||* for some p > Oand all z,y € Q).

For all h € (0, 1), we will use the notation 4 1, (c) for the largest radius r > 0 such that

P(%(c,r)) <h< P (HB(c,r)). (3.1)

Also, denote by Py n(P), the set of all probability measures P, € Pp(P) such that P, is
supported on #4(c,r) and hP. , coincides with P on %y(c,r).
Similarly to [CAGMO97], we can define notions of trimmed variation:

Definition 3.4. For any P € P(Q), the variation about ¢ € Q") given P, Vg (c) is defined by:
Vg(c) = Pdy(u,c).

Given h € (0, 1), the h-trimmed variation about c€ Q¥), Vé;h(c) is defined for any P, in Py c 1 (P)
by:
VE (€)= Pepdg(u, c).

The k-variation given P, Vf; ;. is defined by:

VP = inf VL(c).
ok = ca s ()

The h-trimmed k-variation, V 4 1, 5, (P) is defined by:

Vqﬁ,k’,h(P) = _ inf ka
Pep, L (P) 7

While the variation about ¢ corresponds to the P-mean of the Bregman divergence to c on
the whole space (2, the h-trimmed variation about c corresponds to the P-mean of the Bregman
divergence to ¢ on the Bregman ball centered at ¢ with P-mass h.

The k-variation given P stands for the variation about an optimal codebook, that is, a
minimizer of the variation. Such a codebook is optimal in the sense of a clustering with Bregman
divergence, see [BMDGO05]. Finally, the h-trimmed k-variation corresponds to the best clustering
with the Bregman divergence, when we allow ourselves to remove a proportion of mass at most
1 — h of the measure P.

When fixing a codebook ¢ € Q*), the best h-trimming procedure consists in keeping the
closest points to c in terms of the Bregman divergence to c, that is, the points within the Bregman
ball centered at ¢ with P-mass h. In this sense, we will prove through the two following lemmas,
that the h-trimmed variation about ¢ € Q) can be rewritten as inf pep, . (P) Pdy(u,c).
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Lemma 3.5. Forallc € Q%), h € (0,1] and P € Py,(P),
Vi (c) < Pdg(u,c).

Equality holds if and only if P € Py ¢ ,(P).

This lemma is a straightforward generalisation of results in [CAGM97, Lemma 2.1] or
[Gor91], its proof can be found in Section 3.3.1.

Lemma 3.6. Let 0 < h < h'/ < 1. Then, for all P € P(Q) and ¢ € Q*), we have:
VEu(e) < VE(e).
Moreover, equality holds if and only if P(%4(c,r4n(c))) = 0.

This lemma is a straightforward generalisation of results in [CAGM97, Lemma 2.2], see also
[Gor91]. Its proof can be found in Section 3.3.1.

Minimizing the h-trimmed k-variation boils down to finding the codebook that minimizes
the h-trimmed variation, as described below.

Proposition 3.7.

Proof. This proposition is a straightforward generalisation of Proposition 2.3 in [CAGM97].
According to Lemma 3.6 and Lemma 3.5, Véi p(c) = inf Pep, . (P) Pdy(u,c). The result follows

from Definition 3.4. O

Thus, the target quantity is any minimizer c of the h-trimmed variation. Then, it will lead to
a pertinent clustering of the data.

Definition 3.8. A h-trimmed k-optimal codebook is any element c* in arg min cq ) Véi ().

The performance of a clustering might be measured in terms of the optimal risk R} , =
hVih(c*) = hV¢7k7h(P).
Such a trimmed k-optimal codebook exists under some assumptions on P and ¢, as follows.

o
Theorem 3.9. Assume that ¢ is C* and strictly convex and Fy = Conv(Supp(P)) C . Then, the set
arg mingeqm V5, (c) is not empty.

The proof of Theorem 3.9 is to be found in Section 3.3.1.

Trimmed k-optimal codebook and Bregman-Voronoi measures

Any measure P can be decomposed into a set of £ € N* Bregman-Voronoi measures, supported
on the Bregman-Vonoroi cells V; = {x € Q | Vj # 4, dg(x, ¢;) < dg(x,c¢;)} fori € [1, k]. Bregman-
Vonoroi cells were studied in [BNN10] for instance.

Definition 3.10. A set of Bregman-Voronoi measures associated to a distribution P € P;(R%)

and ¢ = (c1,¢,...,¢;) € QW) is a set {PBV”"C}Z.E[[1 . of k positive sub-measures of P such
that S°F | PBYb¢ = P and Supp (PPY¢) C V;. We denote by m(PBV4¢) = % the

expectation of PPV, and set m(PBV¢) = ¢y when PBV4¢(R?) = 0, for some arbitrary
element ¢y € Supp(P).
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For h € (0,1) we define the operator 7}, (or T') on Q%) for any choice of measure P, ), €
Pe in(P) as follows:

k) > )
b {02(61,...,Ck) - (m<P°B’Y1C>)Z 1,...k |

=1,...,

When P puts no mass on the boundaries of the cells V;;, = V; N Supp(F, ), we may write
T( ) Puly, h(u)
€)= P( i h) :

The h-trimmed variation is non-increasing with 7. As a consequence, the following property
is satisfied for optimal codebooks.

Proposition 3.11. For every h € (0,1)and c € Q, Véih(T(c)) < Vdfih(c). Moreover, if c* is a trimmed
k-optimal codebook of P for the mass parameter h. Then, for every Pe« j, € Py o+ n(P),

Vi € [1,k], ¢f = Th(c")i = m(PL ) if LR (Q) #0,
where § PEY:< is a set of Bregman-Voronoi measures associated to Pe- p,.
cnh S ’

The proof of Proposition 3.11, which is a generalisation of Proposition 3.3 in [CAGM97] is to
be found in Section 3.3.1.

It is possible to derive bounds for the difference of the h-trimmed variations at two points,
as follows.

Lemma 3.12. Let P € P1(Q), h € (0,1) and c,c’ € Q). For some element Pe, in Pycn(P), set

{PCB ,Y Zc} [ a set of Bregman-Voronoi measures associated to Py j,. Then, the two following upper
1e|1,

bounds are satisfied

VEn(c) = VE(c) ZPBV’Z’C ( Ve, =Vud,m ( CB,Y’Z’C> —d) — d¢(C;,Ci)) :

VD) = VE () ZPBV“’ ) ((Ves = Vagoom (PE) = ) + dylein )

In particular,

VEu(e) = VEue) ZPBV’““ V6 = eidll|[m (PE7) =

The proof of Lemma 3.12 is to be found in Section 3.3.1.

It follows that the h-trimmed variation associated to P € P;(f2) is stable with respect to
the Bregman divergence in the neighborhood of any trimmed k-optimal codebook of P in the
following sense.

Proposition 3.13. Let P € P1(Q), h € [0,1], ¢* a trimmed k-optimal codebook for P, c € Q*) and

{Pﬁ‘;f’c* } . the Bregman-Voronoi measures associated to some Pe« j, € Py e+ n(P). Then,
(2

)

0<VE () - c*) ZPB;V” )do(c, ).
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Proof. From Proposition 3.11, since c* is optimal, we get that ¢ = m (Pg‘;f’c*) for all ¢ such
that Pﬁ‘;;i’c* (Q) # 0. We conclude with Lemma 3.12. O

Convergence of the empirical optimal codebook to the optimal codebook

Given an n-sample from P, a natural approximation of the trimmed k-optimal codebook c* is
given by an empirical trimmed k-optimal codebook, i.e. an element ¢,, of arg min ) Vf;"h(c).
This strategy makes more sense when c* is unique as a minimizer of the variation given
P. In this case, under some continuity assumptions on P, ¢, is proved to converge to c*
almost everywhere for the distance dist, when n goes to infinity. Indeed, it follows from a
straightforward generalisation of Theorem 3.4 in [CAGM97]:

Theorem 3.14. If P is continuous, P||u||P < oo for some p > 2, ¢ is C2 on 2, Fy = Conv(Supp(P)) C
Q° and c* is the unique minimizer of\/é;h, then:

lim dist(¢,,c*) =0a.e.
n—+o00

where dist(c, ¢’) = min,ex, max;ep 4 |ci — ¢ (iy| where Xy, denotes the set of all permutations of I1, k]
and
im Vg pn(Pn) = Vern(P)a.

n——+o00

Proof. The proof of Theorem 3.14 is to be found in Section 3.3.1. O

In particular, the convergence of the loss in the empirical codebook to the optimal loss holds
at a rate ﬁ

Theorem 3.15. Assume that P||u||P < co. Then, for n large enough, with probability greater than
1—n"2 —2e*, we have

VEn(€n) = Vorn(P) < P (14 Va).

h\f
The proof of Theorem 3.15 is to be found in Section 3.3.1.

Corollary 3.16. If in addition there exist co € §2° and 1) a convex function such that

sup || Veol| < (1),
CE%(CQ,t)ﬂFO

with Pllu) 22 (M) < 400, Pllu)|? < +o0 and Py2(HHl) < 400, then
C
P a P
E (Vg n(€n) = Vorn(P)) < NG

The proof of Corollary 3.16 is to be found in Section 3.3.1.

Optimal codebooks and the distance to measure

The h-trimmed variation corresponds to a slightly modified version of the distance-to-measure,
as introduced by [CCSM11]. We will introduce the notion of Bregman divergence-to-measure
that corresponds to this slight modification, as follows.
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Definition 3.17. Given P the Bregman divergence to the measure P is defined for every codebook
cc Qby 3
dQ,P,h(c) = _inf Pdy(u,c),
PePy(P)

or equivalently, according to Lemma 3.5, by

dgs,P,h(C) = Pc,hd¢>(ua c)
for every Pcj, € Py.c.n(P) as defined in Section 3.1.3.

According to Definition 3.4, Lemma 3.5, Lemma 3.6 and Proposition 3.7, the notion of Breg-
man divergence-to-measure coincides with the notion of h-trimmed variation. In particular,
optimal codebooks correspond to minimisers of the Bregman divergence to the measure P, and
are approximated by any minimiser ¢,, of the Bregman divergence to the measure P,.

The arguments in [CMM16] generalise to the Bregman divergence to derive deviation bounds
for sup,. \dé pulc) — d?b’ p, »(€)|- It is thus possible to get faster rates of convergence for i small,
as a function of the continuity modulus of the quantile of the distribution of di(X ,c)for X ~ P
and c in a compact set, and the covering number of ¢ — di pr(c). Such a remark might be
useful to bound dé pil€n) — di, pn(c”). Nonetheless, in the context of trimmed clustering, the
proportion of signal should be close to h, which should not go to zero. Thus, in this context, the
rates of convergence and deviation bounds obtained should not be better than the ones obtained
in Theorem 3.15 and Corollary 3.16.

In [CCSM11], the authors prove that the distance-to-measure is 1-Lipschitz. Such a property
is not necessarily satisfied by the Bregman divergence-to-measure, but at least it remains
continuous over compact sets, as follows.

Proposition 3.18. Let P be a probability measure such that P||lu|| < oo, Supp(P) C #4(0, K) and
c,c’ € K® for IC some convex compact subset of 2 N (0, K') for some K' > 0. Then,

2 pple) — A2 ()] < (K + K')wygc(dist(e,c)),
where wy i is the continuity modulus of the function ¢ € K — V¢, that is, is such that
Ve > 0, wyg(€) = sup {||[Voe — Voo | c,d € K, le— || <€} .
Proof. It comes from Lemma 3.12 and the fact that Hm <Pf,y’i’°> ’ < K since Supp(Pf,Y’i’c) C
Supp(P) when P}, € Py cn(P). O

This proposition can be extended to general measures.

Proposition 3.19. Let P be an inner-regular probability measure such that P||u|| < oo and Supp(P) C
Q. Set c,c’ € K¥), where K is a convex compact subset of Q° N (0, K') for some K' > 0, then for
every h € (0,1),

|dZ pa(c) = 43 p(c)| < Ly pxwvec(dist(c, ).
for some finite Lipschitz constant Ly px depending on ¢, P, K and h.

The proof of Proposition 3.19 is to be found in Section 3.3.1.

Note that since ¢ is supposed to be C!, ¢ —+ V¢, is uniformly continuous on the compact
set KC. Thus the continuity modulus is finite for all € and goes to zero when € goes to zero. For
instance, choosing ¢(c) = ||c||? leads to wyg «c(€) = 2¢ for any compact set K.

In particular, ¢ — di p(c) is continuous whenever ¢ is C L
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3.1.4 Algorithm

The following algorithm is inspired by Lloyd’s algorithm, but is also a generalization of the
Bregman Hard Clustering for uniform finite-supported measures; see [BMDGO05, Algorithm
1]. We assume that the mass parameter h = £ for some positive integer ¢. Set C; the Bregman
-Voronoi cell associated to ¢;. We use the notation |C;| for the cardinal of C; N X,,.

Algorithm 3.1: Bregman trimmed k-means algorithm

Input:X,, an n-sample from P, gand & ;

# Initialization

Sample cy, ca,...c;, from X, without replacement. ;

while the ¢;s vary make the following two steps:

# Decomposition into Bregman - Voronoi cells.
for i in 1..k:

for j in 1..n:
Add X; to the C; (for i as small as possible) satisfying
dg(Xj, i) < dg(Xj, ), VI #1;
dmin(J) = mini—q_ dg(Xj,¢);
# Trimming stage
Sort dnin ;
Set I the set of indices associated to the n — ¢ largest elements of d,y, ;
cost = Zieﬂl,n]\l(dmin [i]);
for j in I:
Remove X; from its associated cell C; ;
# Computation of the new centers and weights.
for i in 1..k:
G = ﬁ doxee, X
Output: (Cl, Co, ... ,Ck), (Cl,CQ, NN ,Ck) and cost

P’IL

Proposition 3.20. The algorithm 3.1 converges to a local minimum of the function V' with hy, = ]

E.

The proof of Proposition 3.20 is an adaptation of the proof of Proposition 2 in [BMDGO05]. It
is a straightforward consequence of Proposition 3.11 since at each step, ¢; is replaced with 7}, (¢;),
where T, is the operator 7" associated with the measure P,.

3.1.5 Experiments

In this part, we apply Algorithm 3.1 to mixtures of distributions belonging to some exponential
family. As noted in [BMDGO05], we can associate to some exponential families of distribution
a Bregman divergence, by Legendre duality. Such a Bregman divergence is more adapted for
the clustering than other divergences, as shown by the following experiments. First we recall
that an exponential family associated to a proper closed convex function ¢ defined on an open
parameter space © C R¢is a family of distributions F,, = { Py | § € O} satisfying the following
properties. For all 0 € ©, P, ¢ is defined on a space R? and is absolutely continuous with respect
to some distribution P with Radon-Nikodym density py, o defined for all € Q2 by:

Py.o(x) = exp((z,0) — ¥(0)).

Since Py ¢ is a probability distribution, the differentiation of the L () norm of its density yields
p(0) = Voip, where p(6) is the expectation of py 9. We define ¢(i) = supycg {(11,0) — ¢(0)}.
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Distribution p(z,0) 0 »(0)
Gaussian L ¢ (_ (’”_“)2) a o2 g2

Varo? P 252 = 2
Poisson A” exf!(_’\) log(\) exp(0)
Binomial J:!(K,Viw),q“”(l QN=* log (%q Nlog (1 + exp(8))

zk—lexp(—Z

Gamma F(k)lz(k ) —% klog (—%)
Distribution g o) dg(x, 1)
Gaussian a s oz (T — p)?
Poisson A wlog(p) — p xlog (%) —(x—p)
Binomial Ng plog (%) + (N — p)log (%) xlog (i) + (N — x)log (%‘ﬁ)
Gamma kb —k + klog (%) % (nlog (&) + 2 — p)

Figure 3.1: Exponential families and associated Bregman divergence

According to [BMDGO5, Theorem 2] extracted from [Roc70], by Legendre duality, for all  where
¢ is defined, we get:
o(p) = (0(1), 1) — ¥(O(1)),

with §(n) = V,¢. Moreover, according to [BMDGO05, Theorem 4], the density of Py with
respect to Py can be rewritten with the Bregman divergence associated to ¢ as follows:

Py.o(x) = exp(=dy(z, p) + ¢(x)).
We consider the example of the family of Gamma distributions.

Example 3.21. The density of the Gamma distribution with respect to the Lebesgue measure on
10, +o0[ is given by:
rFLexp (-%)

T T Rk

= exp ((,0) — ¢(0) + c(x))

w1th 0 = =t and ¢(0) = klog(=). Here, I denotes the Gamma function. Then u(0) = Vi) =

k. Thus, 0(u) = =£.

m
Set o) = (1, 0(n)) — ¥(O(p)) = —k + klog (g).Then, V6 = —%. Thus,

£ (o (£) 0.

We can verify that the density is really equal to C(x)exp(—dg(z, 1)) for some nonnegative
function C of z.

do(z, 1) = ¢(x) = ¢(p) — (& — 1, Vyuo) =

The experiments are made from Gaussian, Poisson, Binomial and Gamma distributions, but
also for the Cauchy distribution. Figure 3.1 contains the densities together with the functions ¢
and the associated Bregman divergences. For more distributions, see [BMDGO5, Table 2].
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Appropriate choice of the Bregman divergence for mixtures

Before introducing noise, we redo the experiment of [BMDGO05]. We generate 100-samples from
different distributions which are various mixtures of Gaussian, Poisson, Binomial and Gamma
distribution, but also from the Cauchy distribution. Each time there are three components of
the mixtures with equal probability #. The means are set to 10, 20 and 40 (or the modes for the
Cauchy distribution). For the Gaussian densities, we set the standard deviation to 5, for the
Binomial distribution, the number of trials to 100 and for the Gamma distribution, the shape
parameter to 40. The following figure shows the densities of the different mixtures when they
do have density, or the diagram of probabilities for the discrete distributions.

0.08-

Distribution
Gaussian mixture

--- Gamma mixture
Poisson mixture
Binomial mixture

0.06-

Density

0.04-

0.02-

0.00-  —miaaf :

Figure 3.2: Distributions

For each distribution and each divergence, we sampled 100 100-samples. For each sample,
we used algorithm 3.1 10 times and kept the best clustering, that is, the clustering for which
the mean of d,;,, is minimal. Then we computed the normalized mutual information NM I, as
defined in [S]02] (see Definition 3.22) between the true clusters and the clusters obtained with
algorithm 3.1.

Definition 3.22 ([S]02]). The normalized mutual information is defined for two clusterings (a) and

(b) by
(a) (b)
Sho o i log (%)

k(@) a kB (b) (®)
\/Z \/leng n)

We use the notation k(®) for the number of groups in the clustering (a) and nga) the number of

points assigned to the h-th group for the clustering (a). Similarly, we associate 1(*) and nl(b) to
the clustering (b). Also, ny; corresponds to the number of points that are both in the h-th group

for clustering (a) and in the [-th group for clustering (b).

NMI((

In Figure 3.3, we derive confidence intervals for the NM I with level around 5 percent

centred at the mean mean(N M 1) and with width 2 x 1.96 %.

As noted in [BMDGO5], the highest renormalised mutual information is obtained when the
Bregman divergence used is the one associated to the distribution.
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Generative Model dGaussian dPoisson dBinomial dGamma
Gaussian 0.6857 +£0.0126 0.6634 + 0.0126 0.6754 £+ 0.0131 0.4673 £ 0.0534
Poisson 0.6978 + 0.0138 0.7418 +0.0123 0.7307 + 0.0143 0.7082 + 0.0175
Binomial 0.7888 + 0.0124 0.8090 + 0.0131 0.8132 +0.0117 0.7623 + 0.0152
Gamma 0.8448 + 0.0166 0.9083 + 0.0111 0.8911 +0.0119 0.9177 + 0.0102
Cauchy 0.7091 +£0.0116  0.6941 + 0.0126 0.7023 £+ 0.0129 0.6761 £+ 0.0109

Figure 3.3: Normalised mutual information

Trimming parameter selection

In this work, the interest resides in the existence of noise in the data. Thus, we made the
same experiment but with a level of noise. First we propose a heuristic to select the trimming
parameter ¢, that is, the number of points in the sample that are assigned to a cluster and not
considered as noise in the procedure. We propose to proceed as follows.

Algorithm 3.2: Trimming parameter selection

Input:X,, an n-sample from P and & ;
for q in 1..n:
cost[q] « Algo 3.1(X,,, ¢, k) ;
Output: First jump of the curve q — cost[q]/q

Morally, when the parameter g gets large enough, we start assigning outliers to clusters.
These outliers will have large cost, thus there should be a jump in the slope.

Figure 3.4: Gaussian Figure 3.5: Poisson Figure 3.6: Binomial Figure 3.7: Gamma
mixture mixture mixture mixture

Figure 3.8: Trimming parameter ¢ selection

Then in Figure 3.1.5 we have plotted the clustering associated to the choice of ¢ = 110 for
the Gaussian mixture, ¢ = 106 for the Poisson mixture, ¢ = 109 for the Binomial mixture and
q = 104 for the Gamma mixture, the parameters that are given by the heuristic. We selected the
parameter ¢ = 105 for the Cauchy distribution.

Figure 3.9: Gaussian Figure 3.10: Poisson Figure 3.11: Binomial Figure 3.12: Gamma
mixture mixture mixture mixture

Figure 3.13: Clustering associated to the selected parameter ¢
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Figure 3.14: Cauchy mixture Figure 3.15: Cauchy mixture

We also made the experiment with the Cauchy distribution, with the square of the Euclidean
norm, that is, the Bregman divergence associated with the Gaussian distribution. The selecting
of the trimming parameter works well and the associated clustering is also good. Thus, the
method adapts to mixture models that are not necessarily from distributions in exponential
families. Note that the square Euclidean distance is particularly well adapted since unlike
Poisson, Binomial and Gamma distributions, Gaussian and Cauchy distributions are both
symmetrical.

Appropriate choice of the Bregman divergence for mixtures with noise

We do the same experiment as in Section 3.1.5 on 100 120-samples with each time 100 points
from the mixture distribution and 20 outliers which are uniformly sampled on [0, 200], like in
Section 3.1.5. Most of the time, with this number of points, our heuristic leads to a selection
of ¢ around 103. In the following experiments, we choose ¢ = 103 and proceed as in Section
3.1.5. The points which are noise are attributed to the same cluster. We then compute the
renormalized mutual information between the true clustering and the clustering obtained with
the trimming procedure with parameter ¢ = 103. The confidence intervals for the normalised
mutual information are shown in Figure 3.3. Note that in general, the divergences associated to
the distributions provide a better clustering, although it is less marked than for data without
noise, see for instance the Binomial mixture case.

Generative Model dGaussian dPoisson dBinomial dGamma
Gaussian 0.6585 +£0.0130 0.6273 £ 0.0113 0.6370 4+ 0.0108 0.5926 + 0.0119
Poisson 0.6582 + 0.0134 0.6872+0.0126 0.6790 4+ 0.0146 0.6500 + 0.0120
Binomial 0.7295 +£ 0.0127 0.7271 £0.01381  0.7290 4+ 0.0125 0.6990 + 0.0110
Gamma 0.7653 + 0.0122 0.8122 + 0.0110 0.7912+0.0118 0.8142 +0.0129
Cauchy 0.7074 + 0.0149 0.7204 + 0.0128 0.6876 +0.01278  0.6729 £+ 0.0116

Figure 3.16: Normalised mutual information — Noisy data

Experiments in higher dimension

We have made the same experiments in dimension d, with the same parameters, by replacing
X; by (X}, X2,..., X%) where the X7 are all independent and from the same component of the
original mixture. In the algorithm, we replace the Bregman divergence with the sum over all
coordinates of the 1-dimensional Bregman divergences. For the dimension d = 2, we plot the
cost in function of the trimming parameter in Figure 3.21 and the corresponding clustering
in Figure 3.26. In Figure 3.29 we computed the mutual information for trimming parameter
¢ = 100, in Figure 3.30 for trimming parameter ¢ = 110 and in Figure 3.31, in dimension 100 for
trimming parameter ¢ = 110. We proceed like for dimension 1 with 100 points sampled with
additional 20 points of noise.
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Figure 3.17: Gaussian Figure 3.18: Poisson Figure 3.19: Binomial Figure 3.20: Gamma
mixture mixture mixture mixture

Figure 3.21: Trimming parameter ¢ selection - dimension 2

Figure 3.22: Gaussian Figure 3.23: Poisson Figure 3.24: Binomial Figure 3.25: Gamma
mixture mixture mixture mixture

Figure 3.26: Clustering associated to the selected parameter ¢ - dimension 2

cont

Figure 3.27: Cauchy mixture Figure 3.28: Cauchy mixture
Generative Model dGaussian dpoisson dBinomial dgamma
Gaussian 0.6543 £0.0107  0.6356 = 0.0094  0.6426 & 0.0106  0.5732 %+ 0.0017
Poisson 0.7021 £0.0098  0.7073 +0.0118  0.7107 +0.0103 0.6704 £ 0.0089
Binomial 0.7650 £ 0.0116 ~ 0.7592 4+ 0.0102  0.7728 +0.0102 0.7073 £ 0.0083
Gamma 0.7782 £ 0.0082  0.8175+0.0093 0.8041 +0.0089  0.7867 £ 0.0079

Figure 3.29: Normalised mutual information — Noisy data - dimension 2 - ¢ = 100

Generative Model dGaussian dPoisson dBinomial dGamma
Gaussian 0.6911 £ 0.0087 0.6332 £ 0.0098 0.6537 & 0.0092 0.5904 + 0.0141
Poisson 0.7237 4+ 0.0095 0.7450 + 0.0091 0.7432 4+ 0.0085  0.7109 £ 0.0085
Binomial 0.7682 + 0.0073 0.7858 + 0.0074 0.7784 4+ 0.0074  0.7338 £ 0.0089
Gamma 0.7800 + 0.0073 0.8167 + 0.0047  0.8038 +0.0059 0.8349 + 0.0043
Cauchy 0.6667 +£0.0115 0.6375 £ 0.0102  0.6400 + 0.0119  0.6409 £ 0.0103

Figure 3.30: Normalised mutual information — Noisy data - dimension 2 - ¢ = 110

Note that the heuristic for selecting the trimming set is not as effective as for dimension
1. It may come from the fact that the clutter noise is closer to signal in dimension 2. The
Bregman divergences for the Poisson, binomial and gamma distributions take into account the
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Generative Model dGaussian dPoisson dBinomial dGamma
Gaussian 0.8528 + 0.0026 0.7868 + 0.0061 0.7846 £ 0.0065

Poisson 0.8525 + 0.0025  0.8690 4+ 0.0033 0.8564 £+ 0.0038 0.8738 + 0.0030
Binomial 0.8517 + 0.0024  0.8694 4+ 0.0031 0.8572 £+ 0.0038 0.8773 + 0.0025
Gamma 0.8576 + 0.0031  0.8727 +0.0029 0.8616 £+ 0.0033 0.8812 + 0.0017

Figure 3.31: Normalised mutual information — Noisy data - dimension 100 - ¢ = 110

heteroscedasticity of the data, since the variance within a direction (0, 1) or (1, 0) depends on the
mean within the direction. In the multidimensional Gaussian setting, Garcia et al. proposed in
[GEGMMIO8] an algorithm, implemented in the R package tclust, that adapts to mixtures with
different covariance matrices. It may be future work to adapt our methods to non-Gaussian
distributions with non-diagonal covariance matrices.

3.2 Heteroscedastic Gaussian mixture clustering with the
trimmed log-likelihood

In Section 3.1, we exposed a method of clustering for data sampled on R¢. The method was
particularly adapted to mixtures of distributions from some family 7 = {P | § € O}, where P
is a probability measure on X C R? with density py : = — exp((z, ) — ¥(0)) for every x € X.

We considered families F for which the parameter  was determined by the expectation Pyu.
Such a property is satisfied for all families of Gaussian distributions with a fixed covariance
matrix for instance. The clustering method of Section 3.1 is particularly adapted to recover
clusters from data sampled according to a mixture of k distributions in 7. However, the
method fails drastically when the covariances of the distributions in the mixture are different, as
enhanced by Figure 3.35. In this figure, we applied the method presented in Section 3.1.5 to a
250-sample from a mixture of 3 Gaussian distributions with different covariance matrices with
additional 50 points of clutter noise. The method does not allow to recover relevant clusters.

In order to overcome this issue, we decide to introduce an additional parameter y to allow
different covariance matrices in the multidimensional Gaussian framework for instance.

P2
P2
P2

s ; : ] H : ;
Pt P1 P1

Figure 3.32: True labels Figure 3.33: Trimmed k-means Figure 3.34: Our new method

Figure 3.35: Trimmed Bregman clustering — Data sampled from a heteroscedastic Gaussian
mixture

Moreover, in the previous section we worked with a generalisation of the DTM, the Bregman
divergence-to-measure, that expresses from a Bregman divergence d, as:

inf Pdg(u, ),
P
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where the infimum is taken over distributions P that are sub-measures of P with P-mass h. The
clustering methods introduced were well suited for mixtures of distributions with density of
type po(z) = exp (—dg(z,0) + C(z)) for some function C'. It is possible to adapt the concept
of Bregman divergence-to-measure by replacing —d,(x, §) with —log(py(z)), for some density
function py in a family F = {py | 6 € O}.

By doing so, over a first phase, we define the notion of trimmed log-likelihood-to-measure
as a continuous version of the trimmed log-likelihood, an alternative to the Bregman divergence-
to-measure, or as well, as generalisation of the distance-to-measure. Over a second phase,
we introduce a new clustering method based on the trimmed log-likelihood-to-measure to
cluster data from mixtures of Gaussian distributions with different covariance matrices, possibly
corrupted with clutter noise. This method appears as an alternative to the method proposed
in [GEGMMIO8]. The algorithm we propose is based on an approach that is studied in more
details in the following chapter.

3.2.1 The trimmed log-likelihood - a notion related to the distance to measure

In the following section, we will work with the setting about to be mentioned. The set ©
will be the space of parameters and (X, A, PY) a Polish measured space. To all § € ©, we will
associate Py, a probability measure absolutely continuous with respect to P, and denote by py its
Radon-Nikodym derivative with respect to P’. Also, we will work with a model of probability
distributions 7 = {Fy | # € ©} and a probability distribution P absolutely continuous with
respect to PV,

The notion of likelihood was first introduced by Fisher in 1922 [Fis22, Section 6] in the context
of model estimation. Given X = (X;);c[1,n), 7 independent realisations from a distribution P,
the likelihood is defined for all § € © by 1(0) = [[;", pe(X;). If P is in F or is a slight modification
of a distribution Fy € F, itis of interest to infer 6 from the data X. An estimator of the parameter
6 from the likelihood is given by OpLE = arg maxgeg [(0), and is called maximum likelihood esti-
mator. As well, 051 is the maximiser of the log-likelihood defined by L(f) = o log(pe(Xi))-

The presence of outliers in X may change drastically the estimator 67 5. Thus, in 1990
Neykov and Neytchev introduced the notion of trimmed likelihood estimator in [NN90], as a
maximiser of the trimmed likelihood or equivalently to the trimmed log-likelihood, where the
trimmed log-likelihood is defined for some k € [1,n] by

k
1 .
- (i)
L) =1 ;_1: log (pg (X )) : (3.2)
where we renumbered the X;s by (X (i))ie[[lm}] such that:

Vi < j, log (p (X(i))) > log (p (X(j)>) .

Morally, a set of NV data points made of k points sampled from a slight modification of a
distribution Py, in the model F and N — k outliers will more likely come from a distribution F
for # € © when the maximum of the log-likelihood computed from k points is maximised over
all subsets of k points among the IV data points, and this maximum is attained at 6.

The trimmed likelihood has been extensively investigated, see for instance [HL97], [BC93]
and [Miil01] just to name a few. The trimmed log-likelihood estimators are just a particular case

'This density rewrites as exp((z, #) — 1(6)) for some function v
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of M-estimators introduced in [Hub64] by Huber in 1964. Also, [HL97] in 1997 and [VN98] in
1998 introduced the notion of weighted trimmed log-likelihood, a generalisation of the trimmed
log-likelihood with additional weights, that was studied for instance in [Ci08], [Mar00] and
[NFDNO7]. In this work, we focus on the trimmed log-likelihood and introduce a continuous
version of it, as follows.

Definition of the trimmed loglikelihood-to-measure

The notion of trimmed log-likelihood can be adapted to general distributions in the following
sense.

Definition 3.23. Given a mass parameter h € (0, 1], the trimmed log-likelihood-to-measure P (TLM)
is a function defined for all § € © by:

L (0) = sup { Plog(po(u)) | P € Pa(P) }. (33)

The trimmed log-likelihood-to-measure P rewrites as the P-integral of log(pg) on the upper-
level set of P-mass h of the density py, as follows.

Proposition 3.24. For § € © and h € (0, 1], let 51§h(9) denote the h-upper quantile of the distribution
of log(pe (X)) when X is sampled according to P, that is:

51§h(6) = sup {r eR|P (@F(H,r» > h} :

where B (0,7) = {x € X | log(pe(x)) > r} stands for the r-super-level set of the logarithm of the
density pg for r € R, and @f(ﬁ, r) for its closure. Note that QI(G, —00) coincides with the whole space
X.

Then, by denoting

Pon(P) = {15 € Pp(P) | hP = P on %7 (0, 6%,,(0)) and Supp(P) C Z (0, 5,§h(0))} . (34)
for every Py p, € Pg y(P), we have that:

Lpp(0) = Ppplog(pe(u)). (3.5)

Proof. The following Lemma is inspired by [CCSM11, Proposition 3.3]. It is a direct adaptation
of the proof of Lemma 3.5 with F; ! (u) the u-upper quantile of log(py(X)) for u € [0,1] and X, a
random variable from P. O

So, the trimmed log-likelihood-to-measure, associated to a distribution P, at a point 6 € ©, is
denoted by Lp,(0). It is defined as the supremum (among all sub-measures of P with P-mass
h) of the expectation of the log-likelihood log(py) according to the sub-measure in question.
This supremum is attained at the sub-measure coinciding with P on the sub-level set of py
with P-mass h. When F is the Gaussian family, this sub-level set is a ball. Then, the trimmed
log-likelihood-to-measure and the DTM coincide (up to some constants).

When X, Xs,... X, is an n-sample from P, and P, denotes the empirical measure associated
with the X;s, the TLM Lp, ;, coincides with the trimmed log-likelihood. Indeed, when h = %
with k& € [1,n]:

Lp,n(0) = % zk: log (g (X)) (3.6)
=1
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Expression of the trimmed loglikelihood-to-measure in terms of the distance-to-measure

As noted in [HL97], [BC93] or [Miil01] just to name a few, the notion of trimmed log-likelihood
estimator (that they call location estimator) is to relate with the notion of least trimmed squares
estimators as defined in [Rou84], [Rou85] and [RL87] when the family of distributions considered
is the family of Gaussian distributions with fixed covariance matrix. The analogous consideration
for general distributions P is that the notion of trimmed log-likelihood-to-measure is to relate
with the notion of distance-to-measure as defined in [CCSM11] also known as the A-trimmed
variation of [CAGMY97], also see Definition 3.4. Indeed, for a family F of probabilities with
density pg(r) = Cexp(—d?(z,0)) for some metric d on X and normalisation constant C' > 0, the
log-likelihood rewrites in function of the distance to the measure P for the metric d (denoted by
dpp,q) as follows:

Lpp(0) =log(C) — dp,4(0). (3.7)

Indeed, the upper-level sets of the density py are balls centred at 6 for the metric d, thus, the
set of sub-measures Py ,(P) defined by (3.4) coincides with the set of sub-measures for the
definition of the distance-to-measure with the metric d, see Definition 2.1.

The example of the family of multivariate Gaussian distributions

As an example, when F denotes the family of multivariate Gaussian distributions with a fixed

covariance matrix ¥, Equation (3.7) is satisfied for C = —2—— and d(z,6) = ||z — 0||s-1,
(27)4 det (%)

where |.|x;-1 denotes the ¥-Mahalanobis metric and is defined for all x and § in R? by ||z —
Oz = /(z —0)TE1(z — 0). When ¥ = I, is the identity matrix in R¢, the Mahalanobis
metric coincides with the Euclidean metric. Moreover, the trimmed log-likelihood associated
with an isotropic Gaussian model F = { P, ) = N'(u,0%13) | p € R?, o > 0} is proportional to
the squared distance-to-measure associated with the Euclidean distance, d% oLl @S defined in
[CCSM11]. Indeed, we have that

d d
Lea((1,0)) = — 5 log(2m) — & log(0) — 5oy (1), (3.8)

It turns out that, in the Gaussian context, the mean and the covariance matrix of any
distribution P, in the model are recovered from the trimmed likelihood-to-measure maximiser,
up to a normalisation with the distance to the measure N (0, I;). We start with the isotropic case.

Proposition 3.25. If F = {N (p,0%1;) | p € R, 0 > 0} and P = N (po, 0314), then Lpy((p, o))
2

d (0)
: ; 2 _ 2N 1) kL]
is maximal for 1 = po and 0° = o ——4T—.

Proof. When F is a family of isotropic Gaussian distributions, it comes from (3.8) that the

d2
maximum of the trimmed log-likelihood to the measure P is attained at 02 = %“(m and

© € R?, the minimiser of y1 dpp,)./| (1) Note that whenever P = N (uy, o21y) for some o > 0,

. .. . . d3 (0) .
this minimum is attained at 1 = po and 0% = o3 X" Tndeed, dpy, | (1) rewrites

0 (0, 12),1,1.) (1 — Ho), since x € 2 (po, dpp(po)) if and only if L7 € 2 (0, dx(0,1,)2(0)). O

When F is a family of multivariate Gaussian distributions P, 5. with covariance matrix
¥ = AAT, the trimmed log-likelihood to P at (u, ) rewrites

Lea((2) = — o log(2r) — 5 log(det(2) — 2%, 11, (0). 9)

The analogous result of Proposition 3.25 for the non isotropic case is the following.
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Proposition 3.26. If F = {N (1, %) | p € RY,  symmetric definite positive} and P = N (po, Xo),
d3 0
then Lpp((p, X)) is maximal for jp = pg and ¥ = ZO%}“”‘”().
The proof of Proposition 3.26 it deferred to Section 3.3.2.
It is based on the following Lemma. I am grateful to Luc Lehericy for his help.

Lemma 3.27. For all h € [0,1], the distance to the measure N(0,1;) at O for the metric ||.||s-1,
dpr(0,1),h, .11 I8 minimal for 32 = I among all symmetric positive definite matrices > with determinant
1. The matrix 1, is the only minimizer when h € (0, 1).

The proof of Lemma 3.27 is to be found in Section 3.3.2.

Rates of convergence for the trimmed log-likelihood-to-measure

As aforementioned, the notion of trimmed log-likelihood is strongly related to the notion of
distance-to-measure. Some properties for the trimmed log-likelihood can be derived from the
corresponding properties satisfied by the distance-to-measure. In particular, the trimmed
log-likelihood associated with a probability measure P, Lp; can be approximated by its
empirical counterpart, Lp, 5. And it is possible to obtain deviation bounds for L(C, P,) =
supgex |Lpn(0) — Lp, 1(0)|| for K a compact subset of (2 under some assumptions on F and P.

For instance, when K is reduced to a single element, it is possible to derive rates of con-

vergence for E[L(K, P,)] in —= or even faster rates when h decreases to zero when n goes to

infinity and also exponentia\{deviation bounds for L(K, P,). The rates will depend on the
continuity modulus of 6 +— &%, (9) if we adapt the proofs of [CMM16]. In order to derive rates
of convergence for compact sets K not necessarily reduced to a single element, the bound will
depend on the covering number of § — Lpj(6).

When py rewrites like x — exp((0, f(x)) — ¥(#)), with ¢ C; and finite on the support of
the measure P, M; = Pf(u) < +oc and My, = supgex SUPgesupp(P) 108(Po(2)) < +oo then

supx |Lp, n(8) — Lpy(0)| is of order ﬁ

Proof. Roughly, the standard rate can be directly derived from the method in Section 3.1. Indeed,
the proof of Lemma 3.59 adapts directly since the balls %7 (6, r) are actually half-spaces, thus
with Vapnik-Chervonenkis dimension at most d’ + 1 when © ¢ R It yields that

VTFT
\/ﬁ

with probability larger than exp(—p). Also, Lemma 3.60 adapts and entails that with probability
larger than exp(—p),

sup ’(Pn — P)Llgr @, (u)‘ <C
ek, reR

Vd +1 2
sup (P, — P) log(pg(u))]l%f(g’r) (u)‘ < Cean max (7o, Mso) +max(rg, M) i
ek, relrg,+00) ’ \/ﬁ n

Indeed, |log(pg(z)) —log(pe ()] < (|| f(2)]| +supgex | Vo)) |0 — 0’| according to the mean value
theorem. Thus,

Sup |1Lppn(0) = Lpa(0)] = [Plog(po(u)) Ly 57, (6)) (w) — Prlog(po(u)) Ly sz () (w)]
S Moo PalLgo,57 0)) (W) = Lig(o,67,0) (W] + [(P = Pn) log(pe(u)) L 0,6
S Moo|(Pr = P)Lygg,67, (0)) (W) + [(P = Pn) log(po(u)) L(o,67 , (0)) (W)

U
—_

/_|_ 2p
Cie i1, max(ro, Moo) NG + max(rg, M) —

N

F

P,

h(a))(u)|
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with probability larger than 2 exp(—p) since P,(4(0, (5{;'“,1(0))) = h = P(#A(0, 5I§h(9))), with
ro = infgeic 51];',h(9) < —o0. O

It may also be possible to adapt the proof of Theorem 3.15 to derive deviation bounds for
|Lpn(0n) — Lpyp(6*)] where 6, is the minimiser of Lp, ;, and 6* the minimiser of Lp,.

Such results complete the numerous work to assess the quality of the trimmed likelihood
estimators. For instance, in [?], the authors prove that maximum likelihood estimates based on
any trimming of the sample space suffice to successfully estimate the parameters of a Gaussian
distribution. A review on asymptotic efficiency of log-likelihood maximum estimators is to be
found in [AT11]. In [VDG96], van de Geer derives rates of convergence for the log-likelihood
estimator in mixture models in the sense of the Hellinger distance to the true density. Also see
[JJN85].

According to [CAGM97, Theorem 3.6], for families that rewrite as py(z) = exp(—¢(||z — 0]]))
for 6 € X and for some convex non-decreasing function ¢, if P is continuous and the maximiser
0* of Lpj(6) is unique, then the maximiser 0 of L p,h(6) converges almost surely to 6*.

The theorem enlarges to mixtures of distributions of this type for 8* = (07,65, ...,60;) a max-
imiser of a slightly modified version of the trimmed log-likelihood to the measure P. Since then,
the maximisation of the log-likelihood method boils down to a trimmed k-means as defined in
[CAGMI7].

In the following, we propose a generalisation of the trimmed clustering for data sampled
from a mixture of k distributions with different covariance matrices, corrupted by noise.

3.2.2 A new clustering method based on the trimmed log-likelihood and a
modified version of the Lloyd’s algorithm

Given a model F, a mixture of k distributions in F is a probability P defined by P = 3% | o; P,
for some non-negative o, as,... oy with Zle a; = 1. The corresponding mixture model is

defined by F* = {78 | iy, | i > 0, o oy =1},

A reference document on mixture models is the book from McLachlan and Deep, see [MP00].
A reference on mixture of exponential families, maximum likelihood and the EM algorithm is
given by [RW84]. The particular case of multidimensional Gaussian mixture models with the
maximum log-likelihood and the EM algorithm is well understood, see for instance [CG95]. The
case of data corrupted with clutter noise is treated in [DR98] where for instance, features are
detected. See [GEGMM10] for a review on trimmed clustering. I am grateful to Giles Celeux for
the references.

The literature relative to Gaussian mixture recovering is proficient, see [BCRR97], [CM74],
[GRO5], [FR98], [Hen04], [PM00] and [Ste00].

The trimmed log-likelihood has been used on the context of mixture models recovering, see
[Mar00], and [NFDNO07] with the many references therein. In [CAMMIO8] Cuesta et al. consider
the special case of Gaussian mixtures. This is still an active research domain, see for instance
[YYC16] where the authors proposed a new version of the EM algorithm based on the trimmed
likelihood method and M estimation approaches. See also [TK18].

The method we propose is an alternative to the work in [GEGMMIO08] also based on the
trimmed log-likelihood, with asymptotic results, or [DFGEMI18]. Note that most of the meth-
ods proposed for trimmed clustering under the heteroscedastic assumption are based on the
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EM algorithm, the method we propose in the following in not, it is in fact a generalisation of
Algorithm 3.1 based on the trimmed k-means method. Another generalisation of Algorithm 3.1
will be used in the next chapter to another purpose.

In this section, we will work with the following setting. We set X, a subset of Euclidean
space R? equipped with a measure P°, © a convex subset of R?, defined by

©={0(u,x) |neX, xeE}.

The parameter space © is itself parametrised by X and some parameter space =, included in
some Euclidean space. Concretely, we parametrise # with an element . of X" that will play the
role of the mean Pyu, and an additional parameter x € = for taking into account the possible
heteroscedasticity of the distributions in the mixture model. We assume that p — O(y, x) is
linear, so that PO(u, x) = 0(Pu, x).

We consider an exponential family Fy,, = {Fy | # € O} parametrized by a sufficient statistic
f that is a measurable function on X taking values in R?, and a proper closed strictly convex
cumulant function ) defined on © as follows. For all # € O, Py is absolutely continuous with
respect to PV, with Radon-Nikodym density given by:

po(x) = exp((0, f(x)) — ¥(0))- (3.10)

As aforementioned, the Bregman divergence-to-measure also known as h-trimmed variation,
see Section 3.1.3, is particularly adapted for clustering data sampled from a mixture of distri-
butions in F, when 6 = 0(u) is parametrised by the expectation 1 = Pyu. Indeed, for such
distributions, when f(x) = x, the density rewrites as py(z) = exp(—dg(z,0) + ¢(z)) for some
convex function ¢.

The remaining clustering consists in a union of £ Bregman-balls with the same radius, that is,
an upper-level set of the density of a mixture of k distributions in ¥ 4. As enhanced by Figure
3.35, the method fails for a mixture of Gaussian with different covariance matrices.

We might have the idea to adapt the method by replacing the d,(x, §) with —log(pg(x)) in
the definition of the Bregman divergence-to-measure at a centre 6. The reader should be aware
of the fact that Algorithm 3.1 cannot be directly adapted, indeed, (z, ) = —log(pg(, (7)) is
no longer a Bregman divergence. In particular, the property that P — log(pg(u)) is minimal at
6 = 6(Pu) is no longer satisfied, since such a property is only satisfied for Bregman divergences,
according to [BGWO05]. Thus, the step in the algorithm consisting in replacing ; with the mean
of the sample points within the i-th Bregman Voronoi cell will not necessarily decrease the loss
P mineq gy — log(py, (u)).

We will adapt Algorithm 3.1 with a well-chosen Bregman divergence depending on covari-
ance matrices (%;);c[1 k] that are updated at each step of the algorithm.

The method we propose adapts to not well-separated clusters, we will see that it improves
the method of [GEGMMIO08] implemented with the R package tclust.

Some theory

For P € P(X),0 € ©, h € (0,1) and the model F¢, = {Fy | # € O} of probabilities with density
defined by (3.10), the set Py ,(P) defined by (3.4) can be rewritten as

Pon(P) = arg max {<9, Pf(u) | Pe Ph(P)} . (3.11)
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We still denote by P j, any element in Py 1, (P).
Concretely, by denoting

cpi(6) = sup {c € R | P (H(6,¢)) > h},
with
H(0,c) ={z € X [ (f(2),0) > c},

and H(0, c) its closure, Py ,(P) exactly corresponds to the set of all distributions Py, = %Q €
P1(P) supported on H(0, cp,(0)) and such that Q = P on H(0, cpp(6)).
According to Proposition 3.24, the TLM satisfies for all § € ©:

Lpp(0) = sup (0, Pf(u)) —1(0) (3.12)
PePy(P)
= sup (0, Py f(u)) — ¥(0) (3.13)
0'co
= (0, Pouf(u)) —1(0). (3.14)

In the following we propose to derive an approximation of Lp), given by:
LP,h,k’(O) = max <07 PQ*,hf(u» - ¢(9)7
1€[1,k] v
with
0" € argmax { Pf(8,u) | 0 = (0 = 0(y1s, X:)iepr g € OM } (3.15)
with
F(0.) = mase (9l i), Py, f (1) — v(0lar ).

Proposition 3.28. Let P = Py, for some 0y € ©, then for k = 1 the optimum 0* satisfies:
0" = PO(u, x*) = 0(Pu, x")

with
X* € arg max{<Pe(ua X)7 PP@(u,x)JLf(u)) - Pw(e(uv X))} :

Proof. Forall = 6(u, x) € ©, by definition of the measures F j,, according to (3.13) and (3.14),
we have:

Pf(0,u) = (PO(u,x), Ponf(u)) — P(0(u, x))
< <P9(ua X)?PPE'(u,X),hf(u» - quz)(e(qu))

O

Note that for all £ € IN*, the maximisation problem given by (3.16) boils down to the
following maximisation problem

{0%,x*} € arg max{ sup Pf(O,x,u) |0 ¢c 0k, y e E(k)} , (3.16)
x=(Xi)iep1,k) €EP
with

f(07 X,.T) = lgﬁi}éﬁa(‘rv Xi)? Pﬁi,hf(u» - w(e(:r?Xz))
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Indeed, we may write

P max (0(v, x3), Fo;,n.f(u)) =4 (0(v, xi))dv
i€[1, k]]

M

< 0w ), P >> ~ Pap(O(v, )

< P max (0(v, Xi), Po, p.f (u)) — ¥(0(v, xi))dv
i€[1,k]

where ¢, = %G(u, Xi) = 9(%% Xi), and P = Zle P; with the support of P; included

in the set of points 1 € X such that (0(u, xi), Po, n.f (w)) — (01, x3)) = (0(k; x;5), Po,nf (w)) —
Y(0(p, x;)) for all j # i. Thus, for all §;, there is a better 6, which associated x is equal to x;.

Intuitively, 8* is associated with the best approximation of Lp}, from below with the upper
envelop of £ linear functions L; : § — (0, f) — () with f; that maximises the expectation of
max;eq 1] (0(X, x7), fi) — ¥(0(X, x})) for X ~ P. The density of Gaussian distributions rewrite
as (3.10) and the maximiser §* of the criterion (3.16) can be computed when P is in the model.
Indeed, we recover the mean and the covariance matrix up to a constant depending on the
distance to the measure N (0, I).

Proposition 3.29. When F = {N(u,0?) | p € R, 0 > 0} and k = 1, if P = N'(po, 03), the optimal
parameters are given by i* = g and x\* = o*? = (1 + djzv(o 1) h(O)) o3
The proof of Proposition 3.29 is to be found in Section 3.3.2.

Thus, the optimal (1, x*) determines the distribution P, ,,) when dealing with univariate
Gaussian distributions. This result enlarges to the dimension d for general covariance matrices.

Proposition 3.30. When F = {N (1, %) | p € R?, ¥ symmetric definite posztzve} and k =1,if P =

d+d3 ;) h(O)

N (10, Xo), the optimal parameters are given by p* = pand x* = ¥* = %

The proof of Proposition 3.30 can be found in Section 3.3.2. It is possible to derive an
algorithm that is a modified version of the Lloyd’s algorithm, in order to compute a local
maximiser for the criterion (3.16).

Some algorithms

We start with an algorithm that can be applied to every family of measures F satisfying (3.10),
provided that the maximizer of (3.28) can be computed.

Algorithm 3.3: Heteroscedastic clustering — General case

Input:X,, an n-sample from P, gand & ;

# Initialization

Sample p1, p2,. .. i from X, without replacement. ;
Choose arbitrarily 11, 72,...7; In Z;

Choose arbitrarily x1, x2,... xx In Z;

for i in 1..k:
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while the (6;,x;)s vary make the following two steps:

# Decomposition in cells.

for i in 1..k:
Cli,xi) =0;

for j in 1..n:
Add X to the C(6;, x;) (for i as small as possible) satisfying for all I # i:
(60X, X0), P f (w) — 0(0(X;, %)) = (0(X;, x0), Posf () — $(0(X;,x1))

# Computation of the new centres and weights.

for i in 1..k:

0; - (m ZXGC(GZ',XZ') 9(X7 Xz)) ’
X; € argmax{m ngc(giyxi)(G(X, X)apeg,hf(U» —Y(O(X, X)) | x € X};
0i = (/C(Glx) > xec(x) (X Xé)) ;

Output: (0;)icpi x> (Xi)ie k) (C(0is Xa) )ie[1 k]

Proposition 3.31. The algorithm 3.3 converges to a local maximum of

(1.x) € (X xE)M s P, e (0(v, ), Prownf (w)) = 9 (0(v, x3))dv,

where 0; = 0(u;, xi) for i € [1,k].

The proof of Proposition 3.31 is deferred to Section 3.3.2.

Algorithm 3.3 applies to the Gaussian model in dimension 1.
The distribution P, 4(,.),» does not depend on x € E, thus, we use the notation P, 5,
for P, g(uy),n- When h = 1, P, ; is the distribution of é > dx, () Where X;(p) is one of

the i-th nearest neighbour of x in X,,, with mean ¢(u) = % 7| Xi(p) and variance z%(u) =

% T (Xi(p) — ¢(1))?. We use the notation |C| for the cardinal of C.
Finally, note that for every Q € P(X), p € X and x € E,

1’2 u—=c 2 (%
)+ Qu el +0@) Ly

QO ). P o)) —(0(v,x))dv = — 5 log(2) —

and attains its maximum at y = z%(p) + (Qu — c¢(u))? + v(Q).
Thus, Algorithm 3.3 adapts into Algorithm 3.4 as follows.

Algorithm 3.4: Heteroscedastic clustering for unidimensional Gaussian mixtures

Input:X,, an n-sample from P, gand & ;
# Initialization
Sample p1, p2,. .. i from X,, without replacement. ;
for i in 1..k:
o, =1;
while the p;s vary make the following two steps:
# Decomposition in cells.
for i in 1..k:
Ci = @,'

for j in 1..n:
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Add X; to the C; (for i as small as possible) satisfying
of 10%(01'2)+(XJ;7—20(M))2+I2(Hi) < o} 103(012)+(X];T—20(Mz))2+902(ltz) Vi
% l

# Computation of the new centres and weights.
for i in 1..k:
Wi = \cl,-| dxec; X
i = |1.\ ZXeCi(X_N;)Q}
of = (c(ur) — i) +vi + 22 (1) ;

7

e
D

o)

I
= —~

S~

=

i

Output: (1i)iequ]s (07 )ieqr)> (Ciliei i

As a direct corollary of Proposition 3.31 it comes that:

Corollary 3.32. Algorithm 3.4 converges to a local maximum of

(n,0%) = Py e log (pn 14,02 (U)) ,

where for every x € R,

— Py 2 P, ..
Pn pi,0? («T) = exp <— (:L‘ m( M“h)) + U( Muh)) :

2
27mi2 202’

fOT’ Pnuhh cP i,h(Pn)~

Algorithm 3.3 also adapts to the Heteroscedastic multidimensional Gaussian model. In-

deed, the family of distributions (11, ¥) satisfies (3.10) with 6(u, ¥) = (X4, vect (—%2_1))T,

f(z) = (z,vect(zz™))T and ¢(0) = Lp" S~ + 5 log (det(27Y)).

For every 0 = 0(u, %) € ©, P, . g corresponds to the uniform distribution on X MW, x@, .,
X (@), the ¢ points in X,, = Supp(P,) at which || X — 13-, is the smallest, that is, the g-nearest
neighbours of 1 in X, for the Mahalanobis norm associated to »-1

The algorithm 3.3 adapts as follows:

Algorithm 3.5: Heteroscedastic clustering for multidimensional Gaussian mixtures

Input: X, an n-sample from P, gand & ;
# Initialization
h=1;
Sample p1, p2,. .. i from X,, without replacement. ;
for i in 1..k:
Yi=1Iq;
0; = 0(pi, i) ;
while the (u;,%;)s vary make the following two steps:
# Decomposition in weighted Voronoi cells.
for i in 1..k:
Ci=10;
ci = Ppo, nu;
w7 = Poonllu — cill
d; = log(det(%;));
for j in 1..n:
Add X; to the C; (for i as small as possible) satisfying

2 "
-1
E'L
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X —cil> 0 +22+di < || X — a2 +27 +4d;;
¥ 3,

# Computation of the new centres and weights.
for i in 1..k:

/’Li = ‘Cilz| ZXGCZ' X/
for k,1 in 1..d:
(Zilkt = 27 Lxmixrxz,. xyee; Pnopp(XF = u?) (X —ul);
0 = 0(pi, %) ;
Output: (1i)icpi k) (Xi)iepr)s (Cilief i

Lemma 3.33. In the Gaussian multivariate context, for all distributions Q and Q' on R, a maximizer
of
1/} I QQI<6(U’7 2)7 f(’l))> - w(e(uv 2))dUd’U

is given by:
2 = [QQ'(vi — ui)(v; — uj)dudv]; jer q1-

The proof of Lemma 3.33 is to be found in Section 3.3.2.
As a consequence and as a direct corollary of Proposition 3.31, it comes.

Corollary 3.34. Algorithm 3.5 converges to a local maximum of

(l'l'v 2) = Pn zgﬁla,)li]] IOg (pn i 2 (U)) 3

where for every x € R,

1 ‘|$—m(Pn9i7h)|’§f1 ""U(Pnt%,h)

v(rx)= ———_ex ’
Pn /—LZ:EZ( ) 21 det (Zz) g i

fOT’ an,h S Pﬁi,h(Pn)/ with m(PnGi,h) = Pngmu and 'U(Pnﬁi,h) = Pn@,-,h”“ - m(PnGi,h)Hé—l-

Adaptation of the algorithms to data corrupted by noise

In order to deal with outliers or clutter noise, it will be appropriate to add a trimming step
in Algorithms 3.3, 3.4 and 3.5, exactly as in Algorithm 3.1. The trimming parameter is defined
by t = =" when n is the number of points assigned to a cluster by the algorithm among the
dataset of size N. Morally, a proportion ¢ of the data will be considered as noise, that is, sent to
the cell C.

Just before the step "Computation of the new centres and weights", we add the following
step, with the notation

1) = mase (00X, 0. Py, (1) = V(6(X;.x2). (317)

Algorithm 3.6: Trimming step

# Trimming step

Sort [[(X1),l(X2),...l(Xn)] in a non-decreasing order. ;
The sorted vector is [[(X™M), /(X®),... (X)) ;

Co — @ ;

for i in 1..Nt:
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Set j the index such that X € C; ;
Cj — C]\ {X(Z)} ;
Co+ CopU {X(Z)} ;

3.2.3 Experiments
The method in action

We apply Algorithm 3.5 to X1, a 250-sample from P}, a mixture of 3 multivariate Gaussian
distributions, with additional 50 points of clutter noise, generated uniformly on [2, 8] x [2, 8].
The mass parameter chosen is h = 0.1 for all of the experiments. The distribution P; is defined
by

Py = 0.5N (p1,%1) + 0.3N (p2, B2) + 0.2N (us, S3) ,

2 2

with 1 = (5.4, 2 = (4,37 and s = 0,57, %1 = (0 () 2= (% ) and
[ 01*  0.1x06
~\0.1x06  0.6°
We proceed like for Section 3.1.5 in order to select the trimming parameter. That is, we
plot the mean cost —2 xex\c, |(X) with [ defined by (3.17), with respect to the trimming
parameter, or equivalently, with respect to the number of elements that are assigned to a cluster
in the procedure. We shall select the parameter at which there is a slight modification, like a
slope increasing, on the observed curve. We selected as a parameter, the abscissa of the blue
point in Figure 3.36. For each trimming parameter, or for each number of points that are to be
clustered in [1, 300], we applied Algorithm 3.5 to the same data set X}, 10 times independently,
and we keep the best clustering among the 10 trials, best in the sense that the mean cost is
minimised.

23

mean cost

0 100 200 300
number of points assigned to clusters

Figure 3.36: Mean cost as a function of the trimming parameter — noisy sample from P;

As noted in Section 3.1.5, the quality of a clustering method may be measured in terms of the
normalised mutual information (nMI), as defined in [S]02]. In Figure 3.37, we represented the
curve of the nM 1 as a function of the trimming parameter, where nM I refers to the normalised
mutual information between the true clustering where a point has label ¢ € [1, 3] when it was
sampled from N (;, ¥;) and 0 if it was generated as clutter noise, and the clustering provided
by the algorithm. Again, the algorithm was applied 10 times to the dataset X309 and we keep the
best clustering among 10 trials. The normalised mutual information has to be compared with
0.309 which corresponds to the normalised mutual information associated with the clustering in
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Figure 3.35. It is also to be compared to 1 that corresponds to the normalised mutual information
between two equal clusterings. Also, we can see that the maximum is attained at a trimming
parameter corresponding to the slope variation in Figure 3.36. It corresponds to a configuration
where the number of points removed is close to 50, the actual amount of points generated from
clutter noise. The number of points removed is actually slightly inferior to the amount of points
generated as noise, since some of the points are too close to some mean ¢y, c3 or c3.

2

normalised mutual information

: .}UM

’ nurfl:er of points assigned to cliosuters e
Figure 3.37: Normalised mutual information as a function of the trimming parameter — noisy
sample from P;

300—267

The clustering associated to the trimming parameter “=55;

Figure 3.36 and Figure 3.37 is available in Figure 3.38.

, marked with a blue point in

8-

cluster
0

P2
o

4
2
3

Figure 3.38: Clustering — noisy sample from P;

We made exactly the same experiment with the distribution P, defined by

Py = 0.3N ([Ll, El) +0.3N (,ug, 22) + 04N (Mg, 23) ,

2 2
with 1 = (3,3)", p2 = (0,1)" and pz = (3,0)", X1 = (1 0), Sy = <0'3 0> and

0 12 0 22
5. — 22 2x05
37 \2x05 052 )

In Figure 3.40, we represented the cost associated with the clustering of a 250-sample from
P, with additional 50 points of noise, as a function of the trimming parameter. In Figure 3.40
we represented the normalised mutual information between the clustering obtained with the
algorithm and the true clustering, as a function of the trimming parameter. Again, the trimming
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parameter at which the mutual information is maximal corresponds to the trimming parameter
at which we observe a slight deviation in the slope of the mean cost curve. The remaining
clustering is plotted in Figure 3.41.

mean cost
normalised mutual information
IS

0 100 200 300
0 100 200 300 number of points assigned to clusters
number of points assigned to clusters

Figure 3.40: Normalised mutual information
as a function of the trimming parameter —
noisy sample from P

Figure 3.39: Cost as a function of the trim-
ming parameter — noisy sample from P

Comparison to the tclust algorithm

We compared our method to the method of [GEGMMIO8] with the algorithm tclust available
in the R package tclust, [FGEMI12]. For the sample from P, the two methods provide similar
results in terms of the normalised mutual information, as enhanced by Figure 3.40 and Figure
3.42. Although the maximal normalised information with the hclust method, 0.7232, is a slightly
larger than the maximal normalised information with our method, 0.7141. In Figure 3.43, we
plotted the clustering associated with the method of [GEGMMIO08].

Actually, the algorithm tclust fails recovering the clusters when the components of the
mixtures are overlapping as enhanced by the Figure 3.47 where 250 data points were generated
from the measure P; and 50 points generated uniformly on [—10,10] x [—10, 10], where Ps is
defined by:

P; = 0.3N (/Ll, 21> +0.3N (,u,g, 22) + 0.4N (M3, 23) ,

cluster
0

P2

4
2
3

P1

Figure 3.41: Clustering — noisy sample from P
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L en® cluster
< e o
é 0.4- N - PS ,
£ 2% . 5.
@ LY A
8 & : i . :
£ 0 . 6-'-;.2'.3”‘ e
2., S Y,
’ nu:r?ger of points assigned to cl\ziiuters . ® ¢ P1 ° °
Figure 3.42: Normalised mutual information Figure 3.43: Clustering

Figure 3.44: The tclust algorithm on the sample from P

. 32 0 022 0
with H1 = (173)T/ H2 = (07 1)T and 3 = (370)T/ X1 = <O 0'32>/ Yo = < 0 32) and

22 92x1
23‘(2x1 12 )

oL l:-.'..x I'.U 2;-2._"::"\.:: '.k.‘ - cluster <. ":—"..t 1:{1 ;i-."::r\-:: '--k:. - cluster

0 0

P2

1 1
.2 .2
3 3

Figure 3.45: tclust method Figure 3.46: our method

Figure 3.47: Comparison to the tclust algorithm for overlapping mixtures.

3.3 Proofs

3.3.1 Proofs for Section 3.1

Proof of Lemma 3.5

For u € [0,1], set F, }(u) = ri,u(c) the u-quantile of the random variable dy(X, c) for X ~ P.
That is,
Fol(u) =inf {r > 0| Px(dg(X,c) <r?) > u}.

(¢

With the notation Er ~'(u) for the u-quantile of dg(X*,c) for X* ~ Pej € Pyen(P), it
holds F} ~!(u) = F, ! (hu). Moreover, for U a random variable uniform on [0, 1], F ~}(U) and
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dg(X*, c) have the same distribution. Thus, we may write:

Vii(e) = Eg.dg(X*,c)
1
:/ F7 Y (hu)du
u=0

Let f’ € Pn(P) be a Borel probability measure on (2 such that hP is a sub-measure of P, and
let F7! (u) denote the u-quantile of dg(X, ¢) for X ~ P. It holds that F,/ ! (u) > F; ! (hu) since
P(%y4(c,r)) = hP(%4(c,r)). Thus, we may write:

1
V() < / F7l(uw)du

u=0

= Pdy(u,c).

Note that equality holds if and only if F;; ! (u) = F ~'(u) for almost all u € [0, 1]. Thus, dg(X, c)
and d(X*, c) might have the same distribution. It yields that P is supported on %(c, 74 1(c))
and is such that hP (ZBy(c,r41(c)) = PABy(c,41(c)). Since hP is a sub-measure of P, it holds
that P € Py (P). Reciprocally, equality holds for every measure in Py . ,(P).

Proof of Lemma 3.6

Set0 < h < W < 1. With F; ' (u) = r;7u(c) the u-quantile of the random variable d,4(X, c) for
X ~ Pandu € [0, 1], as mentioned in the proof of Lemma 3.5, we get that:

1
V(I;’h(c) = / F Y (hu)du
u=0

1
< / F7 (W u)du
u=0
=V,
since F; ! is non-decreasing. Thus, equality holds if and only if F, !(hu) = F.!(h/u) for almost
all u € [0, 1]. Since F, ! is non-decreasing and right-continuous, it yields that equality holds if
and only if, foralll < ', F;1(l) = F71(0). Thatis, r(?s’l(c) = Ti,o(c)' From (3.1) and Definition 3.3
it follows that P(%y(c, 74, (c))) = 0. Reciprocally, equality holds when P(%(c, 74/ (c))) = 0.

Proof of Theorem 3.9
The proof of Theorem 3.9 is based on the following lemmas.

Lemma 3.35. Assume that ¢ is C2. Then for every h € (0,1) and K > 0, there exists r* < oo such
that for Fy = Conv(Supp(P)) C Q°,

sup re.n(c) < rt.

c€EFyNA(0,K)
As a consequence, if ¢ is a codebook with a codepoint cj, € Fy satisfying ||cj,|| < K, then

ren(c) < rt.

Proof of Lemma 3.35. Since P is a probability measure, P(#(0, K)) > h for some K > 0. Thus,
ifc € B(0,K), P(#(c, K + K;)) > h. Since B(c, K + K;) C #(0,2K + K,), and ¢ is C?,
according to the mean value theorem, there exists Cy such that,

Va, y € %(C7K+K+) N Fo, d¢(sc,y) < C+||.Z‘ _yH
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Thus, for every c € %4(0, K), P (%’qg (c, VO (2K + K+))> > h.
Hence 74 5(c) < /C1 (2K + K4 ) =rT.

At last, if ¢ is such that Cj, € @(0, K) N Fp, then @¢(cj0, rcb,h(cjo)) C <@¢(C, rcb,h(cjo))' There-
fore P(A(c,rsn(ci))) > h, thus (<) <+ -

Lemma 3.36. Assume that Fy = Conv(Supp(P)) C Q° and ¢ is C? on Q. Then, for every K > 0,
there exists C' > 0 such that for every c and ¢’ in (0, K) N Fy, and © € Q,

[dy(, ) — dy(a, )| < Crdist(e. ') (1 + ).

Where we recall that dist(c, ') = mingex, max;eq plci — ¢ ()| with Xy the set of all permutations of
[1, k].

Proof of Lemma 3.36. The set Fy N (0, K) is a convex compact subset of Q°. Let 2 € R” and
c,c/ € [N A0, K). Then, for every j € [1, k], we may write

[do(,¢5) = dol, )| < [0(e)) = bley)] + | (2, V8 = Ve,0) | + [ (Vg 6,6, ) = (Vey6,65)|
< Cilleg = 11 + 2],

for some constant C. For this, we applied the mean value theorem to the C ! functions ¢ and
z — V¢(x) defined and finite on the convex compact set Fy N %(0, K). Thus,

|do(, €) = do(,€)| < Ox (1 + [lo]) max|le; — &I

and
[dy(, €) — dy(, )| < Cie(1 + [zl )dist(c, ).

O

Lemma 3.37. Assume that Fy = Conv(Supp(P)) C Q°, Pllu|| < oo and ¢ is C? on . The map
(s,c) — s\/g’s(c) = R(c) is continuous. Moreover, for every h € (0,1), € > 0 and K > 0, there is
s < h for which
sup Rp(c) — Rs(c) < e.
ce(FomQ(o,K))(k)

Proof of Lemma 3.37. According to Lemma 3.5 and Lemma 3.36, for every h € (0, 1),
Vé)),h(c) — V(];h(cl) < Pcl’hd¢(u, C) — Pcz7hd¢(u, C/)
< Pc/7h‘d¢(u, C) — d¢(u, C/)’
C
< = dist(e, ') (1 + Pllul),

for some C > 0. As a consequence, ]hvgh(c) - hvgh(c’ﬂ — 0 when dist(c, ¢’) — 0. Now, note
that for every s < h,

Ri () = Ry(e) = Pyt €) (L e.ry (e (4) = Lty (e () ) (4)
<ron(e) (h—s)

Moreover, according to Lemma 3.35, sup_ )(k) ren(c) < rT for some rt < oo. That

€(Fon%(0,K)
concludes. 0
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Lemma 3.38. For every c € Q) there exists j € [1, k] such that

kM,
T
1Tl < =

with My = P|ul.

Proof of Lemma 3.38. Since h 3% _| PX ,? ¢ = P, is a sub-measure of P with P-mass h, there

exists i € [1, k] for which hPCV hC Q) > % As a consequence,

k
IT(e)ill < Pl

O]

In the following, we will use the more concise notation R}, ;, for the optimal risk AV, i, 1 (P)
and Ry(c) for the risk th;h(c) atc e Q).

We start with the case £ = 1. If ¢, is a sequence of % minimisers of R’ih in Q) then
according to Lemma 3.38, |T'(¢,,)| < 22 and by definition, T'(¢,) € Fp. Since Fy N % (0, 1) is
compact, up to a subsequence, T'(¢,,) converges to some c* € Fy N.Z (0, 211). From Proposition
3.11 and Lemma 3.37, it comes that Rj(c*) = R’ih and Theorem 3.9 is true for k = 1.

Note that if RZ_L B R};’ 5, = 0, then there exists A with P(A) > h such that P4 is supported
on k — 1 points at most. Then any codebook made of these (at most) £ — 1 points completed
with arbitrary points in (2 are minimisers of R} ,

In order to complete the proof of Theorem 3 9 1t remains to prove the existence of minimisers
under the assumption R}, , — R}, > 0.

We will prove by induction the following Lemma.
Lemma 3.39. Forevery k > 2,if R, , — R} ), > 0, then

= j:HzlinkR;_l’h — R, > 0.

Moreover there exists 0 < h™ < h < h™ < 1 and Cj,- y+ such that, for every j € [2,k] and
s€[h™,hT],

SR B2 S
— For every Z—mznzmzzer ;s of B 5 suppeq jp 1T5(¢5 6)pll < Ch i+
— There is a minimizer c; ofRJ s such that ¥p € [1, j]] e} s pll < Ch e

Proof of Lemma 3.39. The third point follows on from the second point Indeed, for every
sequence c;;(sn) of £~ minimisers of R}, , for every i € [1,k], ||Ts (ckS ) | < Cp- p+. Since
((0,Ch,- p+) N Fo)(k) is a compact set, the limit in (#(0, Cj,- +) N FO)( )

subsequence of (T (ck(s )))n is a minimiser of R} _.

of any converging

First note that if there exists j < k such that R;T_L h— R; , = 0, then there will exist a set
A with P(A) > h such that P4 will be supported on j — 1 points. Thus it will come that
R} 1, = R}, = 0. As a consequence, when R}, , — R}, > 0, ais positive. In the following

we make this assumption.
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In order to prove the other points, we proceed recursively. Assume that k£ = 2, then for every
s > 0, according to Lemma 3.38 and Proposition 3.11, we can take cj ; a R} ; minimiser that
satisfies

_ Pl

Denote by cj ,

3.37, for a fixed ¢, s — R(c) is continuous, thus we may choose h* such that R+ (c§ ) <
Rp(c5,) + 5. Then,

a minimizer of R} ,_, and c3 ;, an § minimizer of R; ;. According to Lemma

<R
a
<R3+
2h T
On the other hand, set h~~ = 4. Then sup,. ), - ||c} Sl < I;L“ = C},--. According to Lemma

3.37, there exists h > h™ > h™~ such that sup <o, (Rh(c) Ry-(c)) < §. Forsuchan h™, we
may write

lh* = Ry,- ( 1,h— )
a
> Rp(eyy-) —
a
> Ry — 1
Since R}, , — Rj_, , > a,itcomes that R}, — R;,. > §.

Now, if ¢ is an a/4-minimizer of Rj , for s > h — (h — h™)/2 := h;_, its Bregman-Vonronoi

cells restricted to the h-trimming set, V; ;, have weight not smaller than i — h; . Indeed, suppose
that P(V15) < h — hy . Then

. o
2,h+ > Rs(c) — 1
o
> Pd¢(u,62)]lv273 (u) - Z
. o
T
o
> R* - 7 T
1,h 4
hence the contradiction. Choosing h™ = h, entails that || Ts(cj ), < f_';iﬂ , this gives the result

for k = 2.

Assume that the proposition is true for index k — 1, we will prove that it is also true for index
k. Set a = minjepop R, — ), > 0. Set h~~ and h* the elements h~ and h' associated
with step £ — 1. Set c,C |- @ minimiser of R} ,,_ and ¢}, an g-minimiser of R} ,. For
h < h* < b+ such that Ry+ (cin) < Rulcyp,)+% that exists according to Lemma 3.37. It comes
that Rk ne S B+ 4

On the other hand, according to Lemma 3.37, it comes that

sup (Bn(c) = Rp-(c)) <

a
c€(B(0,C)—— j+)NFo) M) 4
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for some h > h™ > h™".
Then, according to step k — 1 and Proposition 3.11, T},- (¢;_, ,-) is a minimiser of R} | ,_ in

(B(0,Ch— p+)N Fo)kfl, thus we may write

a
* * *
Ry - =Rp-(Th-(cp_yp-)) 2 Ry p — 1
As a consequence, and since R,’;_l’h — R,’;h > «, it comes that RZA, h— Rz,m > 5. Now, if
cis an §-minimiser of R} _, for s > h, = h+2h_ , if for instance P(Vy ) < h — h,, it comes that

Rz,iﬁ 2 Rs(c) —

k
(67
> P dg(u, )y, (u) = 5
j=2
y «
> sz—1,h,; T4
y «
2 Ry yp-—

which is a contradiction. Thus, with the choice h™ = h; , P(V,,s) > h — h™ for every p € [1,k],
and the lemma is true for index k. O

Proof of Proposition 3.11
For P.j, € Py n(P)and i € [1,k], set T'(c); = m(Pf,:/’c) Then,

Vin(€) = Pepdg(u,c)
BVi,c
pBVieqy__h g u, ¢
c, ( )Pflz/’z’c(ﬁ) ¢( i)
BViic
h
P, Q)P;Tdd,(u,T(c)i)

h
BV,i,C(
h
c,h (Q)

k
i=1
k
> P
i=1
according to Lemma 3.2. Moreover, provided that PCB ,y €(Q) # 0, equality holds if and only if
¢; = T'(c);. Finally, according to Lemma 3.5,

Vin(e) = Pepdy(u, T(c)) = Pre)nds(u, T(c)) = Vg, (T(c)).

If ¢* is a minimizer of ¢ +— V[, (c) = Pendg(u,c) for any Pej, € Pyen(P). From the
definition of c*, it comes that inequalities are equalities. Thus, ¢; = T'(c*); which concludes.

Proof of Lemma 3.12
Set Pc,h € Pd),c,h(P) and Pc’,h € 'P¢7c/7h(P), then,

VEn(e) = Popdg(u, )
< Pc7hd¢(u, C,)
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thanks to Lemma 3.5. Thus,
VEL(c) < Pep 23[31”;1]] o(u) = ¢(c;) = (Ve b, u — i)

< Pen Z,g[[llir;c]] (¢(u) — ¢(ci) = (Ve,0,u — i) + (qﬁ(cz') —¢(c}) = (Vb u— i) + (Ve u
Thus,

Vgh(c/) = PC h zg[[llullc]] d(b(u Cl) <vcz¢ - vc;¢v U — C;> - d¢,(C;, C’i)

ZPBVz Cd¢ u, ¢;) _’_PBV“ Q) (<ch¢ V. ¢, ( CB;Yl’C> - C;) - d¢(cgaci))

— V() ZPBV“’ ) (Ve = Vagoum (PE) = ) = dylch.0))

Note that dy(c}, ¢;) > 0. Similarly, we get that
Vi) < VE(c) ZPBVZC ( Ve,¢=Veap,m ( BVZC) — i)+ d¢(ciac;)) :

Proof of Theorem 3.14

Before proving Theorem 3.14, first note that since ¢ is strictly convex and continuous, ¥ : x
¢(x) — (x,a) + b is also strictly convex and continuous, for every a and b, thus ~1(0) is a
closed set. Thus, 1,-1(g) is measurable, and after an integration by substitution, since the strict
convexity of ¢ entails that there are at most two points of ¢)~1(0) in any line containing the point
0, the Lebesgue measure of 1/~1(0) is 0. Since P is absolutely continuous with respect to the
Lebesgue measure, it follows that boundaries of Bregman balls have P-mass equal to 0.

The proof of Theorem 3.14 is based on the following lemma:

Lemma 3.40. Set (P,)nen, a sequence of probabilities that converges weakly to a distribution P. Assume
that Supp(P,) C Supp(P) C R%, Fy = Conv(Supp(P)) C Q° and ¢ is Co on . Then, for every
h € (0,1) and K > 0, there exists K, > 0 such that for every ¢ € QW) such that |c;| < K for some
i € [1,k] and every n € N,

Ppon(c) <y = \/4(2K +Ky)  sup Vol
CGFQF‘I%(O,QK#»K_‘_)

Proof of Lemma 3.40. Set ¢ € %(0, K) N Fy. Since P, converges weakly to P, according to the
Prokhorov theorem, (P,), is tight. Thus, there is K > 0 such that P,(#(0, K)) > h for all
n € Nand P(#(0,K.)) > h. It comes that P,(#(c, K + K. )) > h. Moreover, for every z, y in
Fon %(0,2K + K ), the mean value theorem yields

dg(z,y) <2 sup IVeollllz =yl
cEFyNB(0,2K+K )

<4(2K + K4)Cp = (r1)?,

for C4 = sup.c  n 70211 1c,) | Ve || that is finite since Fy N %(0,2K + K ) is compact. Thus, it
comes that
Ble, K+ Ky) C By(c,r4). (3.18)

As a consequence, P,(%y(c,r4)) > h, Py(%By(c,r4)) > hif c € cand 1y, 4 4 (c) < 71 O
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The proof of Theorem 3.14 is an adaptation of the proof of Theorem 3.4 in [CAGM97].

For (X )nen a sequence of independent random variables from P, we can define P, =
LN ,6 x: the empirical distribution associated with the n first realisations. Note that P, is
random.

According to Proposition 3.42, provided that P|ju|? < +oo, for some p > 2, there exists
Cp > 0 such that forsome N € N, }_ -\ P(maxeq 4] [éni| > Cp) < co. Thus, according to the
Borel-Cantelli Lemma, a.s. for n large enough, for every i € [1, k], |¢,,i| < Cp.

According to Varadarajan, in [Var58a],a.s. P, converges weakly to P. Now we fix (P, )neN,
Cp > 0and N € N such that P, converges weakly to P, and Vn > N, Vi € [1,k], |¢,,i] < Cp. As
aforementioned, this occurs with probability 1.

According to the Skorokhod’s representation theorem in the Polish space R¢, it is possible
to construct a measured space (Q, F, P) and a sequence of random variables (Xn)nen and a
random variable X on (Q F, P) such that X,, ~ P,, X ~ P and X,, converges to X P-a.s.

Set c*, the unique minimiser of ¢ — V n(c), r, =rnen(c)and 7, a [0, 1]-valued measurable
function such that h P, ¢+ j, = P}, thatis, such that P7/ (u) = h and

/
Lgy(er ) S T S ]l%(c*,r;)-

According to Lemma 3.40 with K = |¢j| for instance, it comes for some finite r that r], < 7.
Thus, up to a subsequence, we may assume that ], — r{, for some r{, < r.
Moreover,

46X, €) — dg(X, )] < [6(Xe) = 6(X)| + manc Vs X0 = X[ 50, (319

when n — co. As a consequence, 7,,(Xn) = Lg,(cx 1) (X) P-a.e. The dominate convergence
theorem yields h = P, 7, (u) — P(%y(c*, (). Thus, 14, (c- vy = 7o P-a.e where 79 denotes the
trimming set associated with c¢* and P. Moreover, since 7,,(X,,)d¢ (X, c*) is bounded by r; and
converges to 79(X )dy (X, c*) a.e. the dominated convergence theorem entails

E [ (Xn)ds(Xn, ¢*)] = B [ro(X)ds(X, "))

Vieon(Pr) < Vi’}l(C*) < -

h
Thus, up to a subsequence,
lim sup Vi g1 (Pn) < Vign(P).

n—oo
Since fgr n > N, for every i € [1,k], |é,,| < Cp, up to a subsequence, ¢,; — ¢; for some
ci € Foy N A0, C’p) Set ¢ = (c1,c¢2,...,c). Again, according to Lemma 3.40 with K = Cp, it
comes that up to a subsequence, Tn,¢>,h(én) — r for some r > 0. As a consequence, from (3.19),
Lemma 3.36 and the continuity of P,
nlggo Tn(Xn> = 13?4,(0,7") (X)a'e'

According to the dominated convergence theorem, it comes that h = P(%y(c,r)) = Pn(Tn(u)).
Again, the dominated convergence theorem entails that up to a subsequence,

. . 1
lim inf Vign(Pn) > z / 1z, (cr)(W)dg(u, €) = Vi g n(P).

As a consequence, limy, o0 Vi o1 (Pn) = Vi n(P) and ¢ = c*. Since every subsequence of
(€n)nen has a converging subsequence to c*, the sequence (¢, ),cn converges to c*.
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Proof of Theorem 3.15

The proof of Theorem 3.15 is based on the following results.

Lemma 3.41. If P|ju||P < oo for some p > 2, then, there exists some positive constant C such that with

probability larger than 1 —n~%2,
Bllull < ©

Proof. According to the Markov inequality,

E |10 1] — Pllull”]

174

P (Pplull = Pllull > €) <

)

then it comes that

E (|37 1X6]] — Pllull]”]
nPeP

P (Pollul = Pllull = €) <

)

and according to the Marcinkiewicz-Zygmund inequality applied to the real-valued centred
random variables Y; = || X;|| — P||u|| and the Minkowski inequality,

1& )

s )

n p

E | > IXill = Pllul

=1

D
2

pn B[V
D
pr2 P ([[[ull = Pllull]”),

for some positive constant B,. Since P (||u| — Pllul||P) < P||u|[P + (P||u|)P < 2P| u|/P according
to Jensen inequality, the result comes from a suitable choice of e. O

Proposition 3.42. Assume that P|u||P < +oc for some p > 2. Let h™ and h™ denote the quantities

h—h—

such that minj—y R C1h- R].’h+ > gwithh™ <h < h, as in Lemma 3.39. Denote by n = =T

Then there exists Cp such that, for n large enough, with probability larger than 1 — n™2, we have, for all
j=2,...,kandi=1,...,],

sup ||CJ,S,2|| Cp,
h—(k—j)n<s<h

where ¢; 5 denotes a j-codepoints empirical risk minimizer with trimming level s.

Proof. Proof of Proposition 3.42 We let Cp denote a constant to be fixed later. Similarly to the
proof of Proposition 3.2, we denote by 7' the operator that maps ¢& to the empirical means of its
Bregman-Voronoi cells. Let A~ and hT be as in Lemma 3.39. Then, according to Lemma 3.59, for
n large enough we have that,

sup  |(P — P,)%By(c,r)| < min (ﬂ, Wt — h) . (3.20)
ce(R)(*) r>0 2
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with probability larger than 1 — —1,-. On this probability event, from Lemma 3.35 and the fact

8n2
that s — r¢7s(c) is non-decreasing, we deduce that for some rt >0,

sup Tnap,s(C) Vg s(c) < rt.

c€B(0,Cp)NFy,s<ht

Since P|lu|P < 400, Lemma 3.41 yields that P,||u|| < C}, for C; large enough, with probability

larger than 1 — 81§' Besides, choosing © = log(8n§) in Lemma 3.60, we also have, with

probability larger than 1 — 8%,

n?2

sup (P — Pp)dg(u, €)1z, (cr)(u)| < an, (3.21)
CE(%(QC}D)QF@)]C,T‘QT"'

where «,, = O(y/log(n)/n). We then work on the global probability event on which all these
deviation inequalities are satisfied, that have probability larger than 1 — i%, and proceed

recursively on j.
For j = 1and s > h™, according to Proposition 3.11, T,(¢;1 s) = €1,5, we may write
By u]
h_
Now assume that the statement of Proposition 3.42 holds up to order j — 1, let ¢;  be a j-points

empirically optimal codebook with trimming level s > h — (k — j)n, and assume that there exists
one cell (say V1) such that P, (V1(€;s) N %By(Cj.s: Tn,p,s(Cjs)) < 3. On the one hand, we may write

€15 < < Cp.

Rs(¢j) < R, (C;Jﬁ)

~
< P”d¢(uv c;,h+)]l%’¢(c;h+,r¢,h+ (c;th)) (u)

N

*
Rj7h+ + am,

with c}‘ et @ R;.‘ p+ Minimizer, that exists according to Lemma 3.9. We can choose Cp = ,%1 \Y,

Cp- p+ V C'p, where C', corresponds to the constant C'p for the step j — 1 and C),- 5+ is given by
Lemma 3.39.
On the other hand, set A’ = h — (k —J+ %) n = h~, we have

J
Ry(€,5) 2 Y Pudg(th, &15.p) L, (&, )10 (50 s (&5.00) ()

> Ry (€5-1.)
= Pdg(u,Cjo1w) Ly, g (W) — an,

according to the recursion assumption and (3.21). Thus,

Rs(éj,s) 2 R;_Lh/ — Qlp,

which is impossible for a,, < §. Thus, for every p € [1, j],

Pa(Vi(€5) 0 B (&5, n0s(81.0)) > 3.

According to Proposition 3.11, equality T(éL s) = € s holds and entails

. Dollu] Al
j < ~— S < Cp.
”C],S,pH h _ (k _])77 hi P
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We assume that all the probability events described in the proof of Proposition 3.42 hold.
This occurs with probability larger than 1 — n~2. On this probability event, recall that for all
J llenll < Cp, SUP.c( g n7(0.0p) 0 Tnigh(€) V Tgn(€) < r*. Next we further assume that the
deviation bounds of Lemma 3.60 and Lemma 3.59 hold, with parameter Cp and r, to define a
global probability event with mass large than 1 — n~% — 2e~*. On this event, we have

Rp(€n) — th,h = Pdy(u, én)lﬁq;(én,rqs,h(én))(u) - th,h
< Pdy(us €0) L1, 60,00 (@) (W) + Pde(, €0) (L, @0 n@0) (0) = Lz @ @n) (@)
— Pdy(u, €)1z, (e rp.nc) (@) + Pdo(u, €) (L, e* g (e) (W) = Lz, (e 1)) (1)

<2 sup (P = Pa)dy(u, )Ly o) + 20 sup  |(P— P)%y(c,v)
c€(Fon%(0,Cp))*) r<rt ceQ®) r>0
c Cr
1+ V),
\/7

for some constant Cp.

Proof of Corollary 3.16

Denote by A the probability event described in Proposition 3.42, and by A the quantity
Pdg(u; en) Lz, (@nrgn(en)) () = B - Then

EA = EAl4 + EAT 4.

As in the proof of Theorem 3.15,

EALL<E[2  sup (P~ P, )Ly ()] + 2 sup (P~ P)Bo(e,r)
c€(Fon%(0,Cp))*) r<rt ceQ®) r>0
o CP,k,d’
vn

according to the proof of Lemma 3.60. It remains to bound EAT 4c. For short assume that co =0,
and the n.P,(Vi(€,) N By (€ns T sn(€4))) = 2. Itis straightforward that

Pdg(u, €)1z, (en,ryn@n) (W) < Pde(u, 1) 1a, 610y, (6)) (W)-

Moreover, [|é1] < 2377 | [|X;]|. Thus,

EAL e < E[Po(u) — ¢(é1) — (Vo 1 — é1))] Lac

SP(AY) Po(u) + E sup (lo() + PVl (Pllull + C))] Lae

ceFon (0,5 31, |1 X4l

P(A)Po(u) + E (2;22 1]+ P||u||> v <fh > ||X1»H)] L
L =1
<PPo) +E | 533 (2 pyg) (’“fj)] L

=1 j5=1

B(A)Po(u) + v/PIAT.
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with

. {m(’“”X”) <2<Puuu>2 i ,XH2> m("'“,f”) <2<Puuu>2+i’fwu2>}

Since P(A°) < %, it follows that
~ CP
EAT 4 < —=.

A NG

Hence the result.

Proof of Proposition 3.19

Set h € (0,1). From Lemma 3.12, we get that
BV,Z,C) /
— C

BV,
ZP P(@Quvale — Gl [|m (PE) - ¢

d¢ P, n(c’) — dqﬁ,Ph
PBY4e) |l is bounded when ¢ € KX*). Since P is inner-regular, we can

We now prove that Hm ( e h
set Cp a convex compact subset of Q2 N A(0, K) for some K > 0 such that P (Kp) > h. Take

c € K®). Then, for every y € Kp we get that:
d¢(y7 C) = I(Izlel(r:l ¢(y) - (b(C) - <VC¢7 Yy — C>

< sup lo(y) — o(o)ll + (Kp + K')sup || Vo ||
yeKp, ceX ceK

2(Kp + K') sup
c€Conv(KUK p)

Vel

according to the mean value theorem on the convex compact set Conv(K U Kp). Note that

SUDceconv(kuicp) | Ved|| < +oo since ¢ is C*. Tt holds that
Kp C e@qs (C, \/Q(KP +K,> sup ”vc(b”> :
c€Conv(KUKp)

Thus, 5¢7p7h(c) < A¢7P’]C with

Agpic = \/Q(KP +K')  sup - [[Ved|,
c€Conv(KUKp)

which is finite.

Let € > 0 such that (K, €) C (. It remains to prove that .. Bo(c, Ay pic) is included
in #(0, €Ay pi.e), for some finite Ay px . to be determined

Then, for all v € S(0,¢), c € K and A > 1, we have:

dg(c+Av,¢) = d(c+v) = d(c) + (Verods (A = 1)v)
0. Thus, if y = ¢ + \v € HBy(c, Ay pi), then it holds that:

— (Vo \v)

since dg(c+ Av,c+v) >
s At dalecty)
(Vetwd — Veg,v)

2
Ag, P

Set A(P,PJC = (1 + inf,eg(0,6), ceic dg (c,c+v)+dg (ct+v,c
)+ dg(c + v, ¢) is positive and continuous on the compact set IC x S(0, €), thus bounded from

v Y
above by a positive constant, and | Jcxx) PBo(c, Ay pi) C HB(0,eAg pi.e). Then, Ly pic

AQ
1+ .5K .
infveS(O,e) d¢(c, c+ U) + d¢(C + v, C)

)> Then Ay px, < 400 since (c,v) — dg(c,c +

€Ay pxc + K’ suits.
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3.3.2 Proofs for Section 3.2
Proof of Proposition 3.26

When F is a family of multivariate Gaussian distributions Fj 5; with covariance matrix ¥ = AAT,
the distance to the measure P = P, 5;, with respect to the metric ||.||5-1 rewrites

dp . )s-1 (0) = dar(o,1,) (A5 (0 — 60)), (3.22)

’h’”'H(A_IAO)T(A_le)
which is minimal at § = 6. Equation (3.22) comes from the fact that Y = A (X — ) ~ N(0, I)
when X ~ Py, v, and the fact that for all z € R?, with y = Ay 1(90 —6p):
|z = 0lls-1 < dpp,|.|._, (0)

= Pxop(|X =0z <[z —0]ls-1) <h

= Prowion (IIV + 45100 = 0)ll 4= agym(a-tag) < Iy + A5 (00 = 0) | a1 a0y (a1 a0 ) <

—1
= [ly+ Ay (0o — O)ll(a1a9)7(a-140) S 5N’(0,1),h,||.H(A_lAO)T(A_lAO)(AO (6 —60)).
-1 e

;’k;us, (5P7h7||.H271 (0) = 5N(0’1)’h’||‘”(A*lAU)T(AflAO) (Ay (8 —bp)) and (3.22) follows from Definition

With the notation 3 = ((A~"4g)T (A~ Ag))~", it holds that det(X) = det(X) det(%p), and the
trimmed log-likelihood at (1, X) expresses as

d 1 =~ 1 1 _
Lpn((p, X)) = 3 log(2m) — B log(det (X)) — B log(det(Xo)) — 5(1/2\/(0,1d),h,||.||2,1 (A" (0 = 60)),

and is maximal for 9 = 0p.

Now set ¥ = —=—, then det(X') = 1 and
det(E)H

2
AN (0,100 h 1y,

(0)
det(X)d '

2
AN (0,10),m. 151 (0) =

According to Lemma 3.27, di/(o Lol (0) is minimal for ¥’ = I;. Thus, it remains to

Ig Z/*l
maximize

2
dXe(0,2,,0.1 (0)

d 1 ~ 1
= log(2m) — 5 log(det(X)) — 5 log(det(Xg)) — 2det(i)%

: : : = Briorp it ©\
the maximum it attained for det(X) = | ——4;="— | , which concludes.

Proof of Lemma 3.27

. h .
First recall that d%(071)7h7||-||2—1 0) =+ Ji2, 5/2\/(0’1),17”“2_1 (0)di. In order to prove Lemma 3.27, it
suffices to prove that for every I > 0, dnr(0,1).1,[1.|15._1 (0) = Inr(0,1),1,).(0). Thus, it suffices to prove

that:
v6 >0, P (Z NX? < 5) <P (Z X2 < 5) (3.23)
i=1

i=1
when [[" ; A\; = 1 and the ;s are positive, where the probability IP is computed according to

Xy, Xo,..., X, iid from N(0,1). Indeed, the matrix ¥ ~! can be diagonalised in an orthogonal
basis, and the \;s correspond to its eigenvalues. Equation 3.23 can be proved as follows.
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Set B (6) = {x1,m2,...,xn ER | X1 Na? < b}, and B(5) = {w1,29,..., 2, € R| D1, 2 < 6}

Since []?"_; A\; = 1, after an integration by substitution, it follows that Leb(%,(0)) = Leb(Z£(9)),
where Leb denotes the Lebesgue measure on RY. Then, for all § > 0, if f(6) denotes the density
of P = N(0, 1) at any point = (21, x2, . .., o,) such that Y1 | 2? = §, it holds:

P(2r(0)\B(5)) = f(6)Leb(Ar(0)\A(5))
= f(6)Leb(A(5)\#A(9))
> P(#(5)\#x(9)),

which concludes.

Proof of Proposition 3.29

The family of all distributions N(p,0?) for 4 € R and ¢ > 0 can be expressed as an ex-
ponential family with parameters § = (4, 73) = 0(u,0%) € R? f(z) = (z,2%) € R?

and ¥(0) = 4652 +1og(—3 7). that is, Y(O(p,0%) = 4 (g—z + log(27) +log(02)>. Indeed,
Po@) = ez CXP (—%)
Then, for 6 = 0(u,02), H(0, cpp(0)) = B(u, 6pp()), with
Spp(p) =inf {r > 0| P(B(u,r)) > h}.

It does not depend on y = o?. It means that for all x € =, Prou),h(P) = Pugn(P), when
P = Py,, we get that 0" = PO(u, x*) = 0(po, x*). It remains to compute x*. We may write,

P (B n(0(v, x), f(u)) = ¢(6(v, x))du) dv

v —1 1v*

= PP, n( 25,2 ( ))dudv — = 10g(27r) — = log( )
(u— U)2 2

= PP, n— 5,2 5 log(27r) 5 log(o )

~ Pugn — ((u—po)?+og)du 1 1 2

= 5,2 ~3 log(2m) — 3 log(o®)

1 1 2 d%,h(lu'o) + 0(2)
* 2

Since dpy (o) o0dar(0,1),,(0) it comes that the maximum is attained at xy* = 0% =

(1 + djz\f(o,l),h(o)) O'g_.

Proof of Proposition 3.30

The family of all distributions N (i, ¥ = AAT) for p € RY and A an invertible d x d ma-
trix with elements in R, can be expressed as an exponential family with parameters § =
(27, vect(—1271) = 0(u, A), f(z) = (z,vect(zzT)) and () = 1pTS " p + Llog(det(27)).
Let P = P, x,, then, P9(u,>) = 6(uo, X), moreover,

%),
P(0(v, %), Pp(g, 5 nf () — $(0(v, X))dv
)

1
—PPy(uo,mn5 (= TS uw—v) - = log(det(QwE))dudv

1 _ 1 - 1
= ooz <P2(MO — )= (o - ”)dv> —5u- p0) S (u — po)du — 5 log(det(27%))
1 Ty—1 1

5 oo, ),n (1 = p10)" 77 (u = po)du — 3 log(det(27X))

1
=—-Tr(2 %) —
R Tr(E %) = 3
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where

Py (= o) 57 (u — po)du = dB - (o)

_ 32
= DO LM 1 a4ty (O

according to (3.22). Set &> = ((A‘lAO)T(A_lAO))_l, and ¥/ = . (ii);
et d
Then it remains to minimise

Tr(x ™ )
qete): O ., (0) + log(det (X
det(S) N©.1a) b g (0) +log(det(2))
2
T 2/71 d./\/ , 7h7 e (0) )
_ I 1)+ QLB Mt 7 dlog(det(5)4) + log(det ().
det(E)E det(z)E

. o cn1 TR, ©) :
Then the minimum is attained for det(X)d = b = and according to Lemma

3.27, d/QV(OJd)vh,II-HE,fl (0) is minimal at ¥/ = I,;.

Moreover Tr(X'~1) is also minimal for ¥’ = I;, according to the inequality of arithmetic and
geometric means for the eigenvalues of ¥/, which product equals to 1. Thus the minimum is

: . d+d3 (0)
unique and satisfies ¥* = N(O’Ij)’h’”'” b

Proof of Proposition 3.31
For every p = (p1, p2, ... k) € X% and x = (x1, x2,--- X&) € ZF), we note 6; = 0(p;, xi),
1

CO Xl 25
1
X; € arg max W Z <9(X7 X)apneg,hf(u» - w(G(X,x)) ‘ XEX p,

X€eC(8isxi)

1
O = o > 0(X,x),
CO (5o %)
i5Xi)
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Ci =C(0;,x;) and C| = C(GQ’, X;)- Then,

= min (0(X, xi), Pno,nf(w)) —(0(X, x3))

X ane [1,k]
:% (Z XX’L +|C|<017Pn9 hf >>
=1 \ Xe¢;
1 k
<D0 (O + (B X, Paggnf (0)))
i=1 XeC;
k
<233 (SO0 ) + 00X XD, Py
i=1 XeC;
1 k
nz< 0(X, x;) ‘HC|< G’hf >)
i=1 \ XeC;
k
< %Z ( 1/} X Xz <9<X Xz n9” hf >
i=1 XeC;
k
< %Z ( ’(/} X Xz <9(X Xz n9” hf >

We used twice (3.11) to get for instance that (6}, P, g, .f (1)) = (6}, Pro,nf(w)).

Proof of Lemma 3.33

Y(X) = QQ'(0(u, %), f(v)) — ¥(B(u,X))dudv
- QQ’% (~(0— )78 (0 — ) — log(det(27))) dudv

The matrix ¥ is symmetric with coefficients in R, thus diagonalisable in an orthogonal basis.
Thus, we can write
Y =PDP ' = PDPT

for some diagonal matrix D = (d; ;); ; with d; ; = 6; j\;. Here §; ; = 1 when i = j and 0 when
i # j. We note P = [p; jl; j. Then,

p(E) = QQ' - ((v — W) TPDPT (v — u) + log((2m)° det(PDP’l)))

d d d
= %QQI (log(QTr)d + Z (vi — ;) (vj — uj) <ij,kpi,k)\;:1> + Z log()\k))
k=1 k=1

ij=1

d
:% (10g(27f)d >N {QQ > (i — i) (v — uy)pjkpi k] +10g)\k)
k=1

2,5=1
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Thus, 1(X) is maximal when A\, = A}, where:

Ar=QQ Z i — i) (v; — uj)pjpik = [PT APk,

i,7=1

where A is defined by:
d
= [QQ" ) (vi — wi)(vj — uj)ij-
i,j=1

Thus, it remains to minimise the function

d
¢ : P Tr(log(PTAP)) Zlog Z QQ' (vi — u;i)(v; — uj)] pjkPik
i,j=1

_ Again, we can diagonalise A in an orthonormal basis: A = PyDyPI = PyDoFPy L By setting
P = PTPp,, we get

Y(PyP~Y) = Trlog(PDyPT)

We used concavity of the function log, and the fact that P is orthogonal, thus, Zle P =
Zizl pip =1 Thus, we can choose P = I, that is, P = Fy. Moreover, AL = [POTAPO]M€ = )\2.
Thus, ¥ = PyDyP{ = A is a minimizer of .



Appendix

3.A Maximal deviation bounds for empirical processes —
Background and first results

Dans ce Chapitre, on présente deux méthodes bien connues en statistiques pour calculer des bornes
supérieures pour les maxima de déviation de processus empiriques de type sup s | P, — P|f(u), lorsque
P est une mesure Borélienne de probabilité sur un espace métrique Polonais X et F un ensemble de fonc-
tions mesurables bornées sur X a valeurs dans R. On propose des exemples d’application de ces méthodes
qui seront utilisés dans les chapitres suivants pour obtenir des vitesses de convergence des estimateurs
de codebooks optimaux. Ces méthodes reposent sur le théoreme des différences bornées. Afin de borner
I'espérance du maximum de déviation, on utilisera des arquments de symétrisation faisant entrer en jeu
des moyennes de Rademacher. Enfin, on utilisera des notions de dimension de Vapnik-Chervonenkis d’ une
part et de nombre de recouvrement, d’entropie métrique avec le théoreme de l'intégrale de I'entropie de
Dudley d’autre part, selon que F soit un ensemble d'indicatrices ou un ensemble de fonctions bornées. La
seconde méthode est aussi connue sous le nom de chainage. Let P be a Borel probability distribution
on a Polish metric space (X, d). We call n-sample from P any n-tuple X,, = (X1, Xo,..., X,)
of independent random variables X1, X»,..., X,, sampled according to P. The distribution of
such an n-sample is denoted by IP, and the expectation of a function f of (X1, X»,...,X,,) by E.
Also, P, = 137 | 6, denotes the empirical distribution associated to the n-sample X,, from P.
As Pf or Pf(u) denotes the expectation of f(X) when X is sampled from P, we will use the
notation P, f = P, f(u) = £ > | f(X;) for the expectation of f for the measure P,.

Given a countable family of measurable functions F, [BBLO5, Section 3] and [BLM13] are
main references to derive upper bounds for the maximal deviation

sup [Pf — P, f|,
feFr

with the use of symmetrisation arguments, Rademacher averages and Vapnik dimension, or
also metric entropy and Dudley integral, with many references therein.

In this chapter, we expose two methods to derive upper bounds for the maximal deviations,
with high probability. We also provide examples of applications of these methods. Such
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examples will be used as lemmas to derive rates of convergence of estimators of the optimal
codebooks in the following chapters. The first method is adapted to the particular case when
F is a set of indicators. The bounds obtained depend on the Vapnik-Chervonenkis dimension.
The second method is adapted to all sets F of bounded functions and relies on the Dudley
entropy integral. The bounds obtained depend on metric entropy and covering numbers. This
second method is also known as chaining. Both method start with an application of the bounded
difference inequality. Then, symmetrisation arguments with Rademacher averages are used to
derive upper bounds for the expectation IE [sup ;. 7 |Pf — P, f]].

3.A.1 From bounded difference inequality to Rademacher averages

Set X a measurable space. A function g : X" — R has the bounded differences property if for some
non-negative constants ci, ¢, ..., c,, forall i € [1,n]:

sup lg(z1, . sy oy xn) — gy, oy x| < o
T1,T2,00 T, TLEX

Theorem 3.43 (Bounded difference inequality[BLM13, Theorem 6.2] and [BBL05, Theorem 3.1]).
Assume that the function g satisfies the bounded differences assumption with constants cy, . .., ¢, and

denote
I = o
v = Z Zl (6%
1=

Let Z = g(Xi, ..., X,) where the X; are independent. Then

2
P{Z -EZ >t} <exp <—2> .
v

As a consequence, bounds are derived for a random variable Z = sup ez |Pf — P, f| when
[ are non-negative bounded measurable functions and F a countable set.

Corollary 3.44. Set F a countable family of measurable functions f : X — R bounded by R > 0 from
above. Set Z = sup ez |Pf — P f|. Then,

P{Z —E[Z] > t} < exp (-27”2) .

Proof. The function g : (71, %2,...,%n) = SUuPser |Pf(u) — L3 f(x;)] satisfies the bounded

n

difference inequality with parameter ¢; = £. The inequality follows from Theorem 3.43. O
Note that when f takes values in [—R, R], the upper-bound is in fact exp (—%). This

corollary can be extended to separable metric spaces F, with 7' a dense countable subset of F
provided that

sup |Pf — P,f| = sup |Pf — P,f| a.e.

feF fer’

As a consequence, provided that F is a countable family of non-negative functions bounded
from above by R > 0, for every § > 0, the following inequality holds with probability at least
1—o:

2

1
+ = log —. (3.24)

sup |[Pf — Pof| <E 5 log 5
feF n

Sup|Pf_Pnf|
fer
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When F is a countable family of functions taking values in [—R, R], the following inequality

holds with probability at least 1 — 4:
2R2
+14/ i log 5 (3.25)

It remains to derive upper-bounds for the quantity I [sup .z |Pf — P, f|]. For this we use
a symmetrization argument with the help of Rademacher independent random variables o,
02 ...0y, independent from the X;s. The Rademacher average associated to a countable set A with
elements in R? is defined by:

sup |Pf — P, f|<E
fer

sup |[Pf — Py f|
feF

R, (A) = E, sup
acA M

(3.26)

g o0 .

We define the subset F(z7) of R" for all 27 = (x1,22,...,2,) € X" by

Flay) = {(f(x1), f(22), ..., flwn)) | f € F}.

Then, for all countable family F of bounded measurable functions, it holds (see e.g. [BBLO5,
Theorem 3.2])

E |sup [Pf - Pufl| < 2B[Ra(F(XD))]. (3.27)
ferF

When F is finite, it comes from the Jensen inequality applied to the convex function x
Sup;c(1,n] ¥ on R". The case where F is a countable family of bounded measurable functions is
a consequence of the case F finite and the dominated convergence theorem.

It is also possible to define a slight modification of the Rademacher average, with no absolute
value:

Ruy(F(XM) =Egsup = Y oif(X (3.28)
) = Bosup LY o

Again, as a consequence of the Jensen inequality, see [BLM13, Lemma 11.4], it comes for all
countable family of bounded measurable functions that:

E [sup Pf— P,f

fer

E | fon(F(XT))]

Denote by —F the set of functions — f when f € F, then we also have:

B |sup|Pf — Pufl| < 2B [Ra((FU—F)(X]))] (3.29)
feF

In the following we first derive an upper bound for the Rademacher average R,,(F(X7{))
when F is a family of indicators, with the help of combinatorial tools such as the Vapnik
Chervonenkis dimension. Then we derive an upper bound for the modified Rademacher average
R,(F(X7")) when F is a set of bounded measurable functions. To this aim, we will introduce
the metric entropy. As a consequence, we can derive upper-bounds for the probability of events
such that SUPyg |P('@($’ T)) - Pn('@(x’ T))| Z € SUPg r ”PUJ]-%(:B,T) (u) - Pnun%(ac,r) (U)H = €or
even sup, . |Pllul|*14(; ) (u) — Pallul[*1 g, (u)| > € under assumptions on P. We also derive
bounds for maximal deviations that involve Bregman balls and Bregman divergences.
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3.A.2 F, a family of indicators
The Vapnik-Chervonenkis inequality

First, we focus on properties for Rademacher averages defined by (3.26). From [BBL05, Theorem
3.3] it holds for all finite subset A = {a1, as, ..., a4} of cardinal |A| of R4

21 A
Ru(4) < max_[lag| ¥ 2208U0AD. (3.30)
ie[1,]A[] n

In particular, when F is a family of indicators, any element a of the set A = F(z7) satisfies
lla]] < v/n. Set $£(27) the cardinal of F(z!) for 2} = (x1,z9,...,2,) € X", that is called VC
shatter coefficient (where VC stands for Vapnik-Chervonenkis), then it holds:

Ro(F(a})) < y 218Gz (3.31)

n

Definition 3.45. The VC dimension of a subset A of {0,1}", denoted by V' (A) is defined as the
size V of the largest set of indices {i1, 2, ...,y } C [1,n] such that for each element b € {0,1}",
there exists a € A such that (a;,, aiy, - .., ai, ) = b.

The Sauer’s lemma states that |[A| < (n + 1)V. In particular,
log($r(27)) < V(F(ah))log(n + 1). (3.32)

The consequence of (3.31), (3.32) and (3.27) is the first inequality of the following lemme (see e.g.
[BBLO5, Theorem 3.4]).

Theorem 3.46 (Vapnik-Chervonenkis inequality). For all countable family F of indicator functions,
if V= supy, ,n V(F(a)) where the supremum is taken on all possible values x7 taken by X7, it holds:

E

<92 2Vlog(n +1)
n

Sup|Pf_Pnf‘
feF

and for some universal constant C':

E <o/
n
Proof. The first inequality is a consequence of (3.27), (3.31) and (3.32). The second inequality

relies on chaining arguments is a refinement of the first one, see Theorem 3.55, (3.45), (3.39) and
(3.44). O

Sup|Pf_Pnf’
feF

Computation of Vapnik-Chervonenkis dimension — some examples

Note that the Vapnik-Chervonenkis dimension of F(z) where F is the set of all indicators or
balls or of half-spaces in R¢ at most d + 1. Indeed, according to [Dud?79], for any set E of d + 2
points in RY, not all subsets of E can be written as E'N B where B is a Euclidean ball. The same
holds for half spaces.

It is also possible to generalise to Bregman-balls, whose Vapnik-Chervonenkis dimension is
at most d + 1, as depicted below.

Proposition 3.47. Let ¢ be a differentiable convex function. Set F, the set of all indicators of Bregman-
balls By(z,r) = {y € R | \/dp(y, ) <r}, for x € R and r > 0. Then, the Vapnik-Chervonenkis
dimension of F(x7) is at most d + 1 for all 27 = (z1, 22, ..., 3,) € (RY)".
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Proof. Let S = {x1,...,x442} be shattered by F. And let A;, A, be a partition of S. Then for
some ¢; € R%and r; > 0, it holds that 4; C By(ci,r1) and Ay C @2(61, r1). By exchanging the
roles of A; and Ay, we may write for some ¢ € Réandry >0

Ay = SN By(cr,m1) N By(ca, r2)°
Ay =5nN ;@d)(CQ,TQ) N ,@d,(cl,rl)c.

In particular, it holds for instance that for ally € Ay, dy(y, ;) = ¢(y) — d(c;) — (Ve 0,y — i) < 13
Straightforward computation shows that, for any = € A;,

ELQ(QS) < 0,

where (1 5(z) = ¢(c2) — ¢(c1) + (2, Ve, — Ve, 0) + (Ve b, c1) — (Veyd, o) — 72 + r3. Similarly
we have that, for any = € Ay {1 2(z) > 0. Thus S is shattered by affine hyperplanes, whose
VC-dimension is d + 1 according to [Dud79], hence the contradiction. O

Application to F a set of indicator of balls
As a direct consequence of the bounded inequality theorem together with the Vapnik-Chervonenkis

log(n+1)

inequality, it is possible to derive bounds for empirical processes of indicators of balls in NI

Corollary 3.48. Let P € P(R?), then for all p > 0, with probability larger than 1 — 2n P,

(d+1)log(n+1) n \/plogn

n on '

sup |P(%(z,r)) — Pu(%(z,7))| < 2\/2

z€R4,r>0

2(d+1)10g(n+1)+\/plogn
n 2n '

sup |P(B(z,r)) — Po(B(z,1))| < 2\/

z€R4,r>0

in particular,

sup |P(0B(x,r)) — Py(0%(z,7))| < 4\/2(d+ 1)log(n +1) N 2\/plogn.

2z€R4,r>0 n 2n

The same holds for half-spaces.

Note that the term 2 w can be replaced everywhere by Cy/ <L for some absolute

positive constant C.

Proof. First set D a dense and countable subset of the separable metric space R? x R+. Since for
allz € R%, r > 0, &(x, r) writes as a decreasing intersection of balls %(x,,, 7,,) with (2, 7,) € D,

sup |P(B(x,r)) — Pu(B(x,r))|=  sup  |P(B(x,r)) - Pu(B(z,7))].
(z,r)eD (z,r)ERIXR 4

The same holds for the open balls. Thus there is no problem of measurability.

The inequalities follow from (3.24), Theorem 3.46 with § = n™? and [Dud?79] for the Vapnik-
Chervonenkis dimension of indicators of balls. O

3.A.3 F, a family of bounded functions

In this section, we present the chaining method.
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Covering and packing numbers

Let (7, d) be a totally bounded pseudo-metric space, meaning that for every § > 0, 7 can be
covered by a finite number of d-balls of radius . Given some ¢ > 0, a -net denoted by s is a
subset of 7 with maximal cardinality such that for all s,t € 75 with s # ¢, we have d(s,t) > ¢.
In particular, it holds that:
Tc | 2t0). (3.33)
teTs
We denote by Nq(6, T) the cardinality of a 6-net 75 and call it the J-packing number of T
A notion related to the §-packing number is the d-covering number, it corresponds to the
minimal cardinality of a set of points 7; such that 7 C Uteﬁ/ P(t,6). As noted in [BLM13],
these notions are related as follows:
Na(26,T) < N3(6,T) < Na(6,T). (3.34)

The second inequality comes from (3.33). For the sake of contradiction, if the first inequality
were not true, then two elements of 755 should belong to a ball centred at a point of 7:5’ with
radius ¢, which is absurd.

Example 3.49. For all § > 0, the d-covering number of the Euclidean ball %(0, 1) in R? satisfies:

N (6,2(0,1)) < (Z’)d

Proof. We will derive an upper bound for the packing number N (6, 7) and conclude with
(3.34). If 75 = {t1,ta,...,t;} is a J-packing of Z(0,1) for § < 1, then the balls & (t;, ) are
not intersecting. Thus, the Lebesgue volume of ;¢ 5 #(ti, ¢) equals k (g)d wq, with wg the

Lebesgue volume of #(0, 1). Since U,y 4 2 (L, $) C #(0,3), it comes that & (%)d wq < (%)d Wd,
which concludes. O

We define the §-entropy number as the logarithm of the J-packing number:
The function Hq(., T) is called the metric entropy of T for the pseudo-metric d.

The Dudley entropy integral

The Dudley entropy integral furnishes an upper-bound for the expectation of the maximal
deviation on a finite set, depending on the metric entropy.

The theorem

Theorem 3.50 (Dudley entropy integral [BLM13, Corollary 13.2]). Let T be a finite space equipped
with a semi-metric d. Let (X;)ic1 be a collection of random variables such that

log (I [exp (M(X; — X¢))]) < Azdzz(t’t')

forallt,t" € T and all X > 0. Then, for all ty € T

5
E [sup X — Xt0:| < 12/2 Hq(u, T)du,
0

teT

where 6 = sup,7d(t, to).
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Set F a finite set of measurable functions on X taking values in [ R, R] for some R > 0. As
noted in [BLM13], we can apply Theorem 3.50 to the subset of the Euclidean ball %(0, 1) of R",
T = vl () which elements are of the form ¢t = (%\/ﬁ ft(2i))iep ) and the associated random

var1ables X; = %ﬁ Soiy fi(z;)o; for the o;s independent Rademacher random variables, for
the z;sin X. Then the condition in Theorem 3.50 is satisfied for the Euclidean distance, that

isd(t, t') = Rf || fe(z}) — fu(aP)]| = %\/% Yo (fe(xs) — fe(xi))?, where we used the fact that

E [es } < exp (M) whenever Y is a random variable taking values in [c, d]. In particular,
provided that fy : 2 — 0 belongs to F, it holds that:

R R [z 1
7 s 2 e ] <27 %H'*“ (v o)

where R, (F(«7)) is defined by Equation (3.28) and ||.| denotes the Euclidean norm in R".
From (3.29), it comes that:

Ry (F(27)) = Eo

I} Sup’Pf_Pnﬂ
feF

R
<24—FE
NG

2 1
with —F = {—f | f € F}.

According to (3.34) and (3.35), for all § > 0, we can bound the term H| | (6 T(IU —F)(X ))
from above by log( M <2, Rf(}“u —-F)(X )>>

Some properties about the metric entropy are derived in the following section and may be
used to derive upper-bounds for the Dudley integral.

Some properties for the covering number of sets of type F(z7) For all classes of measurable
functions Fy and Fy, set Fi+F2 = {fi + fo | f1 € F1, fo € Foyand FixFe = {fi1f2 | f1 € F1, fo € F2}.
Then,

N|’|'”(26, F1+ Fa(al)) < N\/\,”((S, f1($¥))N|/|,H(5a Fa(x1)), (3.37)

and under the assumption that the elements of 7; and 3 are all bounded by 1:
N|’|_||(25, F1 X Fa(z])) < N"‘_”(é, Fl(x?))NIIHI((S’ Fa(z])). (3.38)
For all class of measurable functions F, if -F = {—f | f € F} then
N|'|.”(6,}'U —F(z7)) < 2N|,|-II(5’ F(xh)). (3.39)
Moreover, for all class F of measurable functions, if F) = {minle[l’kﬂ fil ieF }, then
N (Vo Fo ) < (N4 0.7 @) (340)

and for F;)4 = {maxle[[l,k]] fil fi€ .7-"}, then

N (VRS Fy (a)) < (V0. 7)) (3.41)
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Proof. For the three first inequalities, if ey 2 | (¢/,8) covers Fi(z7) and Uiep,mp 21 (¢, 6)
covers Fy(z7), then it suffices to take balls centred at elements ¢! + ¢, cic”/ or respectively ¢
and —¢' to cover F| + Fa, F1 X Fo and respectively 1 U —Fj.

For the forth inequality, set ¢!,¢?,...cN" in R™ that satisfy U;ep; v 2).(c7,6) D F(af).
Then for alli € [1,n], for all f1, fo, ..., fr. € F, with ¢V, ¢®) .. ) in R" such that f;(2}) €
2 (cY),8) for all j € [1, k], then we have:

2 k 9
( min f;(x;) — min c(l)(xi)> < Z (fl(xz) — c(l)(xi)> .

le[1,k] le[[1,k] =1

Also note that the number of elements of type min;c[; 4 W (z7) is at most (]\,i/) < N'*. Equation
(3.40) follows. The last inequality comes from Equation (3.40) after noting that max;c; 4] fi =

—mingeqy 5 (—fi)- O
It is also possible to derive bounds for families F indexed by a set 7 equipped with a distance

d, under Lipschitz assumption of type | fi(z) — fy(x)| < Cd(t,t') forall ¢, t'in T and all z € (27).
Under such an assumption, it holds that

5
N (5, \}ﬁ}“(w’f)> <N} <2CT> . (3.42)

Such a bound comes from the following lemma.

Lemma 3.51. If (T,d) and (T',d") with T' = f(T) = {f(t) | t € T} are two metric spaces for some
C-Lipschitz function f : T — T', with C > 0, that is : d(f(t1), f(t2)) < Cd(t1,t2). Then,

5
’ N < NY [ — )
Ny (6, T") < Nj <2C,T>
Proof. For ¢y, c,...cns such that T C Uie[[LN,]] PBa(ci, %), set t; € T such that d(¢;,t;) < %.
Then, fort € T N Ba(c, %), then f(t) € B (f(ti),d), which concludes. O

Shattering dimension to bound metric entropy

For F, a class of measurable real-valued functions bounded by 1, an upper-bound relying on
a combinatorial quantity, the shattering dimension, can be derived for the covering number
N|/|~H(5’ F(a})), forall z € X™and 6 € (0,1).

Definition of shattering dimension — The link with the Vapnik-Chervonenkis dimension
Given some ¢ > 0, we say that a subset S of X is d-shattered by F if there exists some function h
on S such that:

VS S, 3f € F, st. Vo€ S, f(z) < h(z) and Yz € S\S', f(z) = h(z) + 6. (3.43)

We denote by V (F, 0) the shattering dimension of F, which is the maximal cardinality of a set .S
0-shattered by F.

Note that the shattering dimension of a set of indicator functions F coincides with the
maximal shattering dimension of F(z7), defined in Section 3.A.2, in the sense that for all
de€(0,1):

V(F,d) = sup  V(F(z})). (3.44)
nelN,zex™
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Examples of computations of shattering dimension The two following lemmas provide a
computation of the shattering dimension of the set of all indicators of balls, and the set of all
functions = — %HQ(OR) (z,v) forall v € $(0,1) on R

Lemma 3.52. Set F = {1y, |z € R?, r > 0} for some R > 0, then, for all § € (0,1),
V(F,0) <d+1.

Proof. Set S a subset of R which is J-shattered by F, then necessarily, for all subset S’ of S,
there is some z € R? and > 0 such thaty ¢ ZB(x,r)ify € S’and y € B(x,r) if y € S\9'.
According to [Dud79], this is possible only if |S| < d + 1. Hence, V(F,d) < d + 1. O

Lemma 3.53. Set F = {x — 510 r)(x){(z,v) | v € S(0,1)} for R > 0, a family of functions defined
on R, then for all § € (0,1),
V(F,8) <d+2.

Proof. Set S = {x1,x2,...,xy} asubset of (0, R) which is d-shattered by F, and the function &
as defined in (3.43). Then for all S’ C S, there is some v € S(0, 1) such that ((z, —h(x)), (v,1)) <0
ifx € §"and ((x, —h(x)), (v,1)) = dif z € S\S'. In particular, it means that all subset (S, —h(S"))
rewrites as the intersection of (S, —h(S)) with a half space in R*2. According to [Dud79], this
is possible only if |S| < d + 2. Hence, V(F,0) < d + 2. O

Shattering dimension and covering number For P’, a probability measure on X, for § > 0,
we denote by N(F,d, Lo(P’)) the minimal cardinality of a set of functions F5 on X needed to
cover F within a Ly(P’)-error equal to 0. That is such that

Vfe F,3f € F;, st \//X(f(u) — f(w))2dP!(u) < 6.

Theorem 3.54 ([MV03, Theorem 1]). Let F be a class of functions bounded by 1 defined on a set X.
Then, for all measure P' in X and § € (0,1):

9 KV (F,co)
N ) < (3)

)

for K and c some positive absolute constants.

In particular, an application of Theorem 3.54 to all possible measures P’ = P, yields that
for all class F of functions bounded by 1 on &, for all 2} € X" and § € (0, 1), for some absolute

constants K and c that:
, 1 . 92 KV (F,cd)
Ny <5, \/ﬁ}—(ﬂfl)) < <5> ) (3.45)

where we recall that N "‘_” (0, F(27)) is the d-covering number of F(z') for the Euclidean norm
on R", that is:

1f (1) = f'@@D)]| = J Z(f(xi) — f'(wi))?.
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A ready-to-use theorem

As a consequence, we get an upper bound for the expectation of the maximal deviation in terms
of the shattering dimension of F:

Theorem 3.55. For all countable family F of measurable functions taking values in [—R, R] including

the function x +— 0, it holds:
/ \/log H ” R\F(}"U ]-")(Xﬁ))du]

24— \/KV log du

sup]Pf P,.f| 24—

for some absolute positive constants c and K, with V(c) = sup,,¢ g, 1 V (%(FU=F),cu) the maximal
shattering dimension of &(F U —F).

Proof. It suffices to apply Equation 3.45 to %ﬁ(f U —F)(z}) together with Equation 3.36. To

go from a finite family F to a countable family, it suffices to apply the dominated convergence
lemma, and to note that when F C F/, then forall 6 > 0, V (F,d) < V (F,9). O

Some applications

It appends that the class of functions 4 f(]: U —F) rewrites as a product, sum, minimum or

maximum of more elementary classes. Then, it would be appropriate to apply the first inequality
of Theorem 3.55 together with the properties in Section 3.A.3, and then to apply Theorem 3.54 to
bound the covering numbers by a quantity involving the shattering dimension.

The proofs of the following Corollaries are based on this method.

Bounds for truncated moments of order 1 and order 2 moments in Euclidean R

Corollary 3.56. If P € P\V)(IR?) is a sub-Gaussian measure for some V > 0, then for all p > 0, with
probability larger than 1 — 3n~P, it holds

sup  |[(Pn — P)ul gy (u)|| < CVVd+ 5L+ p)log(n)
z€R4,r>0 \/ﬁ

and
1 1
Sub H(P" o P)UJL%’(:E,T) (U)H < Cvm(_}—p)\/ﬁog(n)‘

2R r>0

In particular,

1 1
sup [P — P)ulaga(eny(w)]] < 20V a7 202 l08(n)
z€R,r>0 \/ﬁ

The same holds for half-spaces.

Proof. First note that since R? x Ry is separable, we can find a dense and countable subset D
of R% x Ry. According to the dominated convergence lemma and the fact that %(z,r) can be
approximated from below with #(xy,7y) with (zy,7y) € D, the supremum on D and R? x R
of ||(Pn — P)ul g, (u)|| coincide. Thus there is no problem of measurability.
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Let A = plog(n), R = 1/4V2(log(n) + A). We may write

Sup (P = P)ud gy (w)]] = sup ZX Lop(e.r)(Xi) = Pul gz (1)

z,r

SUP ZXJI%N DLx1<r — Pulger) (W)l <r

n
+ Pllul| Ly >r + - Z [ X[ L) x> -
=1

From Lemma 4.36,
P(||ullLjy>r) < 2Vn~@+Y

and with probability larger than 1 — n=2P~1, it holds
L zn: X;|l1 =0
n 2 1 Xill 2> - = O-

As a consequence of the Cauchy-Schwarz inequality, we may write

sup H(PH_P)UIL@(UH") ILej’OR H - sup |(Pn_P)fw,r,v(u)‘7
z€R4,r>0 z€R,r>0,0€5(0,1)

where f; ;o (u) = (v, ul g(y ) (u) L g0,r)(u)) for all u € R4
According to (3.25) with § = n™?, with probability larger than 1 — n™? it holds

2R?plog(n)
—

sup ‘Pn - P’f:c,r,v(u) < E
z€R%,r>0,0€5(0,1)

sup |Pn - P‘fa&,r,fu(u)
z€R,r>0,0€5(0,1)

_l’_

It remains to derive an upper-bound for E [super,wO’ves(O’l) |P, — P| fm,rvv(u)] .
According to Theorem 3.55

E sup |Pn - P|fa:,r,v( ] 247
x€R,r>0,0€S(0,1)

[l G o)

with LF(X7) = F; x Fo(X7}) for Fi the set of indicators of balls and F; the set of functions
x +— 5 1g0,r){z,v) forall v € S(0,1). According to 3.38, for all 6 > 0,

iy \ffl x Fa(ah)) = Nj (5, Fi x Falat)
S N|'|.H(M S (fﬂ?))f\ﬁ]_”(M Fo(z}))
<. \\(4 \f Fi(at))N]. ||(4 f Fa(x7)).

From Lemma 3.52, V(Fi,9) < d + 1, thus from (3.45),

Nnu( \f Fila ))é(i) (dH)-
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From Lemma 3.53, V(F3,0) < d + 2, thus

§ g\ K(d+2)
MG Re < (3)

M (B mmen) < ()

Thus, putting all bounds together, with probability larger than 1 — 2n™? we have:

As a consequence,

2 2R2p]
sup |Pn - P|f:1:,r,v(’u) < CR\/m + QVn—(p-‘rl) + M
x€R,r>0,0€S(0,1) \/ﬁ n
< ovvaa Lt ploe(n)
Vi

for some absolute positive constant C.
O

It is also possible to derive an upper-bound for the deviation of moments of order 2 restricted
to balls, as follows.

Corollary 3.57. Let P € PV)(R%) be a sub-Gaussian measure on R with variance V. Then, with
probability larger than 1 — 3n™?,

ol

1+ p)log(n
sup [Pl sy () — Pollull? Loy ()] < CV2V/aT T2 Lo8M)E
z€R4 >0 \/ﬁ

[w

14 p)log(n
sup |P|\u\|21@(:pﬂn)(u) _P“H“||211@(x,r)(“)| < CV2\/m(( ) log(n)) ’
z€R4, >0 \/ﬁ

in particular,

3
2

14+ p)log(n
sup  |PllulPLomor (1) — Pallul®Lomer ()] < 20v2/a 5 10T 108(1)
z€R4, >0 \/ﬁ

The same holds for half-spaces.

Proof. For the same raison as Corollary 3.56, the supremum of | P||u[|*1 gy ) () =P ||u]|* 1555 1 ()|

on R x R coincides with the supremum taken on D a dense and countable subset of R x R,
thus there is no problem of measurability.

Let A = plog(n) and R = \/4V2(log(n) + ). We may write

sup [(P, — P)|ull* Loz (v)] = Sup| -

x,Tr

ZHXHQL@M Xi) = P(||ul* Lz, (w))

Sup Z 1Xil1P L) (Xi) Ly, 1< — Pl * Lo, (@) L juy<r)

1 n
+ P(|lull*Lyuy>r) + - ] VI
=1
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According to Lemma 4.36,

P(l|u)*Lyyy>r) < 3V~ D

and, with probability larger than 1 — n=17%,

1 n
n D IXlPLyx, >k = 0.
i=1

Then, according to (3.24) with § = n~?, with probability larger than n~? it holds

sup |- ZIIX 121 g9y (Xi) L0, (Xi) — PJull* Ly (W) L g0,y (1)) | <
1 & R*plog(n
B |sup nz\Xiu?ﬂ,@(x,r)<Xi>ﬂgg<o,R><Xi>—P<Hum%,ﬂ<u>ﬂgg@,m<u>>u iy o8]
z,r i=1

According to Theorem 3.55

sup

ZHXH Lp(a,r) (Xi) Lg(o,m) (Xi) — P(HUHQJI%(;E,T)(U)l%(o,R)(U))“

/\/log nu 5 Rgf(fu ~F)(X )))du]

with = (]: U—F)( = (F1 U —F1) x Fo(XT) with F; is the set of indicators of balls and F
the smgle function {1‘ s Lz ” 1 (0, R)(Z,)} According to 3.38, for all § > 0,

24—

LA E)

L AU —F)(@1))Nj (6, Jn

1 !/
Ny (25 R2ym 1Y) x fz(ﬂf’f)) <NpG

and according to (3.39),

N, (5, (AU —]—"1)(x7f)> <2, (5, %Iﬂx?)) |

Moreover, from (3.45)
/ 1 . 9\ KV (F1.cd)
Ny (6, %Fl(xl)) <5

and since the VC dimension of indicators of balls is d + 1 from [Dud79], see Lemma 3.52, it

comes.
] o\ K(d+1)
(FU-F)(a})) <2 ()

/
Ny @ == 5

for some positive constant K.
Thus, after putting all bounds together is comes that with probability larger that 1 — 2n~?,

sup | Pl|ull* Loy (1) = Pallul* Loy (u)]
ze€R4,r>0

<Vd+1 IC + R? pl;g(n) + 3V P!
n

<ovryaril +p>¢lgg<n>>

3
2

for some absolute positive constant C'. The same holds for closed balls and half-spaces. O
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As a direct consequence, from the proofs of Corollary 3.56, 3.57 and 3.48 the following lemma
is proved.

Lemma 3.58. Suppose that P € PY)(R?) for some V' > 0. Then, for every p > 0, with probability
larger than 1 — Tn~P, we have,

/1
sup (P — P)[1 g0 (w) < OV + 11’\;’§(”)
T, n

v/pl
sup](Pn - P)‘H(v,u>>c <CVd+ 1])\;(%(71)
v,c n

1)1
sup (P = PJulgge ()| < OV Va3 2D 1080

v
SUp | (P = P)ul g ell < Cvmwﬁgw
sup |(Pa — P)ul*Lp(ey ()] < OVEVATTHET 1)J173Lg(n))g
sup |(Pa — P)Jull*1 yse| < CV2VAF 1T 13/12g(n))37

where C' > 0 denotes a universal constant, v € R%, v € S(0,1), 7 > 0and c € R.

Bounds for the Bregman balls indicators and truncated Bregman-moments We can also
derive deviation bounds for indicators of Bregman-balls and for the Bregman divergence, as
describes by the two following lemmas.

Lemma 3.59. Let ¢ be a differentiable convex function on Q@ C RY and P a Borel probability distribution
on . Then, for every p > 0, with probability larger than exp(—p), it holds for some absolute positive

constant C, that:
VEVAd+1 D
sup ‘(Pn - P)]l,%¢(c,r)(u)‘ < CT + o

ceQ®) r>0

Proof. According to (3.24) with § = exp(—p) for some p > 0, with probability larger than exp(—p)
it holds

p

+ o

sup ‘(Pn — P)lg,(cr) (U)‘ <E

sup ‘(Pn - P)]]-t%g(c,r) (u)‘
ceQF) r>0

ceQ®) r>0

According to Theorem 3.55

ceQ) r>0

1
<21 B | [T flog (N, (% —=(Fuys U—Fag (X)) )
SUZE | le (N | 30 ZZFwr V=F) (K1) ) du

with Fyy = {maxjei 47 fi | fi € F} with F the set of indicators of Bregman-balls %,(c, ) for
ce€ Qandr > 0, thus from (3.41),

N (5 zinsan)) < (v, (o 7))
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Moreover, from (3.45)

1 o\ KV (F.cd)
/ n
i (o7 < (5)

for some positive absolute constants K and c. Since the VC dimension of indicators of Bregman-
balls is d + 1, according to Proposition 3.47, with the same argumentation as in the proof of
Lemma 3.52, it holds:

s /) K@D
N”'|< \f + U .7'—()( )><2< 5)

We also used (3.39).
Thus, for every p > 0, with probability larger than exp(—p), it holds for some absolute
positive constant C, that:

kvd+1
sup (Pn — P)]]‘%(;s(C,T)(u) < CE + \/?
ceQ®) r>0 vn 2n

O

Lemma 3.60. Let ¢ be a C% convex function on Q@ C R% and P a Borel probability distribution supported
on a compact subset of 2°, with finite first moment P|lu|| = M. Set K > 0, then for every p > 0, with
probability larger than exp(—p), it holds for some positive constant C ,+ pr,, that:

VEVd+1
sup (P — P)dg(u, €)1, (cr)(w)| < Crpt (T+)2?
c€(B(0,K)NFo) ™ ref0,r+] n

+ (rT)? P

on’

where Fy = Conv(Supp(P)).

Proof. According to (3.24) with § = exp(—p) for some p > 0, with probability larger than exp(—p)
it holds

sup (Pa = P)dg(u, €)1, e (u)]
ce(B(0,K)NF) ™ refo,rt]
<E sup (P = P)dy(t, )Ly ey ()| | + ()% .
ce(#(0,K)NFy)® re[0,(r+)?] n

According to Theorem 3.55, since for = € %y(c,r), dy(z,c) < r2, and Jensen inequality, we
may write,

E sup

ce(B(0,K)NFy) ™ refo,rt]

/\/log ”” s \F(]-“’U ]—“’)(X”)))d]

¢ o (31 (% e 7 0= ) oo

(P - PMAUQE%@M(M

/



Contents 141

with G )2]-" =G X Fp) with G = { olc } and Fp)4 = {maxle[[l Wil fie .7-"} with F the

)2
set of indicators of Bregman-balls %, (x,r) for r € R and r > 0. From (3.38) and (3.39), for all
6>0,

!/ 1 ! ! n ! 6 1 n !/ 5 1 n
Ny (57W<f U-F)X )> < 2Ny (2vﬁg(X1 )> < Ny <27\/ﬁf<k>+(X1 ))-

With the same computation as in the proof of Lemma 3.59, we have

, (61 " VAN
N <2»\/ﬁf(k)+(X1)> < ( 5 ) ,

for some absolute constant X > 0.
Now focus on G. From Lemma 3.36, for some positive constant K, we have for all z € 2 and

c, ¢ € (Fyn2(0,K))®:

dg(,€) — dy(e, )| < Cedist(e, ) (1 + Jz])

/ 1 n ’ 5(rt)?
Thus, from (3.42), Nj ; (8, J-G(X})) < Ni, (2 Sl ”Xi”),n) with N, (6, T%),
(

the d-covering number of 7;, = %(0, K)* for the metric dist defined by

dist(c, ') = min s llej = el

where ¥, denotes the set of permutations of [1, kJ.
Then, N}, (8, Tx) < ” 1 (6, T)*, where T = (0, K).

From Lemma 3.49, it comes that N} , (3, 7) < (%)d.
After putting all bounds together, it comes that

/ ) / N 12K Cr (1 + max;eps 4 1 X)) k)
Nj | (5,W(}" U-—F)(X] )> <2 < (rH)2s > < )

Since from Jensen inequality E[log(1 + max;e[; g [|Xil|)] < log(kM1), then for every p > 0,
with probability larger than exp(—p), it holds for some absolute positive constant C, that:

o VEVAFT

i (Pa = P)d(u,©)Lig o) ()] < Cicpv ar, () — T

ce(B(0,K)NFy) ™ refo,rt]




CHAPTER 4

A new quantization method based
on the distance to measure

Dans le chapitre précédent, il était question de scinder une distribution ou un nuage de points
en k composantes, chacune représentée par un centre. Dans le cas d'un mélange de distributions,
le parametre intrinséque k correspondait au nombre de composantes du mélange. Dans ce
chapitre, nous traitons le cadre plus général des mesures de probabilité P dont le support £
(par exemple une sous-variété de R?) est compact. Notre objectif est alors d’inférer K. Nous
prenons le point de vue de la quantification (i.e. k£ grand) et développons/étudions une méthode
permettant d’approcher au mieux la fonction distance au compact K par une fonction distance a
un ensemble de k points (centres) bien choisis. Notre méthode repose sur une approximation de
la fonction distance a la mesure dpj, » par une k-fonction puissance. De fagon équivalente, on
peut la voir comme une méthode de quantification Bregman avec une divergence de Bregman
construite a partir de la distance a la mesure dp, . Aussi, comme pour le chapitre précédent,
notre méthode vise a éliminer les données aberrantes lorsque 1’on a accés a un nuage de points
bruité autour de K. Ces travaux ont été réalisés en collaboration avec Clément Levrard. Une version
initiale de ces travaux est disponible dans le papier [BL17].
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In this chapter, we consider a probability distribution P supported on a compact set KC (a submanifold
of RY for instance). We aim to infer the function distance to the compact set K. We develop/study a
method to approximate the function distance to K as well as possible, with a function distance to a set of k
points (k large) to be determined from P. Our method is based on an approximation of the distance to the
measure dpy, o with a k-power distance. Equivalently, this is a quantization method based on a Bregman
divergence dependent on the function distance-to-measure dp, o. Our method aims at wiping out outliers
or clutter noise among a set of points generated around K. In this regard, the method proposed in this
chapter is closely related with the work of the previous chapter.

Analyzing the sub-level sets of the distance to a compact sub-manifold of R? is a common
method in TDA to understand its topology. The distance-to-measure (DTM) was introduced
by Chazal, Cohen-Steiner and Mérigot in [CCSM11] to deal with the fact that the distance to
a compact set is not robust against noise and outliers. This function makes the topology of
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a compact subset of R? possible to infer from a noisy cloud of n points lying nearby in the
Wasserstein sense. In practice, these sub-level sets may be computed using approximations
of the DTM such as the ¢g-witnessed distance [GMM11] or another power distance [BCOS15].
These approaches lead eventually to computing the homology of unions of n growing balls,
which might become intractable whenever n is large.

To simultaneously deal with the two problems of large number of points and noise, we
introduce the k-power distance-to-measure (k-PDTM). This new approximation of the distance-
to-measure is based on a codebook of size k, optimal for some Bregman loss in the context of
quantization (cf. [BMDGO05]), with a data-based Bregman divergence. Each of its sub-level sets
is the union of k-balls, k£ < n, and this distance is also proved robust to noise. We assess the

quality of this approximation for & possibly dramatically smaller than n, for instance k = n3 is
proved to be optimal for 2-dimensional shapes in the next chapter.

Mérigot et al noted in [GMM11] that the sublevel sets of empirical DTM are the union of
around (Z) balls with ¢ = hn, which makes their computation intractable in practice. To bypass
this issue, approximations of the empirical DTM have been proposed in [GMM11] (¢g-witnessed
distance) and [BCOS15] (power distance). To our knowledge, these are the only available ap-
proximations of the empirical DTM. The sublevel sets of these two approximations are the union
of n balls. Thus, it makes the computation of topological invariants more tractable for small data
sets, from alpha-shape for instance; see [Ede92]. Nonetheless, when n is large, there is still a need
for a coreset' to allow one to efficiently compute an approximation of the DTM, as pointed out in
[PWZ15]. In [Mér13], Mérigot proves that such a coreset cannot be too small for large dimension.

Some notations and main tools

In this chapter, we work in Euclidean R?. The ball centered at ¢ with radius r is defined by
B(e,r) ={x € R?| ||z — ¢|| < r} and its closure is denoted by %(c, r). The Euclidean sphere is
defined by S(c,r) = {z € R?| ||z — ¢|| = r}. Half-spaces of direction v € S(0, 1) are denoted by
H(v,c) = {z € R?| (z,v) > ¢} for ¢ € R, and their closure by H(v, c). For any set C, the set of
all codebooks ¢ = (c1, ¢2, . . ., ¢) with elements in C' is denoted by c®),

Also, P(R%) denotes the set of distributions P with support Supp(P) C R? The sub-
set of all distributions P in P(IR?) with finite moment of order 2 (P|jul|?> < oc) is denoted
by P3(RY). The distribution whose support is to be inferred is an element of PX(R9) =
{P e PR |Supp(P) C #(0,K)} for K > 0. To infer Supp(P), we use a modified version
Q of P. This measure Q) is assumed to be sub-Gaussian with variance V2 > 0. That is, Q is a
distribution in P(IR?) such that

c t2

Q0.0 < ex0 (513

for all t > V. The set of such measures is denoted by P(V)(R%). Given X,, = { X1, Xo,..., X,}

an n-sample from P, we denote by P, = 1 3" | 4, the corresponding empirical distribution.

For P € P(R%) and h € (0,1), we use the notation P, (P) for the set of distributions

+Q € P(RY), with Q a sub-measure of P. The set of all of their expectations is defined by

Mp(P) = {m(Q) | Q € Pr(P)}, with the notation m(Q) = Qu for the mean of Q, v(Q) =

Q|lu — m(Q)|? for its variance and M (Q) = ||m(Q)||? + v(Q) its moment of order 2. This set has
nice properties given in the following lemma, whose proof is to be found in Section 4.4.1.

Lemma 4.1. Let P € Py(R?). Then, My,(P) is a compact convex subset of R%.

LA coreset for the DTM is a codebook from which we can derive a good enough approximation of the DTM.
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The distributions in P, (P) of interest in this chapter are given by local distributions. Morally,
they are defined as restrictions of P on balls of P-mass h, as follows.

Definition 4.2. Let P € P(R?). The set of local distributions at a point x, with mass parameter
h € (0,1), denoted by P, ,(P) is the set of all distributions P, ;, defined by P, ;, = %Q, where ()
satisfies:
(i) Q is a sub-measure of P
(i) QRY) =h
(ili) @ coincides with P on #(z,dp(z))
(iv) Supp(Q) C #(z,0pp(x))

Note that when P puts no mass on 0%(x, dp(x)), the set of distributions P, ;,(P) is reduced
to a singleton {P, ,} with P, defined for all Borel sets B by P, ,(B) = + P (B N B(z,pp(x))).

For all P € P(RR?), a local mean is defined as the expectation of a local distribution, m (P, ;)=
P, pu associated to some z € R? and h € (0,1). The set of local means of P with parameter
h € (0,1) is defined by My,(P) = {m(P,) | # € RY, Pyj, € Pun(P)}.

The set of local means M, (P) is a subset of M;,(P). A generalization to sub-measures
supported on balls or half-spaces of P-mass h is given by M,(P), defined by Equation (4.10).

Brief presentation

In this chapter, we consider the quantization method of Banerjee et al. [BMDGO05], with a
distribution-dependent Bregman divergence. We make use of the Bregman divergence associ-
ated with the convex function” ¢ p, :  — ||z||> —d%,, (). Then, the Bregman loss R is expressed
in terms of local means and variances at ¢ = (c¢1, ¢o ,7. ..,CL) as

R(c) = P min_[ju—m(Pe,n)l” +v(Pe,n)-
i€]1,k]

The approximation of the DTM involved in this chapter (k-PDTM) is

z+ min_ ||z —m(Pep)||> +v(Pur ),
i€[1,k] : :
for any minimizer c* of the cost function R.

This method boils down to a k-means method for which the centers are to be found among
the set of local means. The penalization with the local variances forces the optimal centers to lie
in areas where P has mass. Given a sample around K = Supp(P), this property helps to deal
with outliers and clutter noise.

In section 4.1, we introduce the k-PDTM function. Different definitions are given, all proved
equivalent. We derive different stability properties for this approximation of the DTM and prove
that the k-PDTM is well-suited to infer Supp(P), from a deterministic point of view. In section
4.2, we consider the problem within a statistical framework. We derive rates of convergence
for the approximation of the DTM with the k-PDTM. This method is implemented via an
algorithm inspired by the algorithm of Section 3.1. Finally, in section 4.3, we study the convexity
of the set of local means M, (P), which makes the relation between different definitions for
the k-PDTM more transparent. Also, we clarify the connection between the k-PDTM and the
Bregman-quantization method with 9 p .

Zypp 1, is convex according to [CCSM11, Proposition 3.3].
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4.1 The deterministic framework

A result from [CCSM11] states that the distance-to-measure can be expressed as a power function
with centers in Mj,(P). This encourages us to reduce the number of centers to some k € N*,
In this section, we define the k-PDTM as the square root of the k-power function that is the
best approximation from above of the square of the distance-to-measure in terms of the L (P)
norm. The convexity of the set Mj,(P) allows us to derive another equivalent definition for the
k-PDTM. We prove that the centers associated to the optimal k-power approximation (that is,
the k-PDTM) coincide with optimal codebooks for a k-means type method. They are actually to
be found among the elements of the set of local means My, (P).

4.1.1 The k-PDTM: a coreset for the DTM
The DTM defined as a power distance

In [CCSM11][Proposition 3.3], Chazal et al. provide an expression of the DTM in terms of
sub-measures, given for every x € R% and P, 1, € Pyy by
d2 — inf _ 2 _ P — 2' 4.1
P(T) Qelgh(P)QHx ull el — ull (4.1)
A power distance indexed on a set [ is the square root of a power function f,,, defined on R?
from a family of centres 7 = (7;);e; and weights w = (w;)ier by fro : © — infies |2 — 7| + wi?.
A k-power distance is a power distance indexed on a finite set of cardinal || = k.
According to (4.1), the distance-to-measure can be written as a power distance. Namely, for
every P in P2(R%) and = € R¢,
d%,(z)= inf Jlz—m 21 0(Q), 4.2
pn(T) L | (@7 +2(Q) (4.2)
and the minimum is attained at any measure Q = P, , in Py, n(P). The centers are elements of
My (P).
As noted by Guibas et al. in [GMM11], this expression holds for the empirical DTM dp, .
Then, m(P, ;) corresponds to the barycentre of the ¢ = nh nearest-neighbours of z in X,,,
NNg x,, (z), and U(Pn,y,h) = % z:peNNqXn (z) [ p”z'

Introduction of the k--PDTM

The expression of the DTM as a power distance has already been exploited in [GMM11] and
[BCOS15] to approximate it by n-power distances. In this paper, we approximate the distance-
to-measure by a k-power distance whose graph lies above the graph of the DTM. With this aim
in mind, we introduce a function wp, for every 7 in R by

wp () = inf {w >0V eRY, o — 7|2 +w? > d%h(x)} . (4.3)

Morally, wp, is the value at 7 of the parabola that is closest to d%,, among all the parabolas
centered at 7, above the graph of d% »- Then, any function defined for 7 = (71, 7,...,7) by
= miniep g |2 — 7l|* + W}, () is a k-power function that bounds d%,, above.

Equivalently, wp, is defined by

whp(r) = sup dp,(2) - ||lz — 7], (4.4)
z€R4

The weight wp,(7) is used as a penalization term of the Euclidean distance to a center 7 in
the k-means criterion. Note that wp(7) is large whenever 7 is “far” from P in terms of the DTM
to P. The set of optimal codebooks for this new penalized criterion is defined as follows.
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Definition 4.3. The set OPT(P, h, k) is defined by:

OFT(P, b, k) = arg min {P S lu—7il* + (i) | T = (11,72, .. 7%) € RY (k)} '
ig[1, ’
We intend to define our approximation of the DTM as a function  +— min; || — 7; ||2+w%37 w(Ti),
with 7 € OPT(P, h, k). To this aim we need some structural results about OPT(P, h, k). The
following Lemma shows that OPT(P, h, k) is included in M, (P)*).

Lemma 4.4. If P € Po(R%), then wpy,(0) < +oc if and only if & € My,(P). Moreover, if € My,(P),
then there exists QQ € Py, (P) such that 6 = m(Q) and w%’h(ﬁ) =v(Q).
As a consequence, OPT (P, h, k) # (.

The proof of Lemma 4.4 is deferred to Section 4.4.1.

Definition 4.5. Let P € Po(R%), and 7 = (71, ...,7) be in OPT(P, h, k). The k-power distance-
to-measure (k-PDTM) dp, i, is defined by:

d%—’,h,k(x) = min [lz — |+ w%’,h(Ti)'
i€[1,k]

The k-PDTM at a point x € R? corresponds to a distance in R%** of (z,0) to the compact set
{(Ti, wpy (1)) | T € OPT(P, h, k)} In particular, the £-PDTM is automatically 1-Lipschitz.

Definition 4.5 introduces dp, ;, as the square root of a minimizer of the L;(P) norm f —
P|f — d%, »|(u) among all the k-power functions f whose graph lies above the graph of the
function d% .- Lemma 4.4 ensures that the optimal 7;’s are to be found in M, (R¢). In practice,
to find such an optimal 7, we have to optimize a cost function over all possible means of sub-
measures of P with P-mass h, which is intractable. Thus, some further results on the £-PDTM
are needed to ensure its tractability.

In Section 4.3, we prove that M (R?) coincides with the convex set Mj,(R%) whenever
P € PX(R?) puts no mass on spheres nor on hyperplanes. Thus, for such measures, the optimal
7;'s are to be found in the set of local means M,(R%). In the following section we prove that this
property extends to all measures P € P2(R?).

Two equivalent definitions of the .--PDTM

In this section we prove that the optimal 7;’s are to be found among the elements m (P, ;) for t;
in R? and P, 1, € Py n(P).

Definition 4.6. For all P € P»(R¢) and (Pi)i=1,..k € Pr(P)*), we define R(Py,...,Py) by

R(Py,...,Py) = P min |lu—m(P)|?+v(P).
i€[1,k]

With a slight abuse of notation, for every t € R? (%) we denote the quantity R(Py, p, ..., Py p)
by R(t), where P, j, € Py, n(P). A closely related notion to Definition 4.6 is the set of weighted
Voronoi measures.

Definition 4.7. A set of weighted Voronoi measures associated to a distribution P € P2(R%),
(Pi)i=1,..k € Pr(P)*) and h € (0, 1] is a set {1517}“]527;“ .. .Pk,h} of k € N* non-negative sub-
measures of P such that 3% | P,;, = P and

Vo € Supp(Lip), [lz — m(P)|? +v(P) < lla = m(P)|* + v(P)), ¥j € [1,k].
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We denote by m(}%,h) = PP"’&: 3 the expectation of Pi,h, with the convention that m(Rh) =0
ik
when P, ,(R%) = 0.

Note that a set of weighted Voronoi measures can always be assigned to any P € Py(R%)
and (F;)i=1,..x € Ph(P)(k): it suffices to split R% into weighted Voronoi cells associated to the
centers (m(F;));eqi,x) and weights (v(F;));e1,k) ([BCY17, Section 4.4.2]) and split the remaining
mass on the border of the cells in a measurable arbitrary way:.

We will see in Section 4.3.3, that these weighted Voronoi measures actually coincide with
the Bregman-Voronoi measures defined in Section 3.1 (see Definition 3.10), for the Bregman
divergence associated with the function ¢p,. A key property of weighted Voronoi measures is
the following.

Lemma 4.8. Let P € Po(R%), and (P)i=1,..k € Ph(P)(k). Then
R(m(P1p),...,m(Pyp)) < R(Py, ..., Py),
with equality if and only if for all i = 1, ..., k such that P, ;,(R®) # 0, we have P; € Pm(ﬁi,h),h(P)'
The proof of Lemma 4.8 is deferred to Section 4.4.1.
Theorem 4.9. Let P € Py(R%), and 7 € My, (P)"¥). Then

T €OPT(P,hk) & Vi€[Lk], m=m(Py,pn), wpi(n)=0(P,u).

The codebook t = (11,12, . .., tx) € RY in question is such that for all (Py, ..., Py) € Pp(P)"*), we have
R(t) < R(Py, .., Py).

Proof of Theorem 4.9. According to Lemma 4.4, we have that 7 € OPT'(P, h, k) is equivalent to
i = m(F;), w%,,h(n) =wv(P;),and Py, ..., Pysuch that R(Py,..., P;) =infg, o, R(Q1,...,Qk).
According to Lemma 4.8, for such a 7, denoting by m; = m(]5l-7h), we have P; € Pp,, »(P). Hence
w%h(n) = v(Pp, ) and 7, = m(Pp, 1), for Py, p, € P, 1(P). Conversely, Lemma 4.8 ensures

that if t is an R-minimizer, then 7 € OPT (P, h, k), with 7, = m(P, 1). O

As a consequence, we may also define the £-PDTM via

dbp(@) = min flz —m(Pn)* +v(Pn) (45)

where t € argminga ) R(t), and P, ,, € Py, 1 (P). Such an alternative definition is crucial for
computing the k-PDTM. Indeed, if P = P, is the empirical distribution of an n-sample and
q = nh is an integer, then minimizing R(t) can be carried out via a minimization over the set of
barycenters of sets of g-nearest neighbours. We may also take advantage of Lemma 4.8 to design
an iterative algorithm that converges toward a local minimum of R, as described in Section 4.2.

4.1.2 Proximity to the DTM

The complexity of a compact subset M of R? can be measured in terms of its e-covering number,
defined as the minimum number of balls in R? of size € needed to cover M.

Here we show that the £-PDTM approximates the DTM provided that the covering number
of M and the continuity modulus of the map x — m(P, ;) are not too large.
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Proposition 4.10. Let P € PX(R?) for K > 0 and let M C %(0, K) be such that P(M) = 1. Let
fu(e) denote the e covering number of M. Then we have

0 < Pdpy, i (u) — dpy(u) < 23 (B)Cpn(f2 (K), with  f3' (k) =inf {e > 0 far(e) <k},
where (py, is the continuity modulus of x — m(Py ), that is

Cpn(€) = sup sup {lm(Pe,n) —m(Pyn)l}-
:J:,yGM,foyHgs Px,}LGPw,}L(P)v Py,hepy,h(P)

Proof of Proposition 4.10. The first inequality comes from Proposition 4.18.
We now focus on the second bound. By definition of dpj,, for all z € R% and t =
(t1,to, ..., tx) € R? ®) we have Pd%g’,uk(x) < Pmingep g llu — m(Py n)||* + v(Py, 1) Thus,

Pd%), 5. (u) — d??,h(u) < P min_|ju—m(P,p)|* +v(Pyn) — d?{h(“)

1€[1,k]
= Pig[[lli%]](d%?,h(ti) = [I:l1*) = (B (u) = [|ull®) + (u = ti;, =2m(P;, 1))
< P min 2(u — t;, m(Py ) — m(P, p))
i€[1,k]
< 2P min |ju —&fl[[m(Pun) — m(P p)ll;
1€[1,k]
where we used (4.8), Lemma 4.28 and the Cauchy-Schwarz inequality. Now choose t1, ...,
such that M C U;epr 5 Z(ti, £/ (). The result follows. O

When P is roughly uniform on its support, the quantities f;,' (k) and {p;, mostly depend on
the dimension and radius of M. We focus on two cases in which Proposition 4.10 may be useful.
First, the case where the distribution P has an ambient-dimensional support is investigated.

Corollary 4.11. Assume that P has a density f satisfying 0 < foin < f < frag. Then
0 < Pdpy i (u) — dpy(u) < Oy iank 2%

The proof of Corollary 4.11 is given in Section 4.4.1. Note that no assumptions on the
geometric regularity of M are required for Corollary 4.11 to hold. In the case where M has
a lower-dimensional structure, more regularity is required, as for instance in the following
corollary.

Corollary 4.12. Suppose that P is supported on a compact d'-dimensional C*-submanifold of %(0, K),
denoted by N. Assume that N has positive reach p, and that P has a density 0 < fin < f < [z with
respect to the volume measure on N. Moreover, suppose that P satisfies, for all x € N and positive r,

P(:@(l’, T)) > Cfminrd/ Al (4.6)

Then, for k > cx.f,,,, and h < cx.f,,,,, we have 0 < Pd3,,  (u) = d, ), (1) < Cn g frnac k™27

Note that (4.6), also known as (¢ fyin, d')-standard assumption, is usual in set estimation (see,
e.g., [CGLM15]). In the submanifold case, it may be thought of as a condition preventing the
boundary from being arbitrarily narrow. This assumption is satisfied for instance in the case
where ON is empty orisaC 2 ' — 1-dimensional submanifold (see, e.g., [AC17, Corollary 1]).
An important feature of Corollary 4.12 is that this approximation bound does not depend on the
ambient dimension. The proof of Corollary 4.12 may be found in Section 4.4.1.
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4.1.3 Wasserstein stability for the .--PDTM
Next we assess that our k-PDTM shares with the DTM the key property of robustness to noise.

Proposition 4.13. Let P € PX(IR?) for some K > 0 and Q € Po(R%). Set dah’k a k-PDTM for Q.
Then, P |3, ;, 1, (u) — d,(u)| is bounded above by Bp,q p x with

Bpqgnk = 3Hd2Q,h - d%?,h”oo,%(o,l() + Pd2P7h,k:(u) - d%a,h(u) +4W1 (P, Q) sup [ (Ps.p) |-
seR

Note that Lemma 4.36 provides a bound on ||m(Qs )| whenever @ is sub-Gaussian. More-
over, the term [|d?, ;, — d3 llcc,%(0,x) can be bounded above by ||dg,n — dpllse,5(0,1)lld@.n +
dphlls,z(0,i)- From the stability property of the DTM, this term gets bounded above by
Ws(P,Q), up to a constant dependent on K. Also, upper-bounds for the deviation of the
kE-PDTM to the DTM associated to P have been derived in the previous subsection.

The proof of Proposition 4.13 can be found in Section 4.4.1.

4.1.4 Geometric inference with the .--PDTM

As detailed in [CCSM11, Section 4], under suitable assumptions, the sublevel sets of the distance-
to-measure are close enough to the sublevel sets of the distance to its support. Thus they allow
us to infer the geometric structure of the support. As stated below, this is also the case when
replacing the distance-to-measure with the k-PDTM.

Proposition 4.14. Let M be a compact set in A(0, K ) such that P(M) = 1. Moreover, assume that
there exists d' such that, for every p € M and r > 0,

P(B(p,r)) = C(P)r? AL (4.7)

Let Q be a Borel probability measure (thought of as a perturbation of P), and let A%, denote PdQQ, hge (W)
Then, we have

2
sup |dgnk(z) — dp(z)| < max {C(P)_d'l“ﬁjg”a 2Ap, Wa(P, Q)h%} :
zER4

where Wy denotes the Wasserstein distance.

The proof of Proposition 4.14 can be found in Section4.4.1.

According to Theorem 1.4, in this context, the persistence diagram associated with the sub-
level sets of the k-PDTM dg 4,1 is close to the persistence diagram associated with the sub-level
sets of the distance to M in terms of the bottleneck distance. Recall that the sub-level sets of the
distance to M coincides with its offsets. Thus, it is possible to infer the persistent homology of
M from the k-PDTM.

According to [CCSM11, Corollary 4.8], if P satisfies (4.7), then

h
c(p)

=

1
d’
ldon il < (g )+ WaPQH
Hence, Proposition 4.14 ensures that the £-PDTM achieves roughly the same performance as the
distance-to-measure provided that d, , , is small enough on the support M to be inferred. As
will be shown in the following section, this will be the case if () is an empirical measure drawn
close to the targeted support.
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4.2 The statistical framework

In this section, P € PX(R?) is a distribution supported on a compact set K to be inferred. We
have at our disposal an n-sample X,, = {X1, Xo, ..., X,,} from a modification Q € P5(R¢) of P.

An approximation of the k-PDTM dg 5, 1, is given by the empirical k-PDTM dg,, 1, where
Qn = >0, %5 x, is the empirical measure from X,,. Note that when k£ = n, the empirical

k-PDTM dq,, 1, coincides with the ¢-witnessed distance dy  introduced in [GMM11] (for ¢
defined by ¢ = nh). This approximation of the DTM is defined for every = € R¢ by

( §7lvq)2($) = lér[[lllrrlz]] H$ - m(QNXi,h)”Q + U(QnXi7h)-

The equality of these two notions comes from the fact that for every t = (¢1,t2,...,tn) € Re (™),
we have:

Qn iéf[lli%]] = m(Qut, 1) I? +0(Qntin) = Qullu — m(Quwp)||> + 0(Qnoun)
= Qn(d¥, )% (w),

and that equality holds for t = (X3, Xo,...,X,).

In the following, we investigate the quality of approximation of the DTM dp; with the
empirical k-PDTM dg,, 1k, when Q is defined as the convolution of P with a sub-Gaussian
distribution with variance o2. Within this context, according to Lemma 4.37, () is sub-Gaussian

with variance V? = (K + o)?. In particular, we recover k-means type rates (i.e. of order \/% up
to a logarithmic factor) for the approximation of the £&-PDTM with its empirical counterpart in
L1(Q). Also, we derive a Lloyd-type algorithm to compute a local minimizer for the empirical
cost function associated with the empirical k-PDTM. We conclude this section with numerical
experiments.

4.2.1 An algorithm for the empirical k--PDTM

The computation of an optimal codebook for the k-means method is NP-hard, thus intractable
in practice. Likewise, computing a minimizer of our empirical cost function

(tlu t27 cee 7tk> — Qn ‘min Hx - m(Qn ti,h)HQ + U(QTL ti,h)
i€[1,k]
is intractable. In this section, we display a Lloyd-type algorithm to compute a local minimum

of this empirical criterion. From such a local minimizer, we derive an approximation of the
k-PDTM.

Recall that Lloyd’s algorithm consists, from a set of k£ centres, in splitting the data X,
according to the Voronoi diagram associated to these centres. The second step consists in
replacing the centres by, for every centre, the mean of the data within the associated Voronoi cell.

The new version that we develop is based on the local means m(Q,, + ) (denoted by c(t))
and variances v(Q,, ;) (denoted by w?(t)) at points ¢ € R%. We assume that the mass parameter
q = hn is an integer. Then, for every t € RY, c(t) = % 7, X;(t), where X;(t) is one of the
i-th nearest neighbour of ¢ in X, and w?(t) = % 9 (X;(t) — c(t))®. As a consequence, the

computation of ¢(t) and w?(¢) boils down to a g-nearest neighbors query, which is tractable.
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In our new version of the Lloyd algorithm, weights are associated to the centres ¢;s. Actually,
we do not compute the Voronoi cell associated with the centres ¢; in R4, but the Voronoi cells
associated with the centres (c(t;),w(t;)) in R4+

The weighted Voronoi cells we consider are denoted by C(¢;) and defined by:

Ct:) = {o € Xp | [l — c(ts)I” + w?(t:) < |z — c(t)[I* + w?(t) VI # i} 0 () Cty)°
j<i

We use the notation |C(t)| for the cardinal number of C(t).

Algorithm 4.1: Local minimum algorithm

Input: X, an n-sample from @), g and & ;
# Initialization
Sample t1, ta,.. . t;, from X,, without replacement. ;
while the ¢;s vary make the following two steps:
# Decomposition into weighted Voronoi cells.
for j in 1..n:
Add X to the C(t;) (for i as small as possible) satisfying
1 — ()2 + w2 (ts) < 11X — ()| +w(t) VI £ 1;
# Computation of the new centers and weights.
for i in 1..k:

_ 1 .
ti = ety 2oxec() X
’ Output: (t1,t9,...,tx)

As aforementioned, the algorithm furnishes an approximation of the k&-PDTM. Since the
algorithm does not converge to the optimal centers, running the algorithm several times and
storing the best solution in terms of the empirical cost function will be well suited.

Note that such an algorithm coincides with the Bregman clustering algorithm proposed by
Banerjee et al. in [BMDGO5], for the Bregman divergence associated with the convex function

VQn,h-

Proposition 4.15. This algorithm converges to a local minimum of
t— Qn min |lu— m(Qnti,h)H2 + v(Qnt;n)-
1€]1,k]

The proof of Proposition 4.15 can be found in Section 4.4.2.

4.2.2 Proximity between the k-PDTM and its empirical version

In [CCSM11], the difference between the DTM and the empirical DTM in terms of the L., norm
is upper-bounded by ﬁWQ (@, Qn). According to [FG15], its convergence to 0 occurs at a rate

n~d.Some improvements are obtained in [CMM16] for the approximation of the DTM with its
empirical counterpart, in terms of the L..-norm. The authors get the rate n~2. The dependence
on h is related to the continuity modulus of the quantile function of ||z — X||? for X ~ Q. This
underlines the fact that the empirical DTM is a good approximation of the DTM.

In the following, we prove that the empirical squared k-PDTM is also a good approximation
of the squared k-PDTM, in terms of the L;(P) norm. Without further assumptions, the rate
attained is % up to a logarithmic term. It corresponds to the rate for the method of k-means
derived in [BDLO8]. The additional term in % comes from the bias introduced by considering
the error in terms of the L (P)-norm, in place of L;(Q).



Contents 153

Theorem 4.16. Let P be supported on M C %(0, K). Assume that we observe X1, ..., Xy such that
X; =Y, + Z;, where the Y;'s and Z;’s are all independent, Y; is sampled from P and Z; is sub-Gaussian
with variance o2, with o < K. Let Q,, denote the empirical distribution associated with the X;’s. Then,
forany p > 0, with probability larger than 1 — 10n~?, we have

K2((p+1)log(n)): Ko
| P(dB, pi(w) = dg p ()| < CVEd NG +O
A proof of Theorem 4.16 is given in Section 4.4.2. Theorem 4.16, combined with Proposition
4.13, allows us to choose k in order to minimize |Pd2Qn7 nr (1) —d% ,(w)]. Indeed, in the framework
of Corollaries 4.11 and 4.12 where the support has intrinsic dimension d’, such a minimization
boils down to optimizing a quantity of the form

3
2

CVER2((p+ 1) log(n))
h/n

with C' a positive absolute constant and C'p, a positive constant which depends on P and h.
d’ 4
Hence the choice k£ ~ nd'+4 ensures that for n large enough, only n4'+4 points are sufficient

to approximate well the sub-level sets of the distance to support. For surface inference (d' = 2),

+ CP,hkf%a

this amounts to computing the distance to n3 points rather than n, which might save some
time. Note that when d’ is large, smaller choices of k, though suboptimal for our bounds, would
nonetheless give the right topology for large n. In some sense, Theorem 4.16 shows that there is
a k above which no increase of precision can be expected.

More precisely,

Proposition 4.17. With the same setting as Theorem 4.16, if M is a submanifold with intrinsic dimension
d > 1, then:

K2((p+ 1) log(n))? Ko 2
PG, 4 (1) — dB(u)] < CVEd (v h\;ﬁ g(n)) +C== 4 Cpph™ 7.

/

d
Moreover, with the optimal choice k ~ nd'+41 we have

e

K2((p+ 1)log(n))
h e

2
|Pd, s (w) = dp ()| < CppVdn™ 75

The proof of Proposition 4.17 is to be found in Section 4.4.2.

4.2.3 Numerical illustrations
Topological inference from the sub-level sets of the k--PDTM

The function £-PDTM has been introduced to approximate the DTM associated to a distribution
P, in order to recover the topology of its support K = Supp(P). This topological information is
contained in the sub-level sets of the k-PDTM. We compare our approximation of the DTM with
the k-witnessed distance, introduced in [GMM11]. With this aim in mind, we consider the same
example, a 2-dimensional co-shaped compact set that they call “sideways”.

Set P to be the uniform distribution on this sideways (defined as the “contour” of two spheres,

one of radius v/2 and the other one of radius \/g). Then, @ is defined by the convolution of P

with a Gaussian distribution N'(0, 02), for o = 0.45. We generate a n = 6000-sample from Q). We
plot in grey the r-sub-level set of the g-witnessed distance and in purple the r-sub-level set of an
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Figure 4.1: Sideways - 6000-
sample

Figure 4.2: k = 100 Figure 4.3: k = 300

approximation of dg,, ., for 7 = 0.24, ¢ = 50 nearest-neighbors and h = . The approximation
of dg,, n i is obtained after running our algorithm 10 times, with at most 10 iterations. We keep
the best codebook for the empirical cost function.

Choosing k£ = 100 points leads to a too sparse approximation of the sub-level sets of the
DTM. When k£ = 300, there are small holes in the r-sub-level set of the k-PDTM. But these holes
will disappear quickly when the radius r gets larger, before the two holes get filled. Such a
sub-level set will be made of one connected component and two holes. So, for some well-chosen
parameter £, it is possible to infer the co-shaped topology of the compact set K.

A new quantization trimming method to deal with outliers

The second major interest of our method consists in providing a new version of the k-means
method, adapted to quantization, in presence of outliers or clutter noise.

In this section, we consider (), the convolution of P with an isotropic centered Gaussian
distribution in R?. We generate 200 points according to () and 100 additional points of clutter
noise, so that an n = 300-sample is available. We set ¢ = 20 (thatis h = %) and k£ = 30, the
initial number of centers for all of the Lloyd-type algorithms we will consider.

Failure of k-means and trimmed k-means. In this context, neither the k-means method (with
an additional trimming step), nor the trimmed k-means method of Cuesta et al. in [CAGM97]
perform in the detection of outliers. In order to illustrate this failure, we compute an optimal
codebook for k-means, via the Lloyd algorithm. We sort the values [; = min;c[; 4 | X; — ¢/ || in
ascending order, for j € [1,n]. Roughly, we want to say that a point X is an outlier when ; is
large, otherwise, we want to say that X is a signal point. In Figure 4.4, we sort all of the [;s in
the increasing order. Then, we plot their cumulative sums. As we can see, there is no breaking
point in the curve. It means that the k-means criterion does not allow a clear distinction between
signal and noise. When we know the true amount of signal (here 200 points) and decide not to
assign the n — 200 points for which the [; are the largest to clusters, we get Figure 4.5. Manifestly,
it does not work.

The trimmed k-means method of [CAGM97] is especially designed to face the problem of
outliers in the context of clustering. Unfortunately, in the context of quantization (k large), the
method fails. For different trimming parameters //, we have implemented the trimmed k-means
algorithm (Algorithm 3.1 for the Bregman divergence equal to the square of the Euclidean norm).
We have computed the trimmed k-means criterion associated with the codebook returned by
the algorithm, for different trimming parameters /’. In Figure 4.6, we have plotted this as a
function of the number of points assigned to clusters, nh’. Again, there is no breaking point in
the curve. The quantization associated with the trimming parameter colored in blue in Figure
4.6 is available in Figure 4.7. Again, it fails drastically.

Note that the selection of the trimming parameter for the trimmed k-means method is more
expensive in terms of computational time than for the first method. Indeed, the first method
requires to compute only one optimal codebook (the optimal codebook for the cost function
C — Qnpmingep g lu — ¢ [?). Then, we trim by computing the average of the nh’ smallest values



Contents 155

40-

mean cost
P2
°
o
@

X
° [}
20~ ® -,
G

0 100 200 < -
number of points assigned to clusters : N P1

Figure 4.4: Mean cost Figure 4.5: Clustering with k-means

cluster
0

® o A w

1
* 12
* 13
° 14
* 16
° 17
° 18
19
21
22
23
26
29

cluster

0

¢ o
® N o oo AW N

mean cost
P2
-
®'
B.og,

05- * 10

o 15
00-
0 100 200 % 0 4

number of points assigned to clusters P1

Figure 4.6: Mean cost Figure 4.7: Trimmed clustering

of min;epy 41 | X; — ¢i|| among the points X; of the sample. On the other hand, the second
method requires to compute as many optimal codebooks as trimming parameters (the optimal
codebooks for the cost functions ¢ — infg,, , Qn . minepy gy [|u — cil|?, for Qn.n € Pr(Qn)). Thus,
it requires to run the algorithm many times, while the first method requires to run it only once.

Quantization with the .-PDTM. The methods of k-means and trimmed k-means fail drasti-
cally in the context of quantization, for data corrupted with outliers. In this part, we present
numerical illustrations obtained with our new quantization method based on the cost func-
tion R : ¢ — Qpnmingep g [lu — cil* + wémh(c,;), or equivalently, on the cost function t —
Qnminepy g 1w — m(Qnt,n)1* + v(Qnitin)-

The parameter h for the k-PDTM is set to ¢ = 20 nearest neighbors, that is h = 2. Again,
there are 200 points of signal and 100 points of clutter noise. The initial number of clusters for
the algorithms is set to £ = 30. Also, the maximum number of iterations is set to 100, and the
best codebook is kept among 10 trials.

Similarly to the previous part, when we want to trim, there are two methods to be compared.
The first method consists in computing an optimal codebook for the cost function R, and to trim
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after. For this method, the cost is plotted in Figure 4.8 as a function of the number of points
h'n preserved in the sample. We select the parameter i2'n = 201. The quantization associated to
this parameter, with the k-PDTM is available in Figure 4.9. Unlike the previous part, there is a
breakdown point in the curve representing the cost as a function of the trimming parameter.
The quantization method associated with this trimming parameter is effective in the detection
of outliers or clutter noise.
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Figure 4.8: Mean cost Figure 4.9: Quantization with the k-PDTM

The second method consists in adapting the trimmed k-means method to our cost func-
tion. That is to say, we implement the trimmed clustering method developed in the previous
Chapter, in Section 3.1, to the Bregman divergence associated to the convex function ¥ p,. It
consists in minimizing the cost function ¢  infg, , Qs mingep g lu — ¢il|* + wg | 5 (c;) where
Qnh € Pr(Qn). The cost is represented in Figure 4.10 as a function of the trimming parameter
h'n. The corresponding optimal quantization is available in Figure 4.11. Again, this method
requires to compute as many optimal codebooks as the amount of trimming parameters desired.
An advantage of this method is that there are more centers preserved than for the method
consisting in trimming the k-PDTM once computed, in Figure 4.9.
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Figure 4.10: Mean cost Figure 4.11: Trimmed k-PDTM quantization

In order to compare the different methods, we use the normalized mutual information of
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[SJ02]. Its definition was recalled in Section 3.1.5; see Definition 3.22.

The normalized mutual information is computed between two clusterings of type “signal vs
noise”. The first clustering is associated with the true labels. The second one is associated to
the labels obtained after any other outiers detection process. The label 0 is assigned to points
considered as clutter noise and the label 1 is assigned to points considered as signal. The
normalized mutual information is high whenever the two clusterings are close. At most, the
NMI equals to 1. It corresponds to the case for which the two labelings coincide.

The NMI computed for the four aforementioned methods is available in the following table,
in Figure 4.12. It confirms that unlike k-means, our method with the k-PDTM is perfectly
adapted to separate signal from noise, in the context of quantization.

k-means trimmed k-means A-PDTM trimmed k-PDTM
0.663 0.649 0.969 0.969

Figure 4.12: Normalized mutual information : “signal vs noise”

Topological inference from data corrupted with outliers or clutter noise

We proved that the k&-PDTM was particularly well adapted to topological inference for data
generated close to the compact set K. Indeed, its sub-level sets help in recovering the topology.
Its trimmed version is well-suited to detect outliers or clutter noise. In the following, we consider
these two approaches at the same time. The performance of our method is illustrated through
persistence diagrams. The quality of approximation to the persistence diagram associated to the
true shape (the sideways) is measured in terms of the bottleneck distance.

The persistence diagram associated to the distance to the sideways should contain three
points. One of them is a red point corresponding to the connected component whose birth
time is 0 and death time is co. Indeed, the sideways contains a single connected component.
Furthermore, the diagram contains two green points corresponding to the two holes in the
sideways. They should both be born at time 0, one should die at time /2 ~ 1.414214 and the

other one should die at time \/§ ~ 1.06066.

In Figure 4.13, we have plotted the persistence diagram associated with the sub-level sets
of the k-PDTM. In Figure 4.14, we have represented the persistence diagram associated with
the sub-level sets of the k-PDTM, after thresholding (c.f. the first method of quantization with
the £-PDTM). Roughly, we kept the centers and weights associated with points considered as
signal in our quantization method with the £-PDTM. Then, in Figure 4.15, we have plotted the
persistence diagram associated with the sub-level sets of the trimmed k-PDTM. We recover the
three aforementioned main components : the connected component and the two holes. The
additional points are close to the diagonal, thus should be considered as noise due to the fact
that the k-PDTM is a discrete approximation of the distance to the original compact set.

Now, we replace the k-PDTM with the ¢ witnessed distance. We compare our method to
the corresponding method. In Figure 4.16, we have plotted the persistence diagram associated
to the k-witnessed distance of [CAGM97], whereas in Figure 4.17, we plotted the persistence
diagram associated to its sub-level sets, after thresholding.

The NMI associated with the k-witnessed distance after thresholding equals to 0.9687825.
Its performance is roughly the same as the performance of k-PDTM for k£ = 40, in terms of
outlier detection. Recall that the k-witnessed function coincides with the n-PDTM, for n the
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distance distance after thresholding

sample size. The main advantage of using the k-PDTM for k much smaller than n is in terms of
computational time and storage capacity for the topological descriptors such as the persistence
diagrams. Indeed, the persistence diagrams contain fewer points but still contain the relevant
features (although a little bit shifted with respect to the points in the persistence diagram
associated to the original shape).

Some discussion on the selection of h

The k-PDTM is built from the DTM, which depends on a mass parameter 4 € [0, 1]. In the
discrete case, the number of nearest neighbors to consider is given by ¢ = nh. Consequently,
there is a large family of k-PDTM functions or equivalently of quantization procedures that can
be computed from a dataset. It is pertinent to wonder if there are some values h for which our
method performs better. Such a question is tough. Indeed, even for the DTM, the question of
the selection of h has not been tackled yet, though tough.

Over a first phase, we compute the normalized mutual information (see Definition 3.22) of
the clustering “signal vs noise” in Figure 4.18 for different values of g. There is a window of
mass parameters h for which the NMI equals 1, meaning that we recover the true decomposition
“signal vs noise”. For very small values h, our cost function is very close to the one associated to
the k-means method. As illustrated above, such a method does not perform well when dealing
with outliers or clutter noise. On the contrary, when ¢ is large, the DTM at a point  measures its
distance to the mean of the distribution ),,. However, points will be considered as outliers when
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normalized mutual information

Figure 4.18: Normalised mutual information

they lie outside a ball of Q),,-mass h'. Thus, for large values of h, the method fails drastically to
detect outliers. The mass parameter i should be small, but not too small.

In Figure 4.27, we have plotted the quantization we obtained using the trimmed k-means
for different values ¢g. Some associated persistence diagrams are available in Figure 4.32. The
proximity between the diagrams associated to our method and the diagram associated to the
underlying compact set K is available in Figure 4.33. Again, the mass parameter h should be
small, but not too small, to recover the topology of K. There is still work to do for the selection
of the best h, from data.
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Figure 4.27: Quantization with the trimmed k-PDTM for different mass-parameters q
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Figure 4.32: Persistence diagrams for the trimmed k-PDTM for different mass-parameter ¢ = hn
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q  homology of type 0 homology of type1 homology of type 2

20 0.284 0.640263 0.99962
50 0.755053 0.707107 0

10 1.78225 0.707107 0
200 5.02832 0.707107 0

Figure 4.33: Bottleneck distance to the true diagram

4.3 The set of local means — A strong connection with the
distance-to-measure

In [CCSM11, Proposition 3.3], Chazal et al. provided the following expression for the DTM in
terms of local means: for all P € P(RY), » € R? and Py n € Ppn(P),

dpp(2) = Popllz — ull® = [lo — m(Pyp)|* + v(Pu,p)- (4.8)

The measures in P, ,(P) are the minimizers of the map P’ — P’z — u||?> among all distribu-
tions P’ such that h P’ is a sub-measure of P with P-mass h. So, another characterization of the
DTM is as follows.

Proposition 4.18 ((CCSM11, Proposition 3.3]). If P € Pa(R%), then for all € R, we have:

dp,(z) = inf  inf —m(Pyp)|* +v(Pyp)?
Ph(@) iy Pyyhelgw(P)Hx m(Pyp) "+ v(Pyn),

and the minimum is attained at y = x and any measure Py j, € Py p(P).

In this way, the distance-to-measure is strongly related to the set of means of sub-measures
of P, and more precisely, to the set of local means. So too is the quantization method that we
introduced in this Chapter.

In Section 4.1, the quantization method we proposed (or equivalently, the k&-PDTM) was
defined from minimizers of the following cost function:

R:c— P 4mi1}1~cﬂ |u — cil|? + w1237h(ci).

? )

According to Lemma 4.4, the set of points c that satisfy w%, (c) < oo coincides with the convex

set My,(P). As a consequence, optimal codebooks are to be found in M,(P), the set of means of
sub-measures of P with P-mass h.

In this section, we derive an expression for M,(P) and for the convex hull of M, (P) (the
“closure” of the set of local means), as an intersection of half spaces associated with extremal
points. The extremal points are defined as means of sub-measures of P, coinciding with P
on half-spaces of P-mass h. Morally, they correspond to the limit of a local mean when the
center of the ball goes to oo in one direction. These expressions for M, (P) and Conv(M},(P))
coincide. As a consequence, whenever Mj,(P) is convex, M, (P) and My,(P) will coincide.
Then, automatically, any minimizer of R will belong to the “closure” of the set of local means

Ma(P).

3The set R” is a closure of R?. For Yy € Ed\]Rd, the measure hP, ; is the restriction of P on an half-space of
P-mass h, as defined in Section 4.3.1.
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Over a second phase, under different settings, we prove that the set M, (P) is convex. Last
but not least, we showcase the relation between the construction of the k-PDTM and the Breg-
man quantization of [BMDGO05], with the Bregman divergence associated with ¢ p,.

4.3.1 Local means — From balls to half-spaces

By making the center of a ball go to cc along a direction v € S(0, 1) (the unit sphere of R?) such
that the ball keeps a fixed mass h, we obtain sub-measures of P supported on half-spaces.
For v € S(0,1), we denote by vy, the infinite point associated to the direction v. It can be

seen as a limit point limy_, », Av. Then, we denote R’ = R? U{vs | v € S(0,1)}. Note that we
can equip R’ with the metric dg, defined by

dg,(z,y) = [[¢(z) — d(y)ll2,
with ¢(x) = 1+xHx||§ when z € R? and ¢(vs,) = v for all v € S(0,1).
For this metric, a sequence (x,,)nen of R’ converges to v if and only if lim, 4 o ||zn |2 =
+oo and limy,— 4 oo foﬁ = v with the convention ”Uiﬁ = w forall w € S(0,1).
Indeed, provided that lim;,, ;o || ||2 = +00,

lim ||¢(z,) — ——| = — 1| =0.
n—-+oo H (n) ENE g ot | /14 ||$n||%

For v € S(0,1), we can define a notion analogous to the pseudo-distance for half-spaces
cpn(v) by
cpp(v) = sup {c eR|P ({x e R? | (z,v) > c}) > h} . 4.9)

Then, H(v, cpp(v)) corresponds to the largest (for the inclusion order) half-space directed by v
with P-mass at most h, which contains all the Av’s for A large enough. We recall that for c € R,
H(v,c) = {z € R?| (z,v) > c}.

Lemma 4.19. Let v € S(0,1) and P € PE(R?) for some K > 0. Assume that P(OH(v, cpp(v))) = 0.
If z,, = nv for all n € N, then for P-almost all y € RY, we have:

lim ﬂ<@($n,5p7h($n))(y) = ]lH(v,th(v))(y)'

n——+0o

If (zn)nen is a sequence of R? such that lim,, 4o dﬁd (Tn, Vo) = 0, then, the result holds up to a
subsequence.

The proof of Lemma 4.19 is given in the Appendix, Section 4.4.3.

For all P € Py(R?), we can generalize the definition of Py n(P), Pyp, m(Pyp), v(Py ) and
M (P, ) to the elements = v, € Ed\Rd for all v € S(0,1). Elements P, j, in P, ;,(P) are Borel
probability measures P, ;, = +Q with Q a sub-measure of P supported on H(v,cpp(v)) and
coinciding with P on H(v, cpj(v)).

Note that when P puts no mass on the hyperplane 0H(v,cpi(v))), the set P, »(P) is
reduced to the singleton {P,__ ;} with P,_ , equal to + P(B N H(v, cpy(v))) for all Borel sets B.

We define the set M}, (P) by

My (P) = {m(PLh) |z eRY, Py € PNL(P)} . (4.10)
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Lemma 4.20. Let P € PK(RY) for some K > 0. Then, the sets My (P) and Conv (M, (P)) are
closed.

The proof of Lemma 4.20 is deferred to the Appendix, in Section 4.4.3.
Intuitively, the distributions P,__ ;, behave like extreme points of {Px,h |z € Rd}. This
intuition is formalized by the following Lemma.

Lemma 4.21. Let P € PX(RY) for some K > 0. Then, the convex hull of M,(P) satisfies
Conv(Mp(P)) = (] H (v, (m(Poyn),v))-
veS(0,1)
A straightforward consequence of Lemma 4.21 is the following.

Lemma 4.22. Let P € PK(RY) for some K > 0and h,h’ € (0, 1) such that ' > h. Then,
Conv (M}, (P)) C Conv (My(P)).

The proof of Lemma 4.21 is to be found in Section 4.4.3. The proof of Lemma 4.22 is to be
found in Section 4.4.3.

Since My, (P) is compact, the proof of Lemma 4.21 can be adapted to the set M,(P), and we
get that:

Mp(P) = Conv(My(P)) = (] HE(v, (m(Po 1), 0))-
v€eS(0,1)

As a consequence, h — M,(P) is non-increasing, see Lemma 4.22. We will see that according to
Proposition 4.25 and Lemma 4.21, M, (P) and Mj,(P) coincide when P € PX(R?) puts mass
neither on balls nor on hyperplanes. Indeed, in this case the set M,(P) is convex, as will be
proved in the following.

4.3.2 Convexity of the set of local means

The discrete case

We begin with the finite-sample case.
Points is a finite subset X of R? are said to be in general position if any subset of X with size
at most d + 1 is a set of affinely independent points; see [BCY17][Section 3.1.4].

Lemma 4.23. Let P, € P,(RY). For g € [1,n] and h = 4, set

~ 1 .
My (P,) = {x = - Z plae Rd, NN, x, (x) € ./V'qxn(x)} ,

pENNqﬁxn (ac)

with Ny x,, () the collection of all sets of g-nearest neighbors associated to x. Assume that the elements
of My,(P,,) are in general position. Then, the set Ma (P,,) is convex.

The proof of Lemma 4.23 is to be found in Section 4.4.3.
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The general case with no mass on spheres nor hyperplanes

If P € PK(R?), for some K > 0, puts mass neither on boundary of balls, nor on hyperplanes,
then the convexity of M, (P) may be deduced from the above Lemma 4.23 using the convergence
of the empirical distribution P, towards P in a probabilistic sense. This is summarized by the
following Lemma.

Lemma 4.24. Let P € PX(IR?) be such that P(S(x,r)) = 0 and P(0H(v,c)) = 0 for all z € R,
r > 0,v € S(0,1) and ¢ € R. Assume that with probability 1, for all h = % for n € N* and
q € [1,n — 1] large enough, the points in My, (P,,), defined in 4.23, are in general position.
Set h € (0,1) and 6 € Conv(My,(P)). Then, there are sequences q, € N, o, — 0, P, € P,(R%)

and y,, € Conv(Man (P,)) such that

i) 1~ — b, !

it) |lyn — 0l < o,
i11) Sup_gd |m(P, 4 an) —m(Pyp)|| < ap.

T

Lemma 4.24 follows from probabilistic arguments when X, is sampled at random. Its proof
can be found in Section 4.4.3. Equipped with Lemma 4.24, we can prove the convexity of M, (P).

Proposition 4.25. Let P € PX(R?) be such that P(S(z,7)) = 0 and P(OH(v,c)) = 0 forall z € RY,
r > 0,v € S(0,1) and ¢ € R. Assume that with probability 1, for all h = % for n € N* and
q € [1,n — 1] large enough, the points in M, (P,,), defined in 4.23, are in general position.

Then, for all h € (0,1), My, (P) is convex.

Proof of Proposition 4.25. Let 0 € Conv(My(P)), Py, gn, cn, yn be asin Lemma 4.24, and for short
let h,, = 1.

Since My, (P,) is convex according to Lemma 4.23, there is a sequence (x,),>y in R’ such
that y,, = m(Py 4, h,)- If (£n)n>n is bounded, then up to a subsequence we have x,, — z, for
some z € R% Otherwise, considering Hi—ZH, up to a subsequence we get x,, = v. In any case

T, — x, forx € Ed. Combining Lemma 4.24, Lemma 4.19 and the dominated convergence
lemma yields § = m(P, ). Thus, 6 € M(P). O

We have proved convexity of the “closure” of the set of local means when P puts mass
neither on spheres nor on hyperplanes. With some more work, we hope that we may not need
the assumption about the local means in general position.

4.3.3 Duality, set of local means and distance-to-measure

For P € P(R%) and h € [0, 1], set ¢p, to be the function defined on R¢ by

Vpp T % (lz)* = dpp(2)) - (4.11)

In [CCSM11, Proposition 3.6], Chazal et al. prove that 1p}, is a convex function and that its
sub-gradients are local means. Moreover, when P puts mass neither on 0%4(z,dp(x)) nor
on OH(v, cpp(v)) for € R% and v € S(0,1), 1py, is differentiable with gradient at x given by
m(Py ). With the additional assumption of strict convexity for ¢ p}, we show that Legendre
duality applied to the convex function of Legendre type ' p, provides another proof of convexity
for the set of local means.

Next, we relate the functions ¢ p and wp, defined in Section 4.1 in (4.3). More precisely, we
prove that ¢}, can be expressed for all § € R? as:

Vpn(0) = 5 (Whn(0) + 191%) -

N | =
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We also note that when P puts mass neither on 0.%4(z, épx(x)) nor on OH(v, cpp(v)) for
z € R?and v € S(0,1), the Bregman divergence associated to the convex and differentiable
function 1 p, satisfies for all z,y € R%:

(H:U - m(Py,h)HQ + U(Py,h) - d%’,h(:n)) .

DO |

dl/fp,h (z,y) =

As a consequence, it turns out that the £-PDTM defined in Section 4.1 is built from a codebook
minimizing the Bregman k-divergence-to-measure defined in Section 3.1, associated to the
Bregman divergence dy,,, ,, that is to say, from an optimal codebook for the Bregman quantization
cost function with the Bregman divergence associated to ¢ pj,.

The set of local means, a set of sub-gradients of a convex function

Given f : R? — [~o0, +00] a convex function, a subgradient of f at a point » € R? is an element
c € R? such that
f(z) = f(x) + (¢, 2 — x),Vz € R™. (4.12)

The set of all subgradients of a convex function f at a point « is called the subgradient set and
denoted by 0, f.

It is well-known that when f is strictly convex, equality holds in (4.12) if and only if x = z.
We need to recall the following well-known theorem.

Theorem 4.26 ([Roc70, Theorem 25.1]). Let f : RY — [—o0, +oc] be a convex function, and let x
be a point where f is finite. If f is differentiable at x, then V f(x) is the unique subgradient of f at .
Conwversely, if f has a unique subgradient at x, then f is differentiable at x.

Chazal et al. noticed in [CCSM11] that the distance-to-measure P is semiconcave, and its set
of local means plays the role of a subgradient set in the following sense.

Proposition 4.27 ((CCSM11, Proposition 3.3]). The map

Yen: @ 5 (ol - dhy(@) 4.13)

is convex. Moreover, its subgradient set is given at any point x € RY by:
0ot = {m(Pe,p) | Pen € Pep(P)}
A direct consequence of Proposition 4.27 has been very useful in this chapter.
Proposition 4.28 ([CCSM11, Proposition 3.6]). Forall z, y € R% and P, n € Pyn(P),
by () = yl* < dp(@) — 2] = 2y — 2, m(Pep)),

with equality if and only if P, j, € Py n(P).

Another consequence of Proposition 4.27 is the fact that the DTM is 1-Lipschitz.

Note that under the assumption P(0%(xz,5p (7)) = 0 for all z € RY, all P, ;,(P) are
reduced to singletons. Thus, according to Theorem 4.26, the map ¢ p), is differentiable, with gra-
dient Vip () = m(Py ;) where P, 3, is the restriction of the measure P to the ball Z(xz,dp(x)).
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A proof of the convexity of the set of local means based on Legendre duality

First, we recall the notions of Legendre duality and conjugate functions as defined in [Roc70] or
[BMDGO5].

The effective domain of a convex function f : R¢ — [—oc0, +oc], denoted by dom(f), is the set
of points at which f is not equal to +00. A convex function is proper if dom(t)) is non-empty and:

Vo € dom(v)), ¥(x) > —o0.
A convex function is closed if it is lower semi-continuous, that is:
Vg € dom(w)jlin_kinfi/)(x) > (xp).
T—xQ

Definition 4.29 ([Roc70]). Let v be a proper, closed convex function with © = dom()°. The
pair (0, 1) is called a convex function of Legendre type or a Legendre function if the following
properties are satisfied:
(i) © is non-empty
(ii) 9 is strictly convex and differentiable on ©
(iii) VO, € 00, limy_p, 0co IV(0)| = oco.

In particular, whenever ) is a real-valued convex function defined on R¢, (R¢, 1) is a convex
function of Legendre type if and only if ¢ is strictly convex and differentiable on R?. Indeed,
the remaining assumptions are automatically satisfied, for instance closedness follows from the
differentiability of ¢ on R%; see Theorem 4.26.

We now define the notion of conjugate function.

Definition 4.30 (Theorem 12.2 [Roc70]). Let ¢ be a real-valued function on R%. Then its conjugate
function 1* is given by
Vi) = sup {{t,0) —(0)}. (4.14)

Ocdom(v))

If ¢ is a proper closed convex function, ¢ is also a proper closed convex function and ¢}, =

Yph.

Note that since the DTM is 1-Lipschitz, 1 p}, is continuous thus closed. In addition, v p,
is proper. So, according to Definition 4.30, its conjugate function %}, is also a proper closed
convex function, and moreover, ¢** = 1. 7

The following theorem will be used to derive another proof for the convexity of M} (P)
under the assumption of strict convexity for measures that put mass neither on spheres nor on
hyperplanes.

Theorem 4.31 (Theorem 26.5 [Roc70]). Let v be a real-valued proper closed convex function with
conjugate function ¢*. Let © = dom(v)° and ©* = dom(¢*)°. If (©,) is a convex function of
Legendre type, then
(i) (©*,%") is a convex function of Legendre type,
(i) (©,v) and (©*,*) are Legendre dual to each other,
(iii) The gradient function V1 : © — O™ is a one-to-one function from the open convex set © onto the
open convex set ©%,
(iv) The gradient functions V1), Vab* are continuous, and Vip* = (Vi) =1,

The convexity of Mj,(P) comes from the fact that the set of gradients of 1 p}, is exactly equal
to the set of local means.

Legendre duality provides a new set of assumptions under which the set of local means is
convex.
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Proposition 4.32. Let h € (0,1) and P € P(IR?). If P satisfies the following assumptions:
(i) Vo € RY, P(OB(z,6pu(z))) =0,
(ii) 1py, is strictly convex,

then M, (P) is convex.

Proof. The function v p;, defined by (4.11) is a real-valued function defined on R? which is
convex, according to Proposition 4.27. Thus, (R%,¢p},) is of Legendre type if and only if ¢p,
is differentiable and strictly convex on R¢. The differentiability comes when P puts no mass
on balls of P-mass h. Moreover, Proposition 4.27 and definition of P, ;,(P) yield that in this
case Mj,(P) is exactly equal to the set of gradients of 1p . The convexity of Mj,(P) under the
additional assumption of strict convexity for ¢ p} follows from Theorem 4.31. O

Proposition 4.32 is in a sense more general than Proposition 4.25 since P does not need to
be supported on a compact set, but more restrictive since it requires strict convexity for ¢'p,
on RY. The assumption of strict convexity is obviously not satisfied when a ball %(z,7) is of
P-mass h and is separated from the remaining support of P in the sense that for some € > 0,
P (%B(x,r+ €)\%(z,r)) = 0. Indeed, all points y in H(x, €) will share the same gradient for ¢p:
Vipp(y) = m(Pyn).

A connection between the k-PDTM (Section 4.1) and the clustering with Bregman
divergences (Section 3.1)

The function wp, defined by Equation (4.3) is finite on the set Conv(M),(P)) and infinite outside.

Lemma 4.33. Let P € PX(RY) for some K > 0. Then § € Conv(My,(P)) if and only if wpp(0) <
+00.

The proof of this lemma is deferred to the Appendix in Section 4.4.3.
This property is related to the fact that the conjugate function of ¢p 5, 1}, can be rewritten
as a function of wp, as follows.

Proposition 4.34. For all measures P € P(RY),

. 1
Ypn(0) = 5 (wpn(0) + [10]%) , V0 € R

This function is a proper closed convex function and satisfies at all x € RY,

—

V(@) = 5 (2] = dby(@))

Proof. The conjugate function of ¢p, can be expressed as, for § € RY,

Ypu(0) = sup (x,0) — Ypp(z)

rER4
1
=5 s {161 = 19 = I* + b (=)}
S
1
= 5 (Wha(0) + [10]°) -

The remaining statements are direct consequences of the fact that the DTM is Lipschitz and
Definition 4.30 as aforementioned. O
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We can make another connection between the convex function ¢ pj, and the k-PDTM defined
in Section 4.1, but also with the k-Bregman divergence-to-measure, defined in Section 3.1 as
follows. The Bregman divergence associated to ¢ p, satisfies for all z,y € R%:

dyp, (2,y) = Ypn(e) = vpn(y) — (VYpu(y),z —y)
1

=5 (l2)1* = dbp(@) = [yll* + dbp(y) — 2(m(Pyn),z — y))

= (I = @) + 0By + (B~ 2m(Py). )

= & (e = m(P)IP + o(Py ) — dy(a).

In particular, the sets of points ¢y, ca,...cx on R that minimize the function

(c1,¢2, ... 0k) — Pig[[lli%ﬂ dyp, (U, ¢i) (4.15)

are exactly the set of points that minimize the function

(c1,¢9, ... ck) —> Pig[[lliré]] | — m(Po, p)||? + v(Pe; 1) (4.16)

Thus, when P does not charge boundary of balls of P-mass h, any k-PDTM obtained from a
minimizer of (4.16) (see Section 4.1) corresponds to a clustering in the sense of the minimum of
the Bregman k-divergence to the measure P with parameter i = 1 as studied in Section 3.1, see
also [BMDGO05].

In Section 4.2, we have adapted the concept of trimmed k-PDTM by applying the methods in
Section 3.1 to the Bregman divergence associated with 1 p . Such a concept furnishes a method
of quantization even less sensible to outliers.

4.4 Proofs

4.4.1 Proofs for Section 4.1
Proof of Lemma 4.1

Since P, (R%) is convex, it is immediate that M, (P) is convex. Let (m(Q,))nen be a sequence in
M, (P) that converges towards ¢, with Q,, € Pp,(R%). The set Pj,(R?) is tight. Thus, according
to Prokhorov’s Theorem, up to a subsequence, there exists () a Borel positive measure on R?
such that such that @Q,, converges weakly to ). Note that ) belongs to Pp,(R%). Indeed, the
dominated convergence Lemma applied to the continuous constant function equal to 1 implies
that Q(R?) = h. Also, the Portmanteau Lemma entails that Q(O) < P(O) for all open set O.
Also, since Euclidean R is a Polish space, [AB06, p.438] states that the measures @ and P are
regular measures. Thus, @ is a sub-measure of P, and Q € P, (R%).

Lete > 0, and for M > 0, u € R%, denote by u A M the vector (u; A M, ..., uqg A M), where
uj AN M = u; when u; € [-M, M] and M otherwise. Then there exists M. > 0 such that for every
n

|@n(u A M) — Quu| < P(HUH]1||u|Ioo>Ms)
<<
2
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The same inequality holds for ). On the other hand, since u — u A M. is bounded and
continuous, we have, for n large enough,

1Qn(uA M) — Q(u A M)|| <

N ™

Thus, taking into account that Q,u/h — t, we have, for every ¢ > 0, ||t — %Qu” < 3—h5 Hence
t € My(P).

Proof of Lemma 4.4
According to Proposition 4.18, we may write

wa(®) = sup inf ) g(z, Q).
where g(z,Q) = M(Q) — ||0]|*> + 2 (z,0 — m(Q)). First note that, according to Prokhorov’s
theorem, Pp,(P) is a compact vector space (equipped with the weak convergence metric). As
proved in Lemma 4.1, Q — m(Q) is continuous on P,(P). Now let Q,, — @ in distribution.
Then, for every M > 0, Qu|lul> A M — Qllu|[> A M. Since sup,, |Qn([|ul> A M — |u]?)| <
(Pllull?Lju>nr)/h, we deduce as well that M(Q,) — M(Q). Thus, for every z € R4, g(z,.) is
continuous, and linear.

On the other hand, for every Q in M, (P), g(., Q) is linear and continuous. Thus, according
to Sion’s theorem [Kom88], we may write

wpp(0) = inf sup M(Q) — [|0]]* +2(z,0 — m(Q)) . (4.17)

QEPH(P) zcRd
Thus w?,, () < oo is equivalent to § € My,(P). Now let 6 be in M,(P). According to (4.17), we
may write
. 2 .
QEP( II)lfn(Q)=9 M@y~ el QEPh(IIDI)Ivan(Q)ZH v(@)-

Since @ — v(Q) is continuous on Py, (P) and P, (P) N m~1({#}) is compact, there exists Q such
that m(Q) = 6 and w};,(0) = v(Q).

Let f : R*®) — R such that f(r,...,7;) = Pmingep 3 [lu - 7||? + w%}h(n). Since 7 —
wh, (T) = sup, d%, (z) — ||z — 7||? is lower semi-continuous, Fatou’s Lemma ensures that f is
lower semi-continuous. Thus IYRISIC has a minimum, which is a minimum of f according to
the first part.

W%D,h(@)

Proof of Lemma 4.8

For short, we use the notation m; = m(P;;), vi = v(P; ) and Q(du) f(u) for the expectation
of f with respect to the Borel probability measure ﬁ € P(R?). Then, a bias-variance
decomposition yields

R(Pi,...,P;) = P(du) min_P;(dz)|lu — 2|

i€[1,k]

P p(du)Py(dz)|lu — z|*

I

@
Il
-

Pi(dz)Pp(RY) [[lz — mil|* + vi]

I

@
Il
-

Py (RY) Py, 1 (d2) (|12 — mi|* + vi)

WV

@
Il
—
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where P, j, € Py, »(P) and equality holds if and only if P; € Py, »(P), according to Proposition
4.1. Thus, we may write

=D Pun(du) [[|m(Poy ) = ull® + v(P,p)]
— R(Py iy s P

Proof of Corollary 4.11

The proof of Corollary 4.11 is based on the following bounds, in the case where P is absolutely
continuous with respect to the Lebesgue measure, with density f satisfying 0 < fim < f <

fma:v'

fiit (k) < 2K Vdk—1/4 (4.18)
Cralfif (k) < Chpaicank ™" (4.19)
The first equation proceeds from the following. Since M C %(0, K), for any € > 0 we have
d
2KVd
fu(e) < fa0,5)(e) < ( 5 ) :

Hence (4.18). To prove the second inequality, we will use the following Lemma.

Lemma 4.35. Suppose that P has a density f satisfying 0 < fimin < f < frmaz- Let x, y bein M, and
denote by 6 = ||z — y||. Then

d—1
2dK"w maxW L/d maxW 1/d
lm(Pypn) — m(Pyp)|l < Td (1 ) (f - d) (f - d> 5

with wy the Lebesgue volume of the ball %(0,1) in R<.

Proof of Lemma 4.35. Since P has a density, PO#(x,dp(x)) = POA(y,dpn(y)) = 0. We deduce
that P, ), = %P| Ba,6p () AN Py p = %P‘ Bly.pn(y)- Without loss of generality, assume that
§p7h($) = 5p7h(y). Then %(y, §p7h(y)) C %(I,(Sp’h(x) +0). We may write

Im(Pen) = m(Pll = 5 [P (Lo (@) = L smnin (@)

K
< P L@ (@) — Laysp o (4]
K
= 2P (B(y, 6pn W)\ (#(w, 0p () N B(y,0pn(v))))

< 2%P (B(z,6pp(x) +6) N B(x,6pp(z)))

— QEWd [(5P,h($) +6)! - 5th($)d}

g d
<1+5Rf(x)> —1].

d+1
< 2K W
1/d
Since (1 +v)? < 1+d(1 +v)? v, forv > 0,and 6pp(z) > ( h ) , the result follows.

h
fma,:cwd
O
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Hence (4.19). The result of Corollary 4.11 follows.

Proof of Corollary 4.12

Without loss of generality we assume that NV is connected. Since P has a density with respect to
the volume measure on NV, we have P(N°) = 1. Thus we take M = N°, that is the set of interior
points. Since P satisfies a (¢ fyin, d’)-standard assumption, we have

!
2d ,
—d
r )

fM(E) S Cf min
according to [CGLM15, Lemma 10]. Hence f;;'(k) < Cy,.,. vk~ /%, Tt remains to bound the
continuity modulus of  — m(P, ). For any z in M, since P(ON) = 0 and P has a density
with respect to the volume measure on N, we have P, = P, ). Besides, since for all » > 0
P(B(x,7)) = cfminr®, we may write 6p,(x) < ey g, Y < p/12, for h small enough. Now
let x and y be in M so that ||z — y|| = ¢ < p/12, and without loss of generality assume that
dpn(x) = 0pp(y). Then, proceeding as in the proof of Lemma 4.35, it comes

2K
h
Since dpj(z) + 0 < p/6, for any v in B(z,dpy(x) + 0) N M we may write u = exp,(rv), where
v € T, M with ||v]| = 1 and r = dn(u, z) is the geodesic distance between u and x (see [Fed59,
Theorem 4.18] or e.g., [EC17, Proposition 25]). Note that, according to [EC17, Proposition 26],
for any w; and ug such that ||u; — ua|| < p/4,

[m(Pr.p) = m(Pyn)ll < =P (B(x,0pn(x) +0) N B, 0pn(2))°) -

||’LL1 — ’LL2|| < dN(’LLl,’LLQ) < 2||U1 — U2H (420)

Now let p1, ..., pnm be a 6-covering set of the sphere S(z,dp(z)) = {u € M|||x — u|| = opp(x)}.
According to (4.20), we may choose m < cgdpp(z)? 1@ =1,

Now, for any u such that u € M and 6pp(z) < [z —ull < dpp(z)+6, thereexists t € Sy 5, (2)
such that ||t — u|| < 26. Hence

m

P (B(x,6pn(x) + 0) N B(x,5pn(x))°) < Y P (B(p;,25)).
j=1

Now, for any j, since 20 < p/6, in local polar coordinates around p; we may write, using
(4.20) again,

P (%(p;,20)) < / f(r,v)J (r,v)drdv

X expy, (rv)eM,r<46
< fmaz / J(r,v)drdv
ro|r<4d

where J(r,v) denotes the Jacobian of the volume form. According to [EC17, Proposition 27], we
have J(r,v) < Cgr®. Hence P (%(pj,25)) < Cas frmaz0® . We may conclude

2K '
Hm(P:c,h) - m(Py,h)H < Tmcd/fma:péd

< CNyfmazafmin 5

Choosing k large enough so that f,;' (k) < Cy,. vk~ < p/12 gives the result of Corollary
4.12.



Contents 171

Proof of Proposition 4.13
For all € Supp(P),
dQ h(T) — dJQD,h(x) = d%,h,k(w) - dQQ,h(x) + dQQ,h(x) - d%’,h(x)
Z _Hd%h - d2Q,h||OO,Supp(P)'

Thus, (d3,,, —d3,) < 43, = 3, loosupp(p) N Supp(P), where f: 2 = f(2)1 020
denotes the negative part of any function f on R¢. Then,

P} — dbp| (u) = Pdgy 1 (w) — dbj (u) 4+ 2 (d) 5 1 (w) — dbj (u)

< PA(u) + Pd%,mk(u) - dP,h(u) + QHd%‘,h - dg),h”oo,Supp(P)'

with A = dQ Ik d%h’k. We can bound PA(u) from above. Let s € Opt(P, h, k) N A(0, K)*)

such that for all i € [1, k] such that Psi,h(Rd) #0,s8 = m(Psi’h). Such an s exists according
to Lemma 4.8 and Lemma 4.4. Set fo+() = —2(x,m(Qupn)) + M(Q: ) for t € RY, and let
t € Opt(Q, h, k).

PA() = P min fou,(u) ~ min frg,(0)

€lL,k] i€[1,k]
< (P=Q) min fou(w)+(Q=P) min fo.(u)+ P min fo.(u) = min frs(v).
For any transport plan 7 between P and Q,
(P = Q) min fou(u)
= E(xy)or | min —2(X,m(Q, 5)) + M(Qy, n) — min —2(Y,m(Qy, n)) + M(Q4; 1)
i€[L,k] i€[1,k]

< 2IE(X,Y)NW sup <Y - X, m(Qt,h)>

teR4

Thus, (P — Q) min;epy ) fo.r; (u) < 2W1(P, Q) sup,ega ||m(Qy,5) |, after taking for m the optimal
transport plan for the L;-Wasserstein distance (noted W;) between P and Q.
Also note that P min;cpy 4] f,s; (v) — mingepi 4 fp,s, (1) is bounded from above by

Py, (=2(u, m(Qs; 1)) + M (Qs,,0)) — (—2{u, m(Py, p)) + M (P, 1))

'Mw

1

7

I

Py, n2{u = si;m(Ps, ) = m(Qs, ) + gy p(s:) — dpp(si)
1

7

~817h(Rd) <m(ﬁ5i,h) — Si, m(Psi,h) - m(Qsi,h»-

< [|dpy, — dB,
i—1

Since s; = m(]f’si,h), the result follows.

Proof of Proposition 4.14

Let A i denote sup, ¢, dg.nx(2), and let x € M achieving the maximum distance. Since dg 4k
is 1-Lipschitz, we deduce that

A A
(552 ) < {uldauatn > S35 .




Contents 172

d/

Since P (,%’ (:c, A°§’K>> > C(P) (A";’K) A 1, Markov inequality yields that

d'+2 2
Aoo,K) * A Ac>o,K
—_— 74 .

Thus we have

2
sup (dQ,h,kz —du) () = Aso g < C(P)id'ir? Aldglﬁ V 2Ap.
zeM

Now, for z € R?, we let p € M such that ||z — p|| = das(z). Denote by r = ||z — p||, and let ; be
such that dg 5 (p) = \/ lp — m(Qu, 1)II? + ©(Qy, ). Then

donk(x \/”53— m(Q; 1) |12+ v(Qt;.n)
<) + 72+ 2rllp = m(Qu, 1)

< \/dQ7h7k’ (p) + 72+ 2rdq nk(p)
= dum () + (dgnk(p) — dum(p))-
Hence, SUP,cRd (dQ,h,k — dM) (l’) = SUDgec s (dQ,h,k — dM) (a:) = Aoo,K~

On the other hand, we have dg j, » > dg, along with ||dg , —
e.g., [CCSM11, Theorem 3.5]) as well as dpj, > djr. Hence

_7W2(P7 Q) (See/

donk = du — h™2Wy(P, Q).

4.4.2 Proofs for Section 4.2
Preliminary results about sub-Gaussian distributions

A sub-Gaussian measure P with variance V2 > 0is a measure P € P(R?) such that P(%(0,1)¢) <
exp(— 2VQ) for all t > V. The set of such measures is denoted by P(V)(R%). We derive some
properties for sub-Gaussian distributions:

Lemma 4.36. Let P € PV) (Rd), a sub-Gaussian measure with variance V2 > 0. Then, the following
bounds are satisfied:

P|lu| < 3V,
Pllul* < 3V2,
Pllu|* < 9V4

As a consequence, for all n € N*, with R = \/4V2(1 + p) log(n) we have:

—2p—2
Pljyjzr <n™"77,

P(|[ul|Ljysr) < VBVR~ 1P,
P([u)*Ljuysr) < 3V~ (P,
and

P ( sup || Xl = R> <n7 L

1€[1,n]

where X, = {X1, Xo,..., Xy} is an n-sample from P.
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Forall Q € Py (P), that is, such that hQ) is a sub-measure of P with P-mass h, then we have

3V2
Qllull® <
and
1Qull < Y3V
7

Proof. For the first inequality, note that

400
P”UH :/ ]Rd\/t . ﬂt§||u||dtdp<u)
S =
% Yoo
= [Pl = 00+ [ () > oa
t=0 t=V

+o00 2
<V +/ e 2vZdt
t=V

moreover, for X distributed according to the standard normal distribution A/(0, 1), we have

+00 2
/ exp (t) dt =v2rVP (X > 1)
t

v 212
E[exp(AX)]
SVIVE o) exp(A)
—\ﬁVexp( A+ )

The choice A = 1 yields

1
Pllu|| < (1 + V27 exp < 2))
For the second inequality, note that

Pllull* = Pllul*Ljuy<v + Pllul*Ljysv
< V2 + Plluf*Ljyysv-

Then,
2 oo
Pllul"Ljy>v = / Ljjy>v / 21y dtd P (u)
uc€Rd =
1% +o0
:/ 2P (|[u] >V)dt+/ 2 P(|[u > )dt
t=0 =
—+o00
</ 2te2dt+/ 2te‘Wdt
t=0 t=V
=3V2% 2
Thus,
Plluf* Ly < 2V2. (4.21)
And,

Pllul* < 3V2
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For the third inequality, note that

Pllull* = Pllul|*Ljuy<v + Pllull* L=y
<V + Plluf*Ljyysv-

Then,

+oo
P||U||4ﬂ||u|\>v :/ ]l||u||>V/ 4t3ﬂt<||u||dtdp(u)
ueR? t=0

14 +o0
:/ 43P (||u) > V)dt+/ AP (||ul| > t)dt
t

=0 t=V
\% ) 400 42
< / At3e”2dt + / 43¢ vz dt
t=0 t=V

4 -1 g [T, 5 a2
=Vie 24V 4u’e” 2 du
u=1

After an integration by parts,

+oo u2 u2 oo +oo u2 1
/ dde” T du = [—4u262} + 8/ ue” 2 du = 12¢™ 2.
U U

=1 u=1 =1

Asa consequence,
Pllu|* < 9v4

The two following inequalities come from Cauchy-Schwarz inequality and the definition of
a sub-Gaussian measure. The fifth inequality holds since

P sup |X;| >R | <nP(|X1]| = R) <n %71
i€[1,n]

Let Q € Pp(P). We may write
2 _ 1 2
QllulP < 3 Pl

1
< 5 [PlulPLpuey + Pllul*Ljuy>v]

2 Plull*1
A I T
h h
V2
<3—.
h

The last inequality comes from (4.21). O

Lemma 4.37. If Y is a random variable sampled from a distribution P in PX(R?) and Z is independent
fromY and sampled from a distribution Q" in P°)(R?) for some o > 0. Then, the distribution Q of the
random variable X =Y + Z is sub-Gaussian with variance V? = (K + 0)?, that is in PE+9) (R).
Moreover,
Wi(P,Q) < 30 and Wy (P, Q) < V/30.
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Proof. For all z > o it holds

Py (Y + 2]l =2 K+ 2) <Pz(||Z] = 2)
2

yA
SeXP5
(z + K)?
<exp—n——o.
P To0 1 K)?

The L-Wasserstein distance between P and () satisfies
Wi(P,Q) =Ewz) [I(Y + 2Z) = Y[] = Q|lull,

which is bounded from above by 30 according to Lemma 4.36.
The Lo-Wasserstein distance between P and () satisfies

Wa(P,Q) = /B [I(Y + 2) - Y2 = VQul?,

which is bounded from above by /3¢ according to Lemma 4.36.

Proof of Proposition 4.15

X
Forevery t = (t1,t2,...t;) € R? (k) we note ¢; = ZXE# Then,

Qn min_[lu — m(Que;n)|1* + v(Qntip)
1€[1,k]

k

= L S X - m(Qua )+ (@)

=1 XeC(t)

_ Zrll STOIXIP = 20X — i m(Quen)) + (A3, 4t — [[:]?)

i=1 XGC(tZ)

n k
= S O ot — (@) + (6, a0 — 1P))
=1 i=1

n

WV

n k
1 C(t;
R o1+ 30 T e — )
j=1 i=1

7

k
1
=> = > IX = m(@Quen)l® + v(@Qner)
)

1 XeC(t;

1
; Z HX - m(ani,h)Hz + U(ani,h)

1 xeC(e)

= Qn .min H'LL - m(ani,h)Hz + U(an,h)
i€]1,k]

vV

1

We used the semi-concavity property of the distance-to-measure, see Lemma 4.28. The algorithm
converges since the number of possible decomposition of X,, in Vonoroi cells is finite, and the
loss decreases whenever Q, +, 1, ¢ Pe; n(Qr) according to Lemma 4.28 or when the Vonoroi cells
associated to the ¢;s and the ¢;s are different.
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Proof of Theorem 4.16
Let v and 4 the functions defined for (t,z) € R *) x R¢ with t = (t1,t,. .., 1), by:

y(t.a) = min —2(z,m(Q;n)) + [m(Qun)lI* +v(Quin),
i€[1,k]

and

’3’(1; .%') = lg[[lll%]] _2<$7 m(Qnt¢,h)> + Hm(Qnti,h)”2 + U(Qnti,h)'
According to Lemma 4.37, Q € PY)(R%) with V' = o + K. The proof of Theorem 4.16 is based
on the two following deviation Lemmas.

Lemma 4.38. If Q is sub-Gaussian with variance V2, then, for every p > 0, with probability larger than
1 —2n~P, we have

V2Vkd(1 + p)? log(n)2
sup |(Q — Qu)(t,u)| < C Vkd( }:/P%) og(n)> ’

teRd (k)

for some absolute positive constant C.
The proof of Lemma 4.38 is deferred to Section 4.4.2.

Lemma 4.39. Assume that Q is sub-Gaussian with variance V2, then, for every p > 0, with probability
larger than 1 — 9n~P, we have

3
2

p+1)2 log(n)

sup |Qn(y —)(t,u)| < cv? \/;1( NG

teR(

As well, the proof of Lemma 4.39 is deferred to Section 4.4.2.
We are now in position to prove Theorem 4.16.
Let
s = arg min {ny(t,u) |t = (t1,t2,...t,) € R? (k)} ,

§ = arg min {Qnﬁ(t,u) |t = (t1,t0,...tx) € R (k)}

and
§ = arg min {Qn'y(t,u) |t = (t1,t,...t) € RY (k)} ]

With these notations, for all z € RY, d3, ;, () = [[z[|*+~(s,z) and A3, x(x) = [|=]|>+5(3, 2).
We intend to bound I(s, §) = Q(szn,h,k(u) —dé’h’k(u)), which is also equal to [(s, §) = Q(v(3,u)—
Q(s,u)).

We have that:

l(sa §) - Q’Y(& u) - Qn7<§a u) + QnV(éa u) - Qnﬂ)/(gv u) + Qn7(§7 u) - Q’Y(s? u)
< sup (Q - Qn)f)/(ta u) + Qn(7 - ’?)(éa u)
teRe (k)
+ Q1) — AG,w) + Qu(F— NG W)+ sup (Qn — Q)y(tw),
teRd (k)
where we used the fact that Q,,v(5,u) < @Qny(s,u). Now, since @, (¥(5,u) —(5,u)) < 0, we get:
I(s,8) < sup (Q—@n)y(t,u)+ sup (Qn—Q)V(t,u)
teRd (k) teRd (k)

+ sup Qn(y =)t u)+ sup Qn(§ —7)(t, u).
teRe (k) teRd (k)
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Combining Lemma 4.38 and Lemma 4.39 entails, with probability larger than 1 — 10n77,
(p+1)2 log(n)>

hy/1 '
It remains to bound |Pd, ;. — Qdp, ;.| as well as [Pd3) ;, , — Qd3 ;, ;|- To this aim we re-

call that X = Y + Z, Z being sub-Gaussian with variance o2. Thus, denoting by s;(z) =
arg minje[[l,k]] ”l’ - m(QSj,h)H2 + U(Qs;‘ﬁ)/

P}k — QdY pr SEw Y —m(Qy,cv 20117 +0(Qsv42).0)
— (I + 2 = m(Quy v s 2 2 + 0@y v20))]

<Ez||Z|* + 2E v,z o (Z,m(Qs, 1) —Y)|

I(s,3) < CV*Vkd

<302 4 230 <m 1@, ) + K)
E[Lk]

J )

< CoK

~ \/E )
using Cauchy-Schwarz inequality, Lemma 4.36 and ¢ < K. The converse bound on Qd%’ hk —
Pda n, May be proved the same way. Similarly, we may write

)

<30° +2V30 (;gm Im(Quy )l + b (@) = m(Qu )| + K)

) teR4

<307 4280 (s n(@u, )] + OO + o)/ L0804 )

€[L,k] hy/n
o CoK N CoK+d(p +1)log(n)
S Vh hy/n ’

according to Lemma 4.36 and (4.24) in the proof of Lemma 4.39. The bound on QdZthvk -
Pd2Qm n1 derives from the same argument. Collecting all pieces, we have

CoK~/d(p+ 1)log(n) n CoK

P(d ,, —d? < |Q(d? — 2 +
|P(dgy, hr — doni)| < |QUES, hi — don)] NG Th
- CoKVd(p + 1)log(n) N CEE2Vdk((p+ 1)log(n))? N CoK

where we used o < K.

Proof of Lemma 4.38
With the notation Iy, (z) = —2(z,m(Qy, 1)) + |m(Qr, 1)||* + v(Q4, 1), we get that:

sup [(Q — @Qn)y(t,u)| = sup |(Q—Qn) min I (u)|.
teRd (k) teRd (k) ie[1,k]
First we note that since @ is sub-Gaussian with variance V2, we have from Lemma 4.36, for
every c € R4,

312

Hm(Qc,h)H2 + U(Qc,h) = QqhHqu < T (422)
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Set R = 2V y/log(n) + A and A = plog(n). Then, according to Lemma 4.36, with probability
larger than 1 — n=2P~1

max || X;| < (4.23)
i€[1,n]

We may then write
1
= Tt Xi) - Q(t,u)

n <
=1

1 n
=yt X x<r — QY(E WLy <r
=1

n-
i

sup [(Q — Qn)Y(t,u)| = sup

teRRd (k) teR4 (k)

< sup
teRd (k)

1 n
+ sup Qhtu)ljuorl+ s = At X)L, k| -
teRd (k) (k) | V5

According to (4.23), the last part is 0 with probability larger than 1 —n~2P~!. Moreover, according
to Lemma 4.36,

QI w)| Ly >r < Q>R GSFPH?KU ,m(Qey i)+ Im(Qu ) 1P + v(Qu )

<2\/§— w1y, +— i
\/EQH 1T )ju>r 7 QLju)>R

2
< %nfl*p (2\/5 + nil*l))
9V2
< PR
h

n~17P,

It remains to bound

sup ‘(Q - Qn)'}’(tﬂ u)]l||u||<R} .

tcRd (k)

Since from Lemma 4.36, for every t and u, |y(t, u) 1, <r| < (R + ‘i}[) = Z, then Corollary
3.44 entails

P ( sup  |(Q — Qu)y(t, w) Ly <p| ZE sup  [(Q — Qn)y(t, u) Ly <r| + Z\/?) <er=n7P

teRd (k) teRd (k)

Then, Theorem 3.55 yields

E sup [(Q— Qu)v(t,u)ljy<r| < 247
teRd (k)

/ \/log HII Z\f( k) U ]-"(k))(X")>>du],

with L F) = {Z#ﬁﬂnu”g rmingep g b (u)}. According to (3.39), (3.40) and (3.37), it holds
that

M (3 zym B U -FIaD) <280 (5.7, Fw) 0D
S2 (N'.u <2usz\1/ﬁ(f)(X?)>>k

<2 (N’_”< 7 Z\F(gl)(Xl )) XN/.H( Jh Z\F(QQ)(Xl)))k
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Zvn NG
According to (3.45) and Lemma 3.53,

—2{(x,m(Q¢ m(Jt 24v t x
with Gy = {x Ly “2@m(Qun)Tai<r e le}ande _ {x . (Im(Qe)IP4v(Qe.n)) Lay<r te Rd}_

)

9 V/(d+2)
Ny Gaom) < (5)
for some absolute positive constant V'. Also, NN, N ”((5 G2(XT)) < N H(é G3(X7)) < 2 with

Gy = {w s P e 0,1)].
As a consequence, with probability larger than 1 — 2n7?, it holds

VEVd+2 9v? 2plog(n)
sup [(Q — Qn)y(t,u)| < CZ + n_ P4 I\ ————~
te]Rd(k)K )v(t,w) NG W -
< o VAVRQ +p)2log(n)?
~ h\/ﬁ 9y

for some positive absolute constant C'.

Proof of Lemma 4.39

For t € R (¥, we get that:
(t2) =3t 2)| < i | =2 1@, ) = m(Que, )+ (M (@) = M(Que, 1)
< 2H$|| ,ma’X ||m(Qt]',h) - m(Qnt]‘,h)H + ,ma’x ’M(Qtj,h) - M(Q?’Lt]’,h
JE[1K] JE1K]

)

Let t € R% and denote by r = dg 4(t), 7 = g, 4(t), and R = 2V /(p + 1) log(n). We may
write for Qyp = Q1L + $QLogr and for Qp 1h = +Qnlgtr) + 2 QLos ()
[m(Qen) — m(Quip)ll < %(HQUH%‘(LT) (u) + aQulygr,y — Qul gy, ) (u) — anQulygy,,,) (u)ll
+ [[Qul gt (1) = Quul g r (W] + anl|Qulaz (i r,) (u) — Qnulaz,,,) (W)
< %(QHUHM%(t,r) + alog(tr) — Lagtr,) — nlosr,) (W) + [(Q — Qn)ulg,y,) (u)]
+ [(Q — Qn)ul oz, (w)l])
< %(RQW@@W«) +alogzir) = Lawr,) — nlog@r) () + [(Q — Qn)ul g, (u)]
+ (@ — @n)ulag(t,r,) (W) + Qllul|Lju>r)-

Moreover, considering the case r > r,, for instance, we have:

QLgry + alomwr) — Lawr,) — nloswr,) ()
=Q(A(t,r)) + aQ(0A(t,r)) — Q(AB(t, 1)) — anQ(OB(t, 1))
=h—Q(Z(t,mn)) — nQ(0A(t, 7))
<(Qn — Q)L gty + nlom,r, ()
< [@Qn — Qg (1) + |Qn — QLoz(,r,) (1)

The same inequality holds when r < 7y,
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On the event described in Lemma 3.58, we have that

Ol u (p+1)log(n)
1(Q — Qu)ul g\ (v)| < CVVd N A

(p+1)log(n)
\/ﬁ Y
QuleA(t ) ~ QA )| < VA R,
Qu(OB(t, 1)) — QOB )| < CVIYLE +\}T)710g(n),

(@ — Qu)ulpg ) (u)] < CVVd

QllullLjy>r < 2Vn~FFD,
from Lemma 4.36. Thus,

CVVd(p+ 1) log(n)
- n g .
ti‘ﬁl”m@t’h) m(Qnn)| e

As well, sup;cra [M(Qt.1) — M(Qp+r)| is bounded from above by

1
2 (R21Qn = Qe (1) + B2Qn = QLog(er,) (4) + 1(Q — Qu)ullg(e,r,) ()]

+ 1(Q — Qu)ulosm(e,r,) (W)l + Qllul*Ljuy>r)-
Using Lemma 3.58 again, we get
(p+1)2 log(n)®

NZD

51
(@ = Qu)llul* Lo, o l)ﬁog(m

|(Q - Q")ﬂ«%’(tmnﬂ < C\/g (p +\}%log(n)

(@ — Qu)llul* 1y, | < CVVd

3
2

<CV3/d

(@~ Qu)Lasg(en)| < CVaY T ;% log(n)

Qllul*Lyyy>r < 3V~ T,

from Lemma 4.36. Collecting all pieces leads to

R 14

Vi(p+1)log(n) | o Vid(p+1)2 log(n)?

hy/n hy/n
At last, from Lemma 4.36
P {max | X > R} <nPh

we deduce that

nlw

p +1)2 log(n)
hy/m ’

Qu bt w) =4t 0)] < o2 Y

with probability larger that 1 — 9n~P.

180

(4.24)

(4.25)
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Proof of Proposition 4.17
Putting bounds obtained in Theorem 4.16 and Proposition 4.13 together yields:

2 3
|PAR, (u) = dB(u)] < ovigiC e+ Dlog(n))e Ko

hy/n NG
+3)\d2) , — dbpllso.z(0,5) + Pdp i (w) — A (u) + AW (P, Q) sup [m(Psp)|
seR!
K*((p+1)log(n))? | Ko
< CVEkd +C—
hy/n NG
_2
+3lldGn — il s0.10) + Cpk™ 4 +AWi(P, Q) sup [Im(Py)|
seR;
K*((p+1)log(n))? | Ko
< CVEkd +C—
hy/n NG
30 (3K + v3(K K
L3RI BEAVIE +0)) | yos gy gE Y,

h Vh

where we used Corollary 4.12 and the bound
HdQQ,h - d%,h”oo,t@(O,K) < |l dgn — dpulloo,z0,kx) (I1dQ.klloe,0.5) + [1dPklloo,2(0,K))

< Ma(PQ) ( sup )\/ lz = 1m(Qup) 12 +v(Qun) + 2K>

Vh 2€B(0,K
3 K K)?
<ﬁ<\/K2+2K\/§U+ L 3let+K) +2K>

Vi Vh h

_ V30 (3K +V3(K +0))
X h .

These inequalities come from Proposition 2.2 and the inequalities in Lemma 4.37 and Lemma
4.36:

sup [[m(Qun)ll < V3—=

z€R4 h

up M(Qup) < 30—
zeR4

4.4.3 Proofs for Section 4.3
Proof of Lemma 4.20

Set P € PX(RY) for some K > 0, a distribution which puts no mass on boundaries of balls and

half-spaces of P-mass h. Let (z,,)nen be a sequence in R’ such that the sequence (m(Py, 1))neN
converges to some element [ € RY. We intend to prove that [ € M,(P).

Since R is compact, set x the limit in R ofa subsequence of (z,,)neN.

First, we assume that P(OH (v, cpp(v))) = 0 and P(0%(y,dpn(y))) = 0 for all y € R¢ and
v € 5(0,1). If z € RY, then for n large enough, x,, € R%. Moreover, |5ps(x,) — dpp(z)| <
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H.T — an — 0. Thus, for all Yy §Z aﬂ(m,(Sp’h(x)), ﬂt%’(xn,ép,h(xn))(y) — 15&(:p,5p,h(:r))(y)~ Since
P(0%(x,0pn(x))) = 0, this holds for P-almost all y. The dominated convergence theorem yields
m(szh) — m(Px’h).

If 2 = v € ﬁd\le and z, = v € Ed\]Rd for an infinite set of n. Up to a subse-
quence cpp(v") — cpp(v). Since P(OH(v, cpp(v))) = 0, for P-almost all y, Tx(y, cp,(0)) (Y) —
1 (v,epp(v)) (¥)- Again the dominated convergence theorem yields m(Pyn 1) — m(Py n)-

Finally, if x = vy € ﬁd\le and z, € R for n large enough, then Lemma 4.19 and the
dominated convergence lemme yield m(P,, ) = m(Py_ 1)-

Thus, the limit [ belongs to M, (P) which is closed. Since My, (P) C %(0, K), this set is
compact and the Carathéodory theorem in the finite space R? yields that its convex hull is also
compact.

If P € P, (R?), then as noticed in the proof of Lemma 4.23, Conv(M},(P,)) = Conv(M(P,)).
Since M,(P,) is finite, the Carathéodory theorem in R¢ states that its convex hull is compact.

Note that we can release the assumption P(0H(v, cpp(v))) = 0 and P(0%(x,dpn(x))) = 0.
For this, we proceed like in the proof of Lemma 4.1. According to the Prokhorov lemma and the
aforementioned results, we can take a subsequence Q,, = P, j, converging to a positive measure

Q, and such that z,, — x € R’ We proved in the proof of Lemma 4.1 that () is necessarily
a Borel probability measure such that ~Q is a sub-measure of P. It remains to prove that hQ
is supported on #(z,5py(x)) and coincides with P on %(z,dpp(z)) if € RY, or that hQ is
supported on H(v, cpp(v)) and coincides with P on H(v, cpp(v)) if 2 € Ed\Rd.

For instance, treat the case x € R?. For such an x, we noted that for all y ¢ 0.%(x,dpp(z)),
(o0 5pn(zn)Y) = LB(2,6p4(2))(y). Convexity of balls implies that for all € > 0, for n large

enough, Z(zn,dpn(2n)) C B(x,0pn(2) + €) and B(zn, Spp(zn)) D B(x,6pp(z) — €). Thus,

Q(A(x,0pp(x)) = lim Q(A(x,0pp(x) +€))

> lim lim sup Qu (B, 5p(x) + )
€e—

n—oo

21

since (), is supported on B(xp, 6 ph(zy)). We also applied the Pormanteau Lemma. Thus, @ is
supported on B(z, dpp(x)).
Moreover, for all n > 0,

Q(A(x,6pn(x) —n)) = lim Q(B(z,dpp(x) — € — 1))

e—0

> lim lim sup Qu (B, p.(x) — € 1))
€e—

n—oo

1 _
= lim - P(%B(z,6pp(z) — € — 1))
e—0 h ’

_ % (B(x,0pn(z) —n)).

Thus, Q(A(z,6pu(z))) = +P(%(z,6p(x))). And hQ and P coincide on #(z,dpy(z)). Thus,
Q € Pyi(P). We can apply the same method when z € Ed\]Rd, since the support of P is

compact.
To conclude, we proceed like in the proof of Lemma 4.1 and get that [ = m(Q).
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Proof of Lemma 4.19

Let P ¢ PX(R?) for some K > 0, that is Supp(P) C %4(0,K). For n € N*, set z,, = An. For
n = cpp(v), we get:
B (xn,n —cpp(v)) CH(v,eppn(v)).

Thus, since P (H (v, cpp(v))) < h,
B (SUnv n-— CP,h(v)) - %(xna 5P,h(xn))' (4.26)

Moreover, for all € > 0, since Supp(P) C #(0, K), we get:

H (v,epp(v) —€) N Supp(P) C A (:cn, \/K2 —2(cpp(v) —€e)n + n2> :

Thus, since P (H (v, cpp(v) — €) N Supp(P)) > h,

B(xn,0pn(xn)) C A (xn, \/K2 — c%,’h(v) + (n— cP,h(v))2> ) (4.27)

Finally, for all y € R, if (y,v) = cpp(v) — € for some € > 0, then |y — z,||> = |y||> +
n? — 2n(cpp(v) — €), which is superior to K? + (n — cpp(v))? — ¢4, (v) for n large enough.
Thus, for all n large enough, y ¢ B(xn,dpn(rn)). If (y,v) = cpp(v) + ¢ for some € > 0, then
ly — zol1? = |ylI> + (n — cpp(v))? — ¢, (v) — 2ne which is inferior to (n — cpj,(v))? for n large
enough. Thus, for all n large enough, y € B(xn,dpn(rn)), which concludes the first part of the
Lemma.

Let (xy)n>0 be a sequence in R? such that lim,_ dﬁd(xn, Uso) = 0, that is such that
limy, o0 [|Zn|| = +o0 and limy, s 4 oo n%ﬁn = v. Then,

[znll = K < 0pp(en) < ll2n + K.

Lety € R<. Then,

2 .
||y—xn|12—6p,h<xn>2=Hyu2—2<xn,y>+0<uxnu>=||a:n||(”y” —2< y>+0<1>).

[ Izl

The notation y,, = O(||x,,||) means that (Hg—"”> N is bounded. Thus, up to a subsequence,
nl/ ne

_ 2 ) 2

lim Hy xn” P,h(xn) — 20—2<’U,y>,
n—-+o0 |

for some ¢ € R. We deduce that, for all y € R\ 9H(v, ¢),

L 32 6pn(2n) ¥) = LH(v,e)(Y)-

In particular, the dominated convergence theorem yields P(H(v,c)) < h and P(H(v,c)) > h.
Therefore, for P-almost y, 1x(y,¢)(¥) = LH(v,cp,(v)) (¥), the result then holds for ¢ = cpp(v).
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Proof of Lemma 4.21

Recall that an extreme point x of a convex set S is a point « € S such that S\ {z} is still convex. We

will prove that the set of extreme points of Conv(Mj,(P)) is a subset of {m(P,) | z € ﬁd\]Rd}.
More precisely, we will prove that:

Conv(Mp(P)) = (] H(v, (m(Poyn),v)).

veS(0,1)
Set z, an extreme point of Conv (M},(P)). By definition of the convex hull, Conv (M},(P))
is the smallest convex set (for the relation of inclusion) containing M} (P). Thus, necessarily,

z € My(P) and z = m(P,,) for some x € R’ Since z is extreme, » € dConv (Mp(P)) and
according to the Hahn-Banach theorem, there is some vector v and some constant C, such

that (m(Py),v) = Cy and such that for all y € ]R (m(Py,n),v) < Cp. We aim at proving that
z =m(P,_ ) for some P,_ j, € Py n(P).

Voo s

We can write P, j, as Py + P> with, for all Borel set B € 3, Py (B) = P, ,(BNH (v,cp(v))) and
Py(B) = P, ,(BNH (v, cpp(v))). Note that Py is also a sub-measure of P, _ 5. Set Py = P, ,—Pi.
Then, we get

Cx - m,h<u7 U)
= P1<'LL,”U> + PQ(U,'U>
= P, n{u,v) — Py(u,v) + Pa{u,v)
< Oy — Ph{u,v) + Py(u,v)
< Oy — cpp(v)Py(RY) + cpyp(v) Po(RY)
=Cy
since P, is supported on H(v, cpp,(v)), Py is supported on H(v, cpp,(v)) and Py(RY) = Py(RY).
Thus the inequalities are equalities and we get that for 2-almost all y, (y,v) = cpj(v) and

for Pj-almost all y, (y,v) = cpp(v). Thus, P, belongs to P, »(P). Moreover, the equalities
yield that C, = (m(Py 1), v) = (m(Pyn), ).

Since the set of extreme points is included is {m(P,_ ) | v € S(0,1)}, the Krein-Milman
theorem yields o
Conv(Mp,(P)) = Conv({m (P, ) | veSO,1)}).

For v € 5(0,1), set C(P,_ 1) = (m(P,_ 1), v), thatis, C(P,_ 1) = Py, n{u,v). Forall x € R’
set P, P, and P} as above.
Then, we have
P:E,h<uav> = P1<u 1)> + PQ(U,’U>

= Py n(u,v) — Py(u,v) + Pa(u,v)

= C(Pyy ) — (m(P}), v)P5y(RY) + (m(P2), v) P2(R?)

< C(Pyyn) — cpp(v) Py(RY) + cpp(v) P2(RY)

(onoyh)'

Thus, forall z € RY, (m (Pep),v) < C(P,
O0H (v, (m(P,_ 1), v)) separates m(P,_ p) fr

Q

(Pyo n) = (m(Py. 1), v). In particular, the hyperplane
from Conv(Mp(P)).
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We proved that for all y € R4, forallv € S(0,1),
<m(P—Uoo,h)a U> < <m(Py,h)7 U> < <m(ono,h)’ U>'

Therefore, the convex set Conv(M,(P)) is included in Nves(o,1) HE(vs (m(Po p), v)).-
Reciprocally, the Hahn-Banach separation theorem applied to the set Conv(M,,(P)) which

is compact according to Lemma 4.20 yields that for all § ¢ Conv (M (P)), there is some vector

v such that for all ¢’ € Conv(M,(P)), (¢',v) < C < (#,v). In particular, we get that (9, v) >

(m(Py,. 1), v), meaning that § does not belong to H¢(v, (m(P,_ 1), v)).

Proof of Lemma 4.22

Let h € (0,1) and P € PX(R?). Then, according to Lemma 4.21, we have:

Conv (M (P ﬂ H(v (Pyoo,h)> 1))
v€eS(0,1)

The same holds for A'.
Thus, in order to prove that Conv(My, (P,)) C Conv(My(P,)), it is sufficient to prove that

HE(v, (m(Posg ), v)) C HE(0, (m(Poeg ), 0))-
Thus, it is sufficient to prove that
(m(Pose ), v) < (m(Pose ), 0)-

Set Py the sub-measure of P supported on H(v,cpp (v))\H(v, cpp(v)) such that h'P,__ p =
hP,_ » + (b — h)Py. Then, we have:

M (Prs)o) = 2o m(Prs )0+ 2 () ).

The results follows from the inequality (m(F),v) < cpp(v) < (m(Pyn), ).

Proof of Lemma 4.23
Let

~ 1 .
My (P,) = {x = - Z plae Rd, NN, x, (x) € J\/'qxn(ac)} ,

pENNqﬁxn (ac)

with NV, x,, (z) the collection of all sets of g-nearest neighbors associated to z. Note that dif-
ferent Z may be associated to the same z, and also note that M, (P,) ¢ M,(P,). Moreover,
Conv(Mp,(Py)) = Conv(My,(P,)) since any m(Py 4.1), for Py yn € Prn(Py), can be expressed as
a convex combination of the z’s.

Then, R? breaks down into a finite number of weighted Voronoi cells Cp, ;(7) = {z € R? |
Iz = 2|* + &%(2) < |2 = gl* + &), ¥5 € Mu(Pn)}, with&*(7) = {3 enw, ., (o) 12— ZII* the
weight associated to any point z = % 2_peNN, x, () PN My,(Py). According to [BCY17 Theorem
4.3], the weighted Delaunay triangulation partitions the convex hull of any finite set of weighted
points X in general position by d-dimensional simplices with vertices in X, provided that the
associated weighted Voronoi cells of all the points in X are non empty. By duality, (also see
[BCY17, Lemma 4.5]) these vertices are associated to weighted Voronoi cells that have non-empty
common intersection. Thus, any 6 € Conv(My(P,)) satisfies § = 3¢/ \;#" for some Z'’s in
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M, (P,) and some non negative \;’s such that ZZ oA = 1. Also, there exists some z* in the
. ie[[O,d]]' Set an 7h . ZZ:O )\ Pz, Wlth
P, = é ZpENN;Xn(z*) dpy Wwhen 7' = % ZPENN;M (@) P- Then, P, ,+ , is a probability measure

intersection of the d + 1 weighted Voronoi cells, (Cp, »(z"))

such that WP, ;- , (h = 1) is a sub-measure of P, coincides with P, on %(z,dp, n(z)) and is
supported on %(z,dp, n(z)). Thus it belongs to P, ,(P,). Moreover, its mean m(P,, ;. 5) = 0.
Thus, 6 € Wh(Pn).

Proof of Lemma 4.24

The proof of Lemma 4.24 is based on the concentration argument given in Lemma 3.58, that
allows to connect empirical sub-measures with sub-measures for P.

A significant part of the proof of Lemma 4.24 is based on the characterization of Conv(M},(P))
through w3, stated by Lemma 4.33.

Lemma 4.40. Let C denote a convex set, 6 € RY, and A = d(6, C). There exists v € R with ||v|| = 1
such that, for all T in C,
(v,0 —T) > A.

Proof of Lemma 4.40. Denote by 7 the projection onto C, and ¢ = w(¢). Then, let z = 25, We

may write

(x,0 — 1) =(x,0 —t) + (x,t — T)
1

=A+ L {0-tt—7).

Since, for all 7in C, (6 — t,7 — t) < 0, the result follows. O
We are now in position to prove Lemma 4.24.

Proof of Lemma 4.24. Let P in PX (R%) which puts mass neither on balls nor on hyperplanes. For
some h € (0,1), let § € Conv(Mp(P)). For p large enough (for instance p = 10), a union bound
ensures that the inequalities of Lemma 3.58 are satisfied for all n 2 2 with positive probability.
Accordmg to the assumption of the Lemma, there are X, Xo,.. ..for which the points in
M,,(P,) are in general position for all h = 4 for n € N* and q E [[1 n — 1], and such that
the inequalities of Lemma 3.58 are satisfied for all n > 2. In particular, for n € N*, for such
distributions P, and (y, r) such that P(#(y,r)) = h, we have

HP ntlgy(u)  Poulg,)(u) Kay,
P(%(y,r)) Py(#B(y.r) |~ k7
HPULZ (W) Poulgyn(u)|l _ Koy,
P(%(y.r)) P(#y,r) || = b’

[(Pn — P)%&(y,7)| < an,
for a,,, = 0. Note that the same holds for means on half-spaces. Now let = € R4,

A3 (@) = |z = 0)|* = Popllz — ul® — |z — 02
= inf Pyplle - ul> = ||z — 6|2

yeR
> inf [Im(Pyp) | +v(Pyn) = 10]° + inf 2(z,0 —m(Pyp))
yE]R yE]R

> —[|6]” + inf 2(z,0 —m(Pyn)).
yGIR
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Thus, we may write

inf 2(x,0 —m(P,)) > min inf 2 <;1;7 H— P”ul@(y’”)(u)> ,
yeR? Yo Pu((yr) €[h—ain htan] Po(A(y, 7))
Pﬂ ]l v,c)(u n
inf 2<$’9_ u H<,>(>>]_4Ka =l
v,¢| Pn(H (v,¢)) E[h—0tn, htan] P, (H(v,c)) h
4K o,
= inf 2<3§‘,9—7’>—M.
T€Useh—an htan) Ms(Pn) h

Now, if d (0, Conv (Use[h—an,h+an] MS(Pn)» =A> QK%, then according to Lemma 4.40, we
can choose x in R? such that, for all 7 € Conv (Use[h—an,h+an] HS(PH)),

i,Q—T — 2Kay > 0.
] h

In this case, we immediately get w3, (0) = sup,ega dp;, () — ||z — 0] = +o0. According to
Lemma 4.33, this contradicts § € Conv(M},(P)).

Set h, = 4 for g, € [1,n — 1] such that h — a, > hyy > h — o — % Note that for n large
enough, h — o, — % > 0, thus h,, is well defined. Then, according to Lemma 4.22 and 4.23,

Conv U  MuPo) | CConv | | MuPn)]| =My, (Pn)

s€E[h—am,htan] $€[hn,1]

Thus, we can build a sequence (y,,),>n for some N € N such thaty,, € M, (P,) and ||0 — y, || <
2%. Hence the result of Lemma 4.24. O
Proof of Lemma 4.33

According to Proposition 4.18, for all z € RY, dfp’ () — ||z — 0| may be written as

inf It m(Pyp)|? + v(Pyn) — 1012 + 202, 0 — m(Pyn))}
yeﬁdpy’hepyyh(P){H (Py.n)lI” + o(Byn) — 10117 + 2( (Pyn)) }

which is lower-bounded by

wf, (B IP o (B)} = 107 el (200 7)).
P

yeR® Py,n€Py,n(P TEM(

Assume 6 ¢ Conv(M,;(P)). According to Lemma 4.20, Conv(M,(P)) is a convex and com-
pact subset of R?. The Hahn-Banach separation theorem thus provides some vector v € R¢
and C' < 0 such that V7 € My(P), (§ — 7,v) < C. Setting z,, = —nv for n € N* yields
limp 400 inf, 57, (py (%n, 6 — 7) = +00. Thus, sup, cpa d%h(m) — ||z — 0]|? = +o0.
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Now, let § € Conv(Mp,(P)), we can write § = Z?:o Xim(P;) for P; = Py, j, with the z;’s in
R”. We have:

d
sup dpp(x) = lz = 0> = sup > Ni(dp(z) — [l — 0]?)
zeR* zeR" i=0

d

< sup > i (o = m(P)|)? +v(Pr) — |l — 6]%)
2eR® i=0

d

D X (0(Py) + 2(x, 0 — m(P)) + [lm(P)|1> — [16]]%)

i—0

= sup
xéﬁd 7
d
= > X (u(P) + [m(P)IP — 116]%)
i=0
according to Proposition 4.18. Thus, we get that

d
wpi(0) + 1017 < D Xw(B) + [m(B)[P) < S@d{v(Px,hHHm(Px,h)IIZ}- (4.28)
=0 zeR

Lemma 4.36 yields w3, (6) < +oo.
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