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Chapitre 1

Introduction et synthése des
résultats

1.1 Introduction
On considére 1’équation différentielle stochastique
dXt B b(Xt, Q)dt + U(Xt, Q)dBt, X() =1 (11)

ou (B;) est un mouvement brownien standard, b, o sont des fonctions dépendant
d'un paramétre inconnu @ appartenant & une partie © de R%. Les modéles basés
sur la diffusion (X;) sont couramment utilisés en finance ou en biologie, et I'on
considére alors des observations discrétisées X;, d’une trajectoire, aux instants

0=ty <ty <---<t,=T.De plus, afin de tenir compte d’éventuelles erreurs
de mesure dans ces modeéles, on suppose que l'on observe Y., i =0,...,n telles
que

1. Conditionnellement a la trajectoire (X3), les variables aléatoires Y;, sont
indépendantes,

2. La distribution conditionnelle £(Y},|(X};)) de Y}, sachant la trajectoire (X;)
ne dépend que de X,
3. Sachant X;, = z, la distribution conditionnelle de Y;, ne dépend pas de i.

C’est le cas, par exemple, lorsque la diffusion est bruitée additivement. On observe
alors
Y;fi = th‘ + &y (1'2)

avec (g,) une suite de variables aléatoires indépendantes et identiquement distri-
buées. Sous ces hypothéses, la suite de variables aléatoires (X, Yy,) est un modeéle
de Markov caché (voir Cappé et al. (2005)), dont la chaine cachée est issue de

1
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— & =Xy T

Y1 iy ¥et1

FIGURE 1.1 — Modéle de Markov caché

la discrétisation d’une diffusion. Deux questions statistiques sont abordées dans
cette these :

1. Pestimation de €, sur un plan théorique — propriétés asymptotiques des
estimateurs — et appliqué — implémentation des estimateurs sur des données
biomédicales — pour des diffusions observées avec erreur de mesure ;

2. certaines propriétés asymptotiques liées au filtrage particulaire.

De plus, on s’intéresse au cas ou la diffusion (X;) admet une probabilité sta-
tionnaire 1. Dans ce cas, on dispose du théoréeme ergodique

1 /T
?/o f(Xs)ds — vo(f)

T—o00

olt la convergence est presque stire, pour toute fonction f € L'(14). On dira alors
que (X;) est une diffusion ergodique.

Le cadre asymptotique des différentes études est celui d’observations sur un
long intervalle de temps [0, 7], c’est & dire lorsque T' = t,, tend vers 'infini en
méme temps que le nombre n d’observations. L’alternative pour la fréquence
d’échantillonnage des données est la suivante :

1. le pas de temps t;.1 — t; = A est fixe, on a alors nA = t,,, et la chaine de
Markov (X;a) est ergodique;

2. le pas de temps t;,1 — t; = d,, tend vers 0 lorsque le nombre d’observations
tend vers l'infini, et nd,, = t,, tend vers 'infini : c’est le contexte des données
haute fréquence.
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1.2 Présentation des travaux

1.2.1 Premiére partie : estimation paramétrique pour un
processus d’Ornstein-Uhlenbeck partiellement observé

Cette premiére partie est composée de deux chapitres, motivés par un pro-
bléme de statistique médicale, fruit d’un travail en collaboration entre le labora-
toire MAP5 de I’Université Paris Descartes et le service de radiologie de I’Hopital
Européen Georges Pompidou.

1.2.1.1 Chapitre 2 : Résultats théoriques

Ce chapitre reprend l'article en collaboration avec Adeline Samson (Favetto
and Samson (2010)).

On considére un processus d’Ornstein-Uhlenbeck bidimensionnel (Uy), ou U; =
(Ut(l), Ut(Q))T est défini par I’équation différentielle stochastique

dUt == (GQUt + Fg)dt + E@dBt, X(] =1. (13)
Aux instants t; = iA, 1 = 0,...,n, les observations Y; sont données par
Y, = JU, + o¢; (1.4)

avec J = (1,0) et (g;) une suite de variables aléatoires indépendantes et identique-
ment distribuées de loi commune N(0, 1). L’observation de la diffusion cachée est
donc partielle — seulement la premiere des deux coordonnées de U;, — et bruitée.

L’estimation du paramétre # est motivée par une application médicale pré-
sentée dans le chapitre suivant, le but étant de valider les méthodes proposées
sur des simulations préalablement.

La premiére méthode envisagée est basée sur le calcul exact de la vraisem-
blance L, (0), grace a 'algorithme de Kalman (voir, par exemple, le livre de Cappé
et al. (2005) pour une présentation de l'algorithme, et le rapport technique de
Pedersen (1994) pour une méthode d’approximation de 'estimateur du maximum
de vraisemblance dans un contexte similaire). Ainsi,

n

L(0) = [ [ p(VilYicr. ... Yo; 0) (1.5)

=1

ou p(Y;|Yi_1,...,Yy;0) est la vraisemblance conditionnelle de Y; sachant les ob-
servations précédentes. Dans une base de vecteurs propres de Gy de matrice de
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passage P, on considére X;an = P~1U;a. L’algorithme de Kalman permet de cal-
culer de fagon exacte la vraisemblance conditionnelle p(X;a|Y;_1,...,Ys;0) de la
variable cachée X;a, puisque la discrétisation du modeéle continu méne a

Xirya = AXia + B+,
Y;‘ = HXi—FO'Ei

avec H = (1,1), et (n;) une suite de variables aléatoires indépendantes et iden-
tiquement distribuées de loi N'(0, R). La vraisemblance conditionnelle de Y; s’en
déduit directement.

De plus, le calcul exact du gradient et de la hessienne de la log-vraisemblance
des observations s’obtient de fagon itérative en différentiant les relations de Kal-
man. Ainsi, le calcul de 'estimateur du maximum de vraisemblance 6, se fait
a l'aide d'un algorithme de gradient conjugué, dans lequel la valeur de la log-
vraisemblance, son gradient et sa hessienne sont calculés de fagon exacte.

Les propriétés asymptotiques de ’estimateur 0, sont étudides en lien avec
celles des processus ARM A : on établit que, dans le cas stationnaire, le proces-
sus (Y;), une fois recentré, est un processus ARMA(2,2) Gaussien. Ainsi, 6, est
asymptotiquement normal, et efficace (voir, par exemple, le livre de Brockwell
and Davis (1991)).

La méthode d’estimation basée sur le maximum de vraisemblance est compa-
rée, sur des simulations, a celle basée sur ’algorithme E-M proposé par Demps-
ter et al. (1977) (voir aussi Shumway and Stoffer (1982) et Segal and Weinstein
(1989), par exemple). D’autre part, on établit que quatre des cinq paramétres au
plus de la chaine cachée issue de la diffusion discrétisée sont identifiables.

1.2.1.2 Chapitre 3 : Application & un probléme médical

Ce chapitre repend l'article en collaboration avec Daniel Balvay, Charles-
André Cuenod, Valentine Genon-Catalot, Yves Rozenholc, Adeline Samson et
Isabelle Thomassin (Favetto et al. (2009)).

Ce travail porte sur ’étude d’un modeéle pharmacocinétique stochastique a
deux compartiments, et a pour but d’estimer les parameétres de microvasculari-
sation & partir de données médicales — issues de I'imagerie par résonnance ma-
gnétique. Aprés l'injection d’'un agent de contraste dans une artére d’un patient,
on observe les variations de niveaux de gris sur une séquence d’images, en diffé-
rentes parties de I'image — artére, tissus, organe — et pour différents vozels (pixels
tridimensionnels).

Cette étude s’inscrit dans le contexte d'un projet plus large, menant au déve-
loppement d’outils mathématiques, conjointement avec des médecins, pour me-
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FIGURE 1.2 — Modéle pharmacocinétique utilisé pour ’agent de contraste

Vein

surer I'impact de nouveaux traitements contre le cancer (dits anti-angiogéneése)
qui limitent le développement des tumeurs en réduisant le développement de
vaisseaux sanguins. En particulier, la compréhension du phénoméne de microvas-
cularisation ainsi que ’estimation des paramétres dans le modéle proposé peuvent
potentiellement étre utilisés pour évaluer 'efficacité de ces traitements.

Les résultats présentés dans ce chapitre, et dans Favetto et al. (2009), ont
pour but de proposer une validation du modéle pharmacocinétique stochastique,
avec une étude sur données simulées, complétée par une étude sur données réelles,
issues de patientes saines.

Soient Qp(t) la quantité d’agent de contraste dans le plasma a l'instant ¢ et
Q(t) la quantité d’agent de contraste dans le milieu intersticiel & I'instant ¢, dans
un voxel de 'image. On appelle S(t) = Qp(t)+Q;(t) la quantité totale d’agent de
contraste dans un voxel de I'image. La variation de niveaux de gris de I'image &
un instant ¢ est alors supposée proportionnelle & S(t). De plus, afin de prendre en
compte 'erreur de mesure commise lors de ’acquisition des données, on suppose
que l'on observe

y; = S(t;) + og; (1.8)

aux instants tp = 0 < --- < t, = T, avec (g;) une suite de variables aléatoires
indépendantes et identiquement distribuées, de loi commune A (0,1).

Le modéle doit prendre en compte la fonction d’input artériel, notée AIF. Les
parameétres biologiques sont les suivants : Fr > 0 est la constante de transfert
entre le sang et les tissus, par unité de volume de tissus, 1}, > 0 est le pourcentage
de plasma par unité de volume, V, > 0 est le pourcentage d’espace extravasculaire,
et PS > 0 est la constante de perméabilité du produit par unité de volume de
tissus. Le taux d’hématocrite h est fixé & h = 0.4. Le délai avec lequel ’agent de
contraste passe des artéres au plasma est noté ¢.

On dispose d’un modéle pharmacocinétique déterministe pour I’agent de contraste
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(voir Brochot et al. (2006) et Figure ?7) résultant du bilan des quantités d’agent
de contraste a un instant donné dans les deux compartiments formés par le plasma
et le milieu intersticiel. C’est un systéme de deux équations différentielles cou-
plées, avec un retard dans la fonction AIF pour prendre en compte le délai d’ar-
rivée de 'agent de contraste dans le voxel considéré :

dQp(t) = (fiTh AIF(t —0) — %Qp(t) + %QI(@ Fr

_ m@,;(t)) dt

4Q(t) = (Vb(f—fh)@p(t) - @(t)) it
Pour les praticiens, ce modéle donne un résultat trop lisse, ne tenant pas compte
des fluctuations locales, liées par exemple aux mouvements du patient lors de
I’expérience d’acquisition des données. On considére donc le modéle suivant, basé
sur un systéme de deux équations différentielles stochastiques, dont la dérive (et
donc le comportement moyen) est donnée par le systéme déterministe :

Fr PS PS Fr
dQp(t) = (1 — AIF(t—0) - m@P@) + 7(3@1(75) - mQP(t)) dt
+odW} (1.9)
dQr(t) (Vb(f—fh)cgp(t) — ]‘D/—fo(t)) dt + oodW}?

On observe donc partiellement une diffusion bidimensionnelle & des instants dis-
crets, avec un bruit de mesure : le modeéle de ce travail a motivé les développe-
ments mathématiques du précédent chapitre.

On se propose alors de comparer la méthode d’estimation par maximum de
vraisemblance pour le modéle de diffusion — développée dans le chapitre précé-
dent — a la méthode de référence utilisée par les praticiens, basée sur le modéle
d’équation différentielle ordinaire et une méthode de moindres carrés.

On effectue alors plusieurs simulations du modéle, en se basant sur une fonc-
tion AIF “idéale” (lisse). Sur des jeux de données simulées, on obtient une ré-
duction significative du biais et de ’écart-type en faveur de la méthode basée sur
le systéme d’équations différentielles stochastiques, et ceci méme si les valeurs
obtenues pour o; et o9 sont faibles.

D’autre part, plusieurs jeux de données provenant de séquences d’images de
pelvis féminins sains ont été traités, en vue de la validation expérimentale de
la méthode. On présente dans ce chapitre les résultats les plus significatifs pour
quatre patientes. Lors de I'implémentation effective des deux méthodes, I'un des
principaux résultats obtenus concerne la stabilité de la méthode stochastique :
I’estimation est, dans ce cas, beaucoup plus robuste que la méthode déterministe
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lorsqu’on enléve trois, puis cing observations, en particulier lorsque la constante
de perméabilité PS est faible. Enfin, l'intérét de la méthode est aussi visible
sur la reconstruction des courbes retracant 1’évolution des quantités d’agent de
contraste dans le plasma et 'intersticium.

Les résultats obtenus pour ces quatre patientes et présentés dans ce chapitre
sont des exemples significatifs d’estimation de paramétres et de reconstruction
de courbes obtenus avec les modéles déterministes et stochastiques. En particu-
lier, il convient de souligner la meilleure stabilité de I'estimation dans le modele
stochastique. De plus, les résultats présentés ici sont issus d’'une base de don-
nées de huit patientes, avec de huit & trente-deux voxels par patiente, analysés
individuellement.

1.2.2 Deuxiéme partie : estimation des parameétres d’une
diffusion bruitée avec données haute fréquence

Cette partie porte sur I'estimation paramétrique pour un modéle de diffusion
bruitée, dans un contexte haute fréquence. Elle se compose de deux chapitres :
le premier porte sur 1’étude d’'un contraste dérivé du schéma d’Euler et sur la
consistance de l'estimateur du minimum de contraste qui lui est associé, et le
second étudie la normalité asymptotique de cet estimateur. Plusieurs simulations
ainsi qu'une étude de données neuronales illustrent les résultats mathématiques.

On considére une diffusion
dXt = b(Xt, li())dt + O'(Xt, Ao)dBt, XO =17 (].].0)

et le but est d’estimer 6y = (Ko, A\g) € O, ot © est un produit d’intervalles
compacts, a partir des observations bruitées

Y;é:Xz'é‘i‘Pgi&’ 22077N (111)

o & > 0 est le pas de discrétisation et (g;5) une suite de variables aléatoires
centrées indépendantes, identiquement distribuées, et indépendantes de la dif-
fusion (X;). On suppose que E((g;5)?) = 1, de sorte que p? est la variance du
bruit d’observation. Lorsque le pas de temps entre deux observations consécu-
tives 0 = dy tend vers 0, le schéma d’Euler pour la diffusion (X;) fait approcher
la distribution de 'accroissement X (;;1)5, — Xy5, conditionnellement a X5, par
une variable aléatoire de loi N (Onb(Xisy, ko), Ino*(Xisy, Mo))-
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Ainsi, lorsque 'on observe directement les (X;s,,7=0,...,N), on peut consi-
dérer le contraste suivant, basé sur la log-vraisemblance gaussienne (voir les ar-
ticles de Genon-Catalot (1990), Yoshida (1992) et Kessler (1997) par exemple)

N-1

Xi N Xz — Onb Xz , K 2
@) = 3 e S T g X )
i=0 N

ot ¢(z,\) = o(x,\)? et I'estimateur de minimum de contraste Oy = (Ay, Ay)
associé est consistant lorsque dy tend vers 0, avec N (le nombre d’observations) et
Néy (le temps maximal d’observation) tendent vers I'infini. De plus, lorsque N %
tend vers 0, On est asymptotiquement Gaussien, avec des vitesses d’estimation
différentes pour le parameétre de la dérive, et celui du coefficient de diffusion : on
a, sous Py,

Ob(.,k0))2
VNON(AN — ko) | ¢ Yo <( c(aAoO))) ) 0
Q — Ny | O,
VN(Ay — M) 0 20, ((3»6(4750)))

c(-,00)?
(1.12)

On se propose dans cette partie d’étendre ces résultats au cas des observations
bruitées.

1.2.2.1 Chapitre 4 : Estimation par minimisation de contraste

On cherche alors & construire un contraste basé sur les observations bruitées.
Pour cela, on réduit le bruit des observations en effectuant des moyennes locales

sur des blocs de données de longueur py : on pose Ay = pndy, de sorte que
N :kaN et NdN = kNAN, et

‘ 1 pN—1 1 pN—1 PN pN—1
Y] =— Yiaytioy = — Xjayioy + — Ejan+isn, (1.13
pNZz:; JAN+LON pNZz:; JAN+ION pNZZ:;jN-i-N( )
= X+ pnel

avec pour py l'alternative suivante : soit py = p > 0 et ’écart-type du bruit
d’observation est fixe, soit py tend vers 0 lorsque N tend vers l'infini. Cette
deuxieme possibilité s’explique par le cas ou €55, = V(iy1)5y — Visy avec V un
mouvement brownien indépendant de (X;). On note donc p., = p dans le premier
cas, et po = 0 dans le second. De plus, on suppose pour la suite que py est connu.

Ainsi, on est ramené & comparer les variables aléatoires Y7 aux ky discrétisées
Xay de la diffusion cachée obtenues avec un pas Ay. Afin de prendre en compte
la contribution apportée par le bruit d’observation (la variance de &/ est 1%)’ on
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choisit de considérer des tailles de paquets telles que oy = py~ avec a € (1, 2], de

1
sorte que Ay = py ® et ky = Ny
De ce fait, avec une hypothése d’ergodicité sur la diffusion cachée, on obtient
tout d’abord des résultats asymptotiques pour les fonctionnelles du processus
(v7) -

kny—1

(F0) = o Y 10,
j=0
kn—1
(0 = op 2 SO0 =¥ = Ab(¥i ),
j=0
kn—1
QulFL0) = 15 > SOOI I
=0

On note dans ces formules le décalage conduisant a utiliser f(Y7 ™!, 0), afin d’éviter

la prise en compte de la corrélation entre Y7 — Y7 et YJ. Ainsi,

on(f(,0)) — w(f(.0)),
In(f(..0) — 0,

An(f0) — S0l do)) + 20 L

ou toutes les convergences ont lieu en probabilité, uniformément en 6. On note
que, dans le cas de la variation quadratique, un terme additionnel apparait dans
le cas o = 2 et py = p, faisant intervenir la variance du bruit d’observation. De
plus, on note la présence du coefficient % dans ce cas : il provient de ’étude locale
de Y7 — Y], qui differe de X(j11)ay — Xja, par un terme de corrélation.

On définit alors, pour a € (1,2), ou lorsque @ = 2 et py tend vers 0, le
contraste

kn—2 , , ,
(3 (Vi AR
5N(9) = Z {2AN C(Y-.j—l’ )\)

j=1

+ log(c(Y7 71, A))} (1.14)

et, pour a € (1,2] et py = p, le contraste

kn—2 . . .
y 3 (VI — Y7 — Anb(Yi™1 k)2

P _ ° [ ° )
(SN(Q) - Z {ZAN CN,p(Kjila )\)

j=1

+log(en (Y, )\»}

(1.15)
avec cy ,(x,\) = c(z,\) + 3A% ' p*. On note dans ces formules le décalage dans

c(Y771, M) et (Y77, k). On dispose alors des estimateurs

On = arginf Ex(0) et 65, = arginf £7(6). (1.16)
0cO 0cO
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et I'on montre que ces estimateurs sont consistants. De plus, dans le second cas,
lorsqu’on dispose d’un estimateur consistant py de p, I'estimateur é]'évN ’est aussi.

Ces résultats sont illustrés sur plusieurs simulations (modéles d’Ornstein-
Uhlenbeck, de Cox-Ingersoll-Ross, hyperbolique) avec différents bruits. Une illus-
tration sur un jeu de données issu de I’étude des neurones (voir Idoux et al. (2006)
pour une présentation de ces données) est aussi proposée.

1.2.2.2 Chapitre 5 : Fonctions d’estimation et normalité asymptotique
des estimateurs

Dans ce chapitre, on considére des fonctions d’estimation pour les observations
bruités d’une diffusion discrétisée : étant donnée une fonction

En—2

GN,CM(9> = Z goz(éN;KjJrl - W?Wﬁl;07pN> (117)

Jj=1

ou a € (1,2] est le paramétre de taille des paquets, on définit un estimateur On
comme solution de I'équation Gy () = 0, et 'on choisit des fonctions g, telles
que Gy o soit approximativement une martingale (voir Sgrensen (2009) pour une
étude des fonctions d’estimation pour des diffusions directement observées).

Les estimateurs obtenus par minimum de contraste au Chapitre 4 sont, en
particulier, un exemple d’estimateurs associés a une fonction particuliére : le
gradient du contraste.

La partie principale de ce chapitre est consacrée a 1'obtention de plusieurs
convergences en loi pour les fonctionnelles des (V) dé¢ja étudiées au Chapitre 4.
On rappelle que py = 0y et Ay = py* = 6]1\,_%. Ainsi, lorsque N tend vers
I'infini, avec Ny tendant vers 'infini, d tendant vers 0 et pydy = Ay tendant
vers 0, on montre que, pour la variation,

VNN In(f) =2 N0, vo(£2¢(., Ao)) (1.18)

_2
sous I’hypothése additionnelle : N 5?\, “ tend vers 0.

Pour la variation quadratique, lorsque « € (1,2) ou @ = 2 et py tend vers 0,
on a

VN8 (Qnth) = i(f e+ 2808 ) - MOl M) (119

lorsque N tend vers l'infini, avec Ndy tendant vers I'infini, d tendant vers 0, et

1
sous la condition N 6]2\, * tend vers 0. Il convient de noter que cette condition est
plus forte que la condition N4%; tend vers 0, nécessaire pour obtenir un résultat
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similaire dans le cas d’observations non bruitées. De plus, la vitesse \/ N (5]% ob-
tenue ici est plus lente que la vitesse v/ N obtenue pour la variation quadratique
des observations sans bruit d’une diffusion discrétisée. En particulier, le choix de
la valeur a de la taille des paquets servant a calculer les moyennes locales est
important.

Lorsque a = 2 et py = p, la variance du bruit des observations apparait dans
la variance asymptotique associée a la variation quadratique :

1 _ 2 1
V8% (@) = (£ Ge+ 2683)) ) 5 N0l Plele ol + e+ 1291)
(1.20)
lorsque N tend vers l'infini, avec Ndy tendant vers I'infini, d tendant vers 0, et

sous la condition N 5]% tend vers 0.

Ainsi, Destimateur 6y solution de 'équation G Na(f) = 0 est consistant et
asymptotiquement Gaussien.

Le gradient du contraste £§(6) introduit au Chapitre 4 est une fonction d’es-
timation au sens de (1.17). On déduit alors la normalité asymptotique des esti-
mateurs de minimum de contraste Ky et 5\?\, associés a la dérive et au coefficient

_1
de diffusion, sous la condition N (5]2\, “ tend vers 0, lorsque 1 < o < 2,

() ey (o)

N -1
VAo o i{m(e)

On note le coefficient % dans la variance asymptotique associée a l'estimation

Zol-

du parameétre du coefficient de diffusion, supérieur au coefficient 2 intervenant
lorsqu’on observe une diffusion directement. Lorsque le paramétre o vaut 2 et
que py = p, la variance augmente encore en faisant intervenir p?.

1.2.3 Troisiéme partie : étude de la variance dans le théo-
réme central limite pour le filtre particulaire

Cette partie porte sur I’étude de certaines propriétés asymptotiques de la mé-

thode de Monte-Carlo particulaire. Elle a été initialement motivée par la poursuite

d’un travail commencé avant la thése, sur cette méthode. Elle comporte un cha-

pitre présentant les résultats obtenus, ainsi qu’une annexe comprenant quelques
exemples éclairant ce travail.

1.2.3.1 Chapitre 6 : Tension de la variance asymptotique

Ce chapitre reprend Favetto (2009), accepté pour publication & ESAIM P&S.
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On considére un modéle de Markov caché (X,,,Y,),n € N, et 'on appelle
Tpno = L(Xn|Yn, ..., Y0) (resp. Mujn—1.0 = L(Xp|Yn-1,...,Y)) la loi du filtre
(resp. de la prédiction) associée aux observations (Yp,...,Y,). A l'exception de
'exemple historique du filtre de Kalman (Cappé et al. (2005)), et des cas particu-
liers de filtres calculables (Chaleyat-Maurel and Genon-Catalot (2006), Chaleyat-
Maurel and Genon-Catalot (2009)), le calcul exact du filtre 7, et de la prédic-
tion 7,n.0 est impossible.

C’est pour cela que la méthode de Monte-Carlo basée sur un algorithme par-
ticulaire présente 'intérét de fournir une bonne approximation 7T7]L\|[n:0 du filtre, et
I’on note nﬁ"n_l:o I’approximation particulaire de la prédiction (voir, par exemple,
Del Moral et al. (2001) ou Del Moral and Guionnet (2001)). Ces mesures dé-
pendent des observations Yj.,, et d’un entier /N : le nombre de particules, qui
fournit la précision de l'approximation. Plus précisément, la construction des
suites (Wﬁnzo)n et (nﬁnqzo)n repose sur un algorithme faisant intervenir la si-
mulation de N variables aléatoires, appelées particules en interaction. On note
Q(z,dx") le noyau de transition de la chaine cachée (X,,) et g,(x) = f(Y,|z) la
vraisemblance conditionnelle de 'observation Y,, sachant 1’état caché X, = =x.
Ces quantités sont supposées connues, et de plus, on suppose pouvoir simuler des
variables aléatoires selon la loi initiale 1y = ng_1.0 de la chaine cachée ainsi que
selon le noyau de transition Q).

Description du filtre particulaire
Etape 0 : Simuler (X7);<;<y i.i.d. de loi g et calculer 77(])\(—1:0 =% Zjvzl Oxi-

Etape 1-a : Simuler X'g i.i.d. de loi 7., =350, %(&3.

Etape 1-b : Simuler N variables aléatoires (X7 ); indépendantes telles que
X{ ~ Q(X"}, dx). Alors 77{\(0:0 == Zfil 5)({"
Etape k-a : (mise a jour) On suppose n,i\(kfl:o connue. Simuler (X7)i<j<y

. J
i.id. deloi o et X' iid. de loi 7o = SN %% .
pi

Etape k-b : (prédiction) Simuler X}V, indépendantes telles que X}, ~
j N
Q(X",dx). Alors n,ﬁuk:o =~ > im10x

k1

Pour une fonction f bornée — ou de fagon plus générale, a croissance poly-
nomiale — et conditionnellement aux observations Y,,,n > 0, on a le théoréme
central limite suivant lorsque le nombre de particules N tend vers Uinfini (voir,

par exemple, Del Moral and Jacod (2001a) ou Chopin (2004))

VN rolf) = mp-10() == N(O, Ag-ro(f); (1.21)
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VN (o) = ko (1) == N0, Tigeo(f)). (122)

Dans Del Moral and Jacod (2001b), les auteurs s’intéressent au comportement
de la suite des variances I'yp.0(f), en tant que suite de variables aléatoires lorsque
le conditionnement par rapport a la suite des observations est relaxé, et dans le
cas particulier ou la chaine cachée (X,,) est un processus AR(1) Gaussien (issu
de la discrétisation d’un processus d’Ornstein-Uhlenbeck) et les observations sont
données par Y,, = X,, + ¢, avec (g,) une suite de variables aléatoires Gaussiennes
indépendantes et identiquement distribuées.

Le principal résultat de Del Moral and Jacod (2001b) est celui de la tension de
la suite des variances asymptotiques (I'yji.0(f))r, obtenu par des calculs explicites
spécifiques au cas Gaussien.

Dans ce chapitre, on montre la tension des suites (I'gjr:0(f))r €t (Agp—1.0(f))x
sous les hypothéses suivantes :

— la fonction f est bornée,

— le noyau @ de chaine (X,,) vérifie, pour une probabilité p et deux réels

e~ < e

Vo€ X,VB € B(X) e u(B) < Qx,B) < e.u(B),
— les observations vérifient, pour un § > 0

sup E ‘log (nk“g_l:o (gk)) |1+5 < 00,
k>0
ou 'espérance est prise par rapport a la distribution des observations.

Ces hypothéses sont discutées sur des exemples, et illustrées par des simula-
tions numériques. En particulier, on construit une chaine de Markov vérifiant la
deuxiéme hypothése, avec une mesure p et des constantes e_, e, explicitement
calculables.

On reprend enfin, en appendice de ce chapitre, les calculs du cas Gaussien,
pour la prédiction.






Premiére partie

Estimation paramétrique pour un
processus d’Ornstein-Uhlenbeck
caché dans un contexte biomédical
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Chapitre 2

Parameter estimation for a
bidimensional partially observed
Ornstein-Uhlenbeck process with
biological application

Abstract

We consider a bidimensional Ornstein-Uhlenbeck process to describe the tissue micro-
vascularisation in anti-cancer therapy. Data are discrete, partial and noisy observations
of this stochastic differential equation (SDE). Our aim is the estimation of the SDE
parameters. We use the main advantage of a one-dimensional observation to obtain an
easy way to compute the exact likelihood using the Kalman filter recursion, which al-
lows to implement an easy numerical maximisation of the likelihood. Furthermore, we
establish the link between the observations and an ARMA process and we deduce the
asymptotic properties of the maximum likelihood estimator. We show that this ARMA
property can be generalised to a higher dimensional underlying Ornstein-Uhlenbeck
diffusion. We compare this estimator with the one obtained by the well-known EM al-
gorithm on simulated data. Our estimation methods can be directly applied to other
biological contexts such as drug pharmacokinetics or hormone secretions.

17
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2.1 Introduction

Stochastic continuous-time models are a useful tool to describe biological
or physiological systems based on continuous evolution (see e.g. Ditlevsen and
De Gaetano (2005), Ditlevsen et al. (2005), Picchini et al. (2006)). The biological
context of this work is the modeling of tissue microvascularisation in anti-cancer
therapy. This microcirculation is usually modeled by a bidimensional determinis-
tic differential system which describes the circulation of a contrast agent between
two compartments (see Brochot et al. (2006) and appendix A.1). However, this
deterministic model is unable to capture the random fluctuations observed along
time. In this paper, we consider a stochastic version of this system to take into ac-
count random variations around the deterministic solution by adding a Brownian
motion on each compartment. This leads to a bidimensional stochastic differential
equation (SDE) defined as :

{ dP(t) = (aa(t) — A+ B)P(t) + (k — N I(t))dt + ordW (1) 2.)

dI(t) = (AP(t) — (k— NI(t))dt + oodWa(t)

where P(t) and I(t) represent contrast agent concentrations in each compartment,
a(t) is an input function assumed to be known, «, §, A and k are unknown
positive parameters, W, and W5 are two independent Brownian motions on R,
and o1, oy are the constant diffusion terms. We assume that (P(0),(0)) is a
random variable independent of (W;,W5). In our biological context, only the
sum S(t) = P(t) + I(t) can be measured. So (2.1) is changed into :

dS(t) = (aa(t) — BS(t) + BI(t)) dt + o1dWi(t) + o2dWs(t) (2.9)
dI(t) = (AS(t) — kI(t))dt + o2dWs(t) ’
Noisy and discrete measurements (y;,7 = 0,...,n) of S(t) are performed at times

to=0<t; <...<t,=T. The observation model is thus :
yi = S(t;) + oei, g ~ N(0,1)

where (g;)i—o,....n are assumed to be independent and ¢ is the unknown standard

deviation of the Gaussian noise. To evaluate the effect of the treatment on a
patient, it is of importance to have a proper estimation of all unknown parameters
from this data set. The aim of this paper is to investigate this problem both
theoretically and numerically on simulated data.

Parametric inference for discretely observed general SDEs has been widely
investigated. Genon-Catalot and Jacod (1993) and Kessler (1997) propose esti-

mators based on minimization of suitable contrasts and study the asymptotic
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distribution of these estimators when the sampling interval tends to zero as the
number of observations tends to infinity. For fixed sampling interval, Bibby and
Sorensen (1995) propose martingale estimating functions. In a biological context,
Ditlevsen et al. (2005) propose an estimation method based on simulation. Pic-
chini et al. (2008) propose estimators based on the Hermite expansion of the
transition densities. When combining the case of discrete, partial and noisy ob-
servations, parameter estimation is a more delicate statistical problem. In this
context, it is classical to estimate the unobserved signal (filtering) (see e.g. Cappé
et al. (2005)). However, our aim is the estimation of SDE parameters. In this
paper, we use the main advantage of a one-dimensional observation y and the
Gaussian framework of all distributions to obtain an easy way to compute the
exact likelihood. For this, we solve and discretize the SDE (3.3). Then we use the
Kalman filter recursion to compute the exact likelihood as proposed by Peder-
sen (1994) and implemented in the Danish Technical University project CTSM.
We also obtain a recursive computation of the exact gradient and hessian of the
log-likelihood based on Kalman filtering, which allows us to implement an easy
numerical maximisation of the likelihood using a gradient method and to compute
the exact maximum likelihood estimator. The exact observed Fisher information
matrix is also directly obtained. As our model is a hidden Markov model, we
develop a second approach based on the EM algorithm, which is widely used in
this context since the so-called complete likelihood (observed, unobserved) is ge-
nerally explicit whereas the exact likelihood (observed) is generally not explicit.
This method has been first proposed by Shumway and Stoffer (1982) and Segal
and Weinstein (1989). Segal and Weinstein (1989) claim that the EM algorithm
is computationally more efficient that the Kalman filters. Thus we compare the
EM algorithm and the Kalman filter approach in our context. These two estima-
tion methods can be directly applied to other biological contexts. For instance,
partially observed Ornstein-Uhlenbeck processes are used for modeling drug phar-
macokinetics (Ditlevsen et al. (2005)) or detecting pulsatile hormone secretions

(Guo et al. (1999)).

The paper is organized as follows. In Section 2.2, we study the SDE. We de-
tail in Section C.3 the computation of the exact likelihood, the score and hessian
functions. We present the EM method in Section 2.4. In Section 2.5, we esta-
blish the link between the observations and an ARMA process. This allows to
deduce the asymptotic properties of the maximum likelihood estimator. Section
2.6 contains numerical results based on simulated data. This allows to compare
the two estimation methods. Appendix A.1 describes briefly the biological back-
ground. Appendix A.2, A.3, A.4, 3.7.2 and A.6 contain some proofs and auxiliary
results. In particular, the ARMA property can be generalised to a higher dimen-
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sional underlying Ornstein-Uhlenbeck diffusion.

2.2 Study of the stochastic differential equation

Introducing U(t) = (S(t), I(t))" where ' denotes the transposed matrix, (3.3)
can be written in a matrix form :

{ dU(t) = (F(t)+GU(t))dt +ZdW(t),U(0) = Uy
vi = JU({;) +oe

where J = (1 0) and

aa(t) -6 B dW(t) o1 0y
ro= ("5 ) 6= (3 5o (a ) == (5 22)
The process (U(t)) is a bidimensional Ornstein-Uhlenbeck diffusion, which
can be explicitly solved. From the biological context (see Appendix A.1), the
parameters satisfy 3,k, A > 0 and A < k. This implies that G is diagonalizable
with two distinct negative eigenvalues. Setting d = (3 — k)? + 48\ > 0, the
eigenvalues of GG are distinct and equal to :

 —(B+k)—Vd
M1 = 5

—(B+k)+Vd
2

and o =

The diagonal matrix D of eigenvalues and the matrix P of eigenvectors are :

pa 0 1 1 : -1
M2 25 53

Proposition 2.1 Let X(t) = P7'U(t) and T' = (T™ )<y j<o = P7'S. Then, for
t,h >0, we have :

X(t+h)=eP"X(t)+ B(t,t+h)+ Z(t,t+h) (2.3)
where
t+h
B(t,t+h) = Pth / e P P71F(s)ds (2.4)
tt+h
Z(t,t+h) = Pttt / e P rdw. (2.5)
t

Therefore, the conditional distribution of X (t+ h) given X (s),s <t is

N (eP"X(t) + B (t,t +h), R (t,t + h))
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where
elbetu)h _ 1

R(t,t+h) = ( e

(FF’)“) (2.6)
1<k,1<2
If a(t) = ¢ > 0 with ¢ a constant, (X (t)) has a Gaussian stationary distribu-
tion with mean equal to
M=-D"'P'F

and covariance matriz equal to

V= (; (rr’)kl)
— (e + 1) 1<k,1<2

Proof. See Appendix A.2.

2.3 Parameter estimation by maximum likelihood

Our aim is to estimate the unknown parameters a, 3, A, k, 01,02 and o from
observations Yo., = (Yo, - .., ¥Yn). As the law of ((X(¢)),e;,i = 0,...,n) is Gaus-
sian, the likelihood of ., can be explicitly evaluated. However, the direct maxi-
mization of this likelihood requires the inversion of a matrix of dimension 2(n +
1) x2(n+1) (the covariance matrix of (X (¢;))). This inversion can be numerically
instable. In this section, we present an alternative method for the computation
of the exact likelihood based on Kalman filtering, which does not require any
matrix inversion. This is due to the fact that data are one-dimensional. Moreo-
ver, it is worth stressing that we need not come back to the initial process (U(t))
for computing the likelihood. Indeed, as (U(t)) is not observed, we can use either
(U(t)) or any other transformation of (U(t)) even involving unknown parameters.
As (X (t)) is simpler, we consider the following transformed model :

{ dX(t) = (DX(t)+ P 'F(t))dt + TdW;, X(0) =P Uy = X 2.7)

Given the particular form of our vector J = (1 0) and the fact that the eigen-
vectors can be chosen up to a proportionnality constant, we have

H=JP=(11).

It is especially interesting for further computations of the gradient and hessian
of the likelihood that H does not depend of any unknown parameter. From mo-
del (2.7) and (2.3)-(2.6), we deduce the following discrete-time evolution system
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where X; = X(t;) :

{ X = AiXi-1+ Bi+mn;, ni~N(0,R;) (2.8)

yi = HX;+o¢g

where Az = eXp(D(tl — tifl)), Bz = B(tifl, tl), Rz = R(tlfl,tl)

2.3.1 Computation of the exact likelihood

This discrete model is a hidden Markov model (HMM) (Cappé et al., 2005) :
(X;) is a hidden Markov chain on R? and, conditionally on (X;), observations (y;)
are independent. Genon-Catalot and Laredo (2006) study the maximum likeli-
hood estimator for general HMM. They specialize the exact likelihood in the case
where the unobserved Markov chain is a Gaussian one-dimensional AR(1) pro-
cess. We generalize this computation to the case where the unobserved Markov
chain is a bidimensional AR(1) process. Let ¢ denote the vector of unknown para-
meters and yo.; = (Yo, - - -, ¥;) the vector of observations until time ¢;. By recursive
conditioning, it is sufficient to compute the distribution of y; given yg.;_1 :

n

L($, yon) = p(yo; ) [ [ p(wilyoi-1s ¢).

i=1

But the conditional law of y; given yg.;_1 can be evaluated by

p(yi‘QO:i—l§¢) = /p(yi‘Xi§¢)p(Xi‘QO:i1§¢)dXi

Then, as the innovation noise 7; of the hidden Markov chain, and the observation
noise ¢; are Gaussian variables, by elementary computations on Gaussian laws,
we are able to get the law of y; given yg.;_1 if we know the mean and covariance of
the Gaussian conditional law of X; given yq.;_1. This conditional distribution can
be exactly computed using Kalman recursions as proposed by Pedersen (1994)
and implemented in the Danish Technical University project CTSM. This com-
putation is described below.

2.3.1.1 Kalman filter

To ease the reading, the parameter ¢ is omitted. The Kalman filter is an itera-
tive procedure which computes recursively the following conditional distributions

L(X|yoie1) = No(X7,P7) (prediction)
L(Xilyo:) = M(X;, P) (filter)
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where

~

X =E(Xilyos1) and P =E((X; — X)) (X - X))
X; =E(X;|lyos) and P, =E((X;—X,)(X; — X))
Let us assume that the law of X is Gaussian. Initial values for the algorithm
are :
Xo NN(X()*aPoi)
with X; = 0, Py = 0 (from theoretical point of view, one can choose the sta-
tionary distribution X; = M, Py = V without changes). Next we have the
recursive formulae obtained using (2.8) :
X, =AX, 1 +B, PP=AP_ A +R;, i>1 (2.9)
Xi=X; +Ki(y—HX]), P={I-KHP , i>0

where K; = P, H'(HP H' + c*)™! (see e.g. Cappé et al. (2005)).

2.3.1.2 Computation of the exact likelihood of the observations

The conditional distribution of y; given yq.;_1 is Gaussian and one-dimensional.
Let m;(¢) = Eg(yilyo.i—1) and V;(¢) = Vars(yi|yo.i—1) denote its mean and va-
riance which are given using (2.8) by

m;(p) = HX;, Vi(¢) = HP{H’ + o2
where X;” and P depend on ¢. The exact likelihood of q., is thus equal to
T - L (s — mi(0)?
L(¢,yon) = | | —7m====¢xPp (—— : 2.10
v =1 o e v 210

Relations (2.9) imply that there exist two functions F, and G, such that
mi(¢) = Fy(mi—1(0)), Vi(¢) = G4(Via(9)) (2.11)

These iterative relations are used to compute the derivatives of the log-likelihood.

2.3.2 Computation of the maximum likelihood estimator

Pedersen (1994) and the Danish Technical University project CTSM propose
to approximate the maximum likelihood estimator (MLE) using a quasi-Newton
maximisation method based on the approximation of the gradient and the hessian
of the log-likelihood. In our model, we show that it is possible to compute the
exact MLE. We use a conjugate gradient method, which relies on the explicit
knowledge of the gradient and hessian of the log-likelihood. Both can be exactly
computed using formula (2.10) and observing that the derivatives of m;(¢) and
Vi(¢) can be explicitly and recursively computed by derivating formulae (2.11).
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2.3.2.1 New parametrization

In order to simplify the derivatives of (2.11), from now on, we assume that
observation times are equally spaced and set

A:ti—ti,b VZ:L,W,

Hence we have A; = A, R; = R. For the sake of simplicity we set a(t) = ¢ > 0,
where ¢ is a known constant, corresponding to an intravenous injection in our
biological framework. Hence we have B; = B= —(I — A)D7'P7'F = (I — A)M.
Set Z; = X; — M and m = HM. Therefore, model (2.8) becomes

Zy = AZiy+mn;, ni~N(,R) (2.12)
Y = HZi+m—i—0€¢ ’
The exact likelihood (2.10) of yq., is thus equal to
" 1 1(y; —m — HZ(¢))?
Lo, yon) = | | ——=exp | —= : . 2.13
(¢ 30) 11 27Vi(0) ( 2 Vi(0) (2.13)

Moreover, instead of ¢ = (a, 8, A\, k, 01, 09, 0%), We propose a new parametri-
zation fitted with the discretization. We consider 6 = (6;, 02, 03,04, 05, 05) where
0; = e"?, i =1,2 and 05, 0, and 05 are explicit functions of i1, jie, 01,02 and A
such that

A:A(Q):<901 52) and R:R(@):(Zz Zi)

and 05 = m. We set ¥ = (A, 0?). Our aim is to maximize the likelihood L(¥, yo.,)
with respect to ¥). Given an estimation v, gzg can be obtained by solving numerically
the equation f(¢f) = o) where f is the mapping ¢ — f(#) = U (see Appendix
A.3 for details). Note that, later on, we will see that only six out of the seven
parameters can be consistently estimated.

2.3.2.2 Computation of the exact gradient and hessian of the log-
likelihood

Let W;(9) = y; — ¥¢ — HZi_(ﬁ) and lo; (V) = log L(9, yo.;). Using (2.10), it

comes :

1 W;(v)?
2 V(0)

loa(9) = loa 1 () — %mg(zmw)) | (2.14)

Thus forte=1,...,n,q=1,...,7:
Oloi . Olosr, 1 W) OWA) 1 WA(0)? OVi(),
0, = 0. D svuman, ")~ Vi) e, T2viwe as, )
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where
aV;(0) oP- (V) ., Vi (0) oP- (V) .,
—H Y g 1<qg< —H—H 41
09, oo, Tl 1=0 750 902 T
OW;(0) om X (V)
g 1< g <
a0, a0, o9, 1SI=T

Furthermore, the derivatives of X (¢) and P, (#9) can be obtained using Kalman
recursions (see appendix A.4). With a more cumbersome computation, second
order derivatives of ly.,(¥) can be analogously deduced from (2.15). For ¢ =

1,....n,q,r=1,...,7,

Plog . Pl 1 1 0 11 oV 0V
0,00, ") = Bu.00," " 3vw) 819,019 D+ 577w a0, Vag, V)
L[ Wi(0) *Wi(v)  Wi(9)? 82 ()

2\ V,(9) 99,00, 2 819 319 (2.16)
_ (OWi(0) OW5(0) 1 Wi(0) aVi(0)
29,  0Y, Vi(9) VZ-(19)2 81% 09,
o (O V) WO) WD) Vi), o OVi(0)
o, 09, V(02  Vi(w)r o9, 09,
where (see appendix A.4 for details)
21/ 2 p— 211/ 2X -
09,09, 00,09, 00,09, 09,09,

. o . . . 921g.,
Hence, we obtain an explicit expression of ( 3905 () rearet

2.3.2.3 Maximisation of the exact likelihood

To compute the maximum likelihood estimator, the conjugate gradient algo-
rithm is applied to minimize [, () = —lp.,(9) (see Stoer and Bulirsch (1993)).
Let VI~ denote the gradient of [, and Hessl™ its hessian evaluated by (2.15)-
(2.16). Starting with an arbitrary initial vector ¥y, we set as descent direction
ug = ¥y. At iteration k, given 9, and uy, the parameter and descent direction are

updated by

(uk, Vi~ (ﬁk»

o V@)
(ug, Hess 1= (9)ug) R

V1= ()|

T —VI (Dpsn) +

Classical stopping conditions are used. The sequence (), converges towards the
maximum of the likelihood ly.,, (¥).
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2.4 Parameter estimation by Expectation Maxi-

mization algorithm

An alternative method to estimate ¥ = (6,0?) is the Expectation Maximi-
zation (EM) algorithm, proposed by Dempster et al. (1977), see also Shumway
and Stoffer (1982) and Segal and Weinstein (1989). The EM algorithm is a classi-
cal approach to estimate parameters of models with non-observed or incomplete
data, especially it is widely used for HMMs. In our case, the non-observed data
are the (Z;)’s, the complete data are the (y;, Z;)’s. The principle is to maximize

U — Q(19|19*) = E(IOgP(?JO:n, ZO:n; 19)|y0n; 19*)

with Zy., = (Zo, ..., Z,). This is often easier than the maximization of the obser-
ved data log-likelihood since the log-likelihood of the complete data is generally
simpler. Moreover, according to Wu (1983), as our model is an exponential fa-
mily, the EM estimate sequence (), converges towards a (local) maximum of
the data likelihood. The EM algorithm uses two steps : the Expectation step
(E-step) and the Maximization step (M-step). Starting with an initial value (),
the k-th iteration is

— E-step : evaluation of Qx () = Q¥ | V%)

— M-step : update of ¥y by V1 = argmax Qy (7).
In our model, function ) has an explicit expression. Recall that we have assumed
that observations times are equally spaced and that a(t) = ¢. For simplicity, we
also set for the initial variable Zy = 0 (Z; = 0 and P;” = 0). The complete data
log-likelihood is thus equal to :

+1
108 p(Youn: Zom: V) = ————log(2m0%) — 5 (4 — Vs — HZ;)?
i=0
1 . 1 - / -1
) glog@ﬂR(ﬁ)D ) ;(Zz — AW Zi-1)'R()(Zi — A(0) Zi—a).

Function @) consists in taking the conditional expectation given yg., under Py, .
This conditional distribution is the so-called smoothing distribution at .. In our
model, it is Gaussian and characterized by M;o.,(Vs) = Ey, (Zi|yo.n) and

Ez\0n<19*) - VCLT‘ﬂ* (Zz|y0n)7 Eifl,i|0:n(19>k) - Covﬂ*(Zi—lv Zz|y0n)
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These can be obtained through a forward-backward algorithm (see Appendix
3.7.2). Thus function @ is equal to :

n

n+1

QUld.) = -
2 log(2n|R(9))) — 5Tr {R() ™ [C(0.) ~ T@.)AW) ~ ADT'0.) + AD)S@.) A W)}

where

(Eiq,ﬂo:n(ﬁ*) + Mi|0;n(79*)Mi/_1\o;n(79*))
(Ei71|0:n(19*) + Mifl\O:n(ﬁ*)Mz’/—1|0:n(19*))

C(ﬂ*) = Z (Zi|0:n(19*) + Mi|0:n(19*)Mi,\0:n(19*)) ’

=1

The matrices A, R, 0 and o2 are updated as

A(ﬂk) = diag(T(z?k_l)S_l (19k_1)>

RO = (C0) = T 1)S O )T (01 0)

n

1

Ve, = ntl ;(yz - HMi|0:n(79k71>)
R .
or = I ; [(yi — Yeb-1 — HM;j0:0(9k-1))* + HS40:0 (94—1) H')

2.5 Properties of the exact maximum likelihood
estimator in the stationary case

Recall that we have assumed that a(t) = c¢. Moreover in this paragraph we
assume that the initial variable X, has the stationary distribution N3(M, V)
given in Proposition 2.1. This implies that the joint process (Xj,y;) is strictly
stationary. Let (y;);cz be its extension to a process indexed by Z.

2.5.1 Link with an ARMA model

We generalize the result of Genon-Catalot et al. (2003) to the bidimensional
case and also to the multidimensional case (see Appendix A.6).
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Proposition 2.2 Let (3;) = (y; — 0s) define the centered process. The process
(Ui)iez is centered Gaussian and ARMA(2,2).
Proof. Evidently (7;) is centered Gaussian. We easily check that

Ui — (01 + 02)Pi—1 + 0102752 = & (2.17)
where &; is defined by

& = HAO)n;—1 + Hn; + og; — (01 + 02) Hni—y — (61 + 03)oe;_1 + 01050¢;_»
As the (n;); and (g;); are mutually independent, we get that :
Cov(&;, &) =0, Yk > 3.

This implies that (&;) is MA(2). Hence the result. O

Proposition 2.3 The spectral density f(u,9) of (¢;) has the explicit form :

H(ARA + (1+ (61 + 62)*)R)H' + 2 cos(u)(HA — (61 + 6,) H)RH’
1+ (61 + 62)% + 6202 — 2(0; + 62)(1 + 6102) cos(u) + 2 cos(2u)b16,
(2.18)

fu,9) = o+

with A = A(0), R = R(0).

Proof. Let v(k) = Cov(&;, &1). Elementary computations show that

7(0) = HARAH + HRH'(1+ (6, + 05)%) + o*(1 4 (61 + 05)* + 6263)
(1) (HA — (0, 4+ 0o)H)RH' — 2(0y + 65)(1 + 6,6,)

v(2) = 020,60,

v(k) = 0Vk >3

The spectral density (with respect to 2£) h(u, 9) of (&) is

h(u,9) = v(n) exp(—inu) = y(0) + ¥(1)2 cos(u) + 7(2)2 cos(2u).
neZ
For the AR(2) part, we set : p(z) = 1 — (61 +62)x + 61092” (recall that 6,6, < 1).
Then

_ h(u, 9)
0 = e
v(0) + ~v(1)2 cos(u) + v(2)2 cos(2u)

14 (61 + 62)% + 602603 — 2(01 + 62)(1 + 6105) cos(u) + 2 cos(2u)b, 62

See Brockwell and Davis (1991) for technical details. [J
The number of parameters which are identifiable on the spectral density is pre-

cised by the following proposition
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Proposition 2.4 The identifiable quantities are 02, 0, +05 and 0,05, and at most
two out of three parameters among 03,0, and 0s.

When A is small, exactly two out of the three paramaters 03,04 and 05 are
identifiable.

Proof. See Appendix A.7.

2.5.2 Asymptotic properties of maximum likelihood esti-
mator

We now deduce the asymptotic properties of the maximum likelihood estima-
tors when (y;) is stationary.

We denote by 9° the true value of parameters vector (6, ...,0s, 02). We as-
sume that the parameter set © is an open subset of R”. We denote by ¥_ =
(04,...,05,0%) € O_ the projection of ¥ on R®.

The following result is classical to estimate the parameter 99 (see e.g. in
Brockwell and Davis (1991)).

Proposition 2.5 (Mean estimator) Let §, = = 1" | y; be the empirical mean.
Under the assumption of stationarity of (y;), Jn — 08 a.s. as n — oo. Moreover,
V1(Yn — 03) converges in distribution :

V(g = 05) — N(0,J(02))

n—oo

B  (0)+2y(1)+2v(2)
where J(0°) = f(0,9°) = MTOJ))?

We now consider the centered process (7;). Consider the two assumptions
(which can be checked up to some technicities)

Al (u,9_) — f(u,?¥_) is a C>-function on a neighborhood of [—7, 7] x ©_

A2 9+ f(.,9_) is one to one
As (7;) is a ARMA(2,2) process, its spectral density is positive for every (u,d_) €
[—m, 7| X O_.

Proposition 2.6 (Information matrix) Let l.,(V_) = log L(V_, §o.n) be the log-
likelihood of the centered process (fo.,). Under the assumption A1, we have Pyo -
a.s.

1 9 -
lim (—— lom (92 ) = 1(¥°) (2.19)
n—00 n 891893 ( ) 1<i,j<6

Proposition 2.7 (Consistency and asymptotic normality of the MLE) Let 6., be
a mazimum likelihood estimator of 9° based on fo.,. Under the assumptions Al
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and A2, 0, — 0° a.s. as n — oo. Moreover, if 1(9°) is invertible, \/n(6, — 9°)
converges in distribution :

V0, —0°) — N(0,17(0°))

Proof. This result may be found e.g. in Brockwell and Davis (1991). OJ

Remarque — As it is done usually, for further numerical considerations, the
empirical mean estimator g, is plugged in the likelihood for parameter 65 in the
Kalman-recursion approach. The EM algorithm estimates this parameter during
the algorithm iterations.

2.6 Simulation study

We compare the performances of the two estimation methods on simulated
data sets. The exact maximum likelihood estimators and the EM estimators are
computed as described in Section C.3 and Section 2.4, respectively. Data are
simulated using equally spaced observation times (A = 0.2) and n = 200 or n =
1000 observations. Values of parameter 6 are deduced from values of biological
parameters (o, 3, \, k) estimated on real data in Thomassin (2008), and 0% = 0.5,
03 =0.125, ¢ =50 :

0, = 0.6, 05 =0.9, 63 =0.7, 6, = 0.2, 05 = 0.1, 05 = 20

Two levels of observation noise are used : 02 = 1 or 02 = 3. Thousand replications

2=1or

are performed for each design (n = 200 or n = 1000 observations, o
02 = 3). The influence of the time scale A is evaluated on simulated data with

A = 0.04 and n = 1000 observations with parameter values equal to
0, =091, 6, =0.99, 65 =0.2, 6, =0.03, 05 = 0.01,605 = 20

Thousand replications are performed for each observation noise (62 = 1 or 02 = 3)
in this case. Mean estimates and their empirical standard errors are computed
on the 1000 replications of each design. The exact standard errors obtained from
the asymptotic information matrix (computed by Kalman-based recursions) are
also provided.

Identifiability results of Section 2.5 show that parameters 05 and o2 are identi-
fiable, and that at most 4 among the five parameters (61, ..., 05) are identifiable.
In our biological context, it is reasonnable to assume that o2 is known. Therefore
o2 is fixed to its true value. One parameter among (61, ..., 605) has to be fixed :
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we choose to fix 05 to its true value and to estimate 64,05, 603,60,. For the MLE
estimation, parameter g is previously estimated by the empirical mean. Then
the other parameters are estimated based on the empirically centered observa-
tions. Results are given in Table 2.1 for A = 0.2 and Table 2.2 for A = 0.2 and
A = 0.04. Results obtained on one simulated data set (n = 200, A = 0.2, 0% = 3)
are plotted in Figure 2.1 and show the ability of the method to estimate the
trajectories (S(t), P(t),I(t)). The EM algorithm is around three times quicker
than the MLE algorithm. The mean computation time to estimate parameters of
a data set with n = 200 observations is around 4 seconds (CPU time) for the EM
algorithm and around 13 seconds (CPU time) for the MLE for the same precision
of convergence, on an Apple MacPro 2 x 3 Ghz with 5 Go of RAM. The Matlab
code are given at http ://www.mi.parisdescartes.fr/~ favetto.
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FIGURE 2.1 — Noisy observations of one simulated data set (n = 200, A = 0.2,
o? = 3) are plotted with stars. True simulated trajectories (thin solid lines), mean
estimated trajectories (thick solid lines) and estimated 95% confidence intervals
(dotted lines) obtained with the Kalman algorithm are plotted with dark lines
for S(t), light lines for P(t) and very light line for I(¢).

The EM estimates are often less biased for parameters 6, and 6y than the
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MLE estimates. Variance parameters (63, 8,) are estimated with less bias by the
MLE method, 60, is always estimated with a large bias by the EM algorithm. The
standard errors of the EM estimates are lower than those of the MLE estimates.
The standard errors reduce with the increase of the number of observations n.
The bias and standard errors of all parameters decrease with the decrease of the
observation noise 0. When A decreases, bias and standard errors decrease for a
small observation noise ¢ = 1. MLE estimates are very satisfactory in this case.
The exact Fisher information matrix provides standard errors of the estimates
which are close to the empirical ones, especially those obtained with the MLE
approach. Note that the theoretical study of the exact MLE allows to deduce the
identifiable parameters. On the contrary, the EM algorithm misses completely
the problem.

o’ =1
n =200, A =0.2 n = 1000, A = 0.2
true Fisher Fisher
Par. value M (SE) MLE (SE) SE M (SE) MLE (SE) SE
0, 0.60 0.62 (0.11) 0.64 (0.17) (0.15) 0.62 (0.05) 0.68 (0.11) (0.11)
0 0.90 0.89 (0.06) 0.79 (0.15) (0.04) 0.92 (0.02) 0.87 (0.07) (0.11)
03 0.70  0.85(0.20) 0.78 (0.26) (0.25) 0.86 (0.09) 0.76 (0.15) (0.37)
0, 0.20  0.10 (0.01) 0.12 (0.16) (0.14)  0.10 (0.01)  0.10 (0.09) (0.36)
Os 20.00 20.00 (0.39) 20.00 (0.38) 20.01 (0.17) 20.01 (0.17)
o?+o03 032 0.35(0.09) 0.34 (0.14) 0.34 (0.04)  0.30 (0.07)
o? =3
n =200, A =0.2 n = 1000, A =0.2
true Fisher Fisher
Par.  value M (SE) MLE (SE) SE M (SE) MLE (SE) SE
0, 0.60  0.58 (O 13)  0.59 (0.20) (0.17) 0. 57 (0.06) 0.59 (0.13) (0.24)
0 0.90 0.89 (0.06) 0.76 (0.19) (0.05) 0.92 (0.02) 0.88 (0.07) (0.04)
03 0.70  0.96 (0.27)  0.85 (0.43) (0.53) 0.96 (0.10) 0.88 (0.23) (0.22)
04 0.20  0.10 (0.01)  0.15 (0.23) (0.11) 0.10 (0.01)  0.14 (0.09) (0.13)
Os 20.00 20.00 (0.41) 20.01 (0.39) 19.98 (0.18) 19.98 (0.18)
o?+o3 032 041(0.14) 0.42 (0.31) 0.39 (0.05)  0.38 (0.12)

TABLE 2.1 — Mean estimated values (with empirical standard errors in bracket)
obtained with the exact MLE and the EM algorithms and exact standard errors
obtained from the Fisher information matrix, evaluated on 1000 simulated data
with n = 200 and n = 1000 observations and ¢® = 1 or 0 = 3 (02 and 65 fixed
to their true values).
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o2 =1
n =200, A =0.2 n = 1000, A = 0.04

true Fisher  true Fisher
Par. value M (SE) MLE (SE) SE  value M (SE) MLE (SE) SE
01 0.60  0.62 (0.11) 0.64 (0.17)  (0.15) 0.91  0.86 (0.03) 0.87 (0.08)  (0.06)
0 0.90  0.89 (0.06) 0.79 (0.15)  (0.04) 0.99  0.97 (0.01) 0.94 (0.12) (0.02)
03 0.70  0.85 (0.20) 0.78 (0.26)  (0.25) 0.20  0.26 (0.02) 0.06 (0.26) (0.23)
0,4 0.20  0.10 (0.01) 0.12 (0.16)  (0.14) 0.03  0.09 (0.01) 0.03 (0.13)  (0.17)

O 20.00 20.00 (0.39) 20.00 (0.38) 20.00 20.01 (0.56) 20.01 (0.56)

o2+ 03 0.32  0.35 (0.09) 0.34 (0.14) 0.05  0.09 (0.01) 0.02 (0.09)

o?=3
n =200, A =0.2 n = 1000, A = 0.04

true Fisher true Fisher
Par. value M (SE) MLE (SE) SE value M (SE) MLE (SE) SE
01 0.60  0.58 (0.13) 0.59 (0.20) (0.17) 0.91  0.74 (0.06) 0.79 (0.15)  (0.01)
0 0.90  0.89 (0.06) 0.76 (0.19)  (0.05) 0.99  0.96 (0.02) 0.89 (0.17)  (0.01)
03 0.70  0.96 (0.27) 0.85 (0.43)  (0.53) 0.20  0.24 (0.02) 0.20 (1.39)  (0.04)
0,4 0.20  0.10 (0.01) 0.15 (0.23)  (0.11) 0.03  0.08 (0.01) 0.14 (1.85) (0.01)

O 20.00 20.00 (0.41) 20.01 (0.39) 20.00 19.99 (0.53) 19.99 (0.54)

ol + o3 0.32  0.41 (0.14) 0.42 (0.31) 0.05  0.13 (0.01) 0.39 (5.40)

TABLE 2.2 — Mean estimated values (with empirical standard errors in bracket)
obtained with the exact MLE and the EM algorithms and exact standard errors
obtained from the Fisher information matrix, evaluated on 1000 simulated data
with n = 200 and n = 1000 observations and 02 = 1 or 02 = 3 (¢? and 65 fixed
to their true values).

2.7 Conclusion

The Kalman filter is classical in the field of noisy, discretely and partially
observed stochastic differential equations. In this paper, we have shown that it
can be used for the estimation of the parameters by maximum likelihood. In the
particular case of an Ornstein-Uhlenbeck process, this method computes the exact
likelihood, its gradient and hessian. We have also shown that the EM algorithm,
which is classical in the field of hidden Markov models, combined with a smoother
algorithm can be used for the parameter estimation.

We study some theoretical properties of the model. We show that only six
out of the seven parameters are identifiable and we deduce the asymptotic pro-
perties of the maximum likelihood estimate. We illustrate the two methods on
simulated data. The identifiability problem is confirmed on the simulation study :
the observed Fisher information matrix computed by the Kalman method is not



34 CHAPITRE 2. PARAMETER ESTIMATION

invertible when we estimate the seven parameters.

The next step of this work is its application to real data in anti-cancer therapy.
This work could also be extended to the case of non-Gaussian observation errors.
For a unidimensional Markov chain (X;) observed with non Gaussian errors, Ruiz
(1994) proposes a quasi-maximum likelihood estimator based on the Kalman filter
and shows the normality asymptotic distribution of this estimator. This approach
can be extended to our bidimensional model.
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Annexe A

Appendix

A.1 Physiological model

We focus on the evaluation of anti-angiogenesis treatments in anti-cancer
therapy. These treatments take effect on the vascularization of tissue. The in
vivo evaluation of their efficacy is based on the estimation of the tissue micro-
vascularization parameters. The experiment consists in the injection of a contrast
agent to the patient, followed by the recording of a medical images sequence
which measures the evolution of the concentration of contrast agent along time.
The contrast agent pharmacokinetic is modeled by a bidimensional differential
system. The contrast agent pulsates in the plasma and interstitium cells. Let a(t),
P(t) and I(t) denote respectively the quantity of contrast agent at time ¢ in the
artery, the plasma and the interstitium and 1—h, Vp and V; the volume of artery,
plasma and interstitium (A is the hematocrit rate). The initial condition at time
to = 01is P(0) = 0,1(0) = 0. The contrast agent is injected in vein at time ¢,
transits in the artery and arrives in plasma, with a tissue perfusion flow equal to
F,,. The contrast agent is eliminated from plasma with the perfusion flow F,
proportionally to the concentration of contrast agent in plasma. The quantity of
contrast agent exchanging from plasma through interstitium is equal to Kyqns
times the concentration of contrast agent in plasma, where Ky,.q,s is the volume
transfer constant. Inversely, the quantity of contrast agent exchanging from in-
terstitium through plasma is equal to Ky..,s times the concentration of contrast
agent in interstitium. Lastly, the two-compartment model is :

ar Ftp trans trans FtP
d,S” = 5at) - Kv—Pp(t) + KTI<t> - V_PP(t> Al
)  _ Ktmnsp(t) — MI@) (A1)
dt Vp Vi

37
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For statistical accommodations, we use a new parameterization and set :

Ftp 7ﬁ — &7/\ _ Ktransjk _ Ktrans + Ktrans
1—~h Vp Vp Vp Vi

Model (A.1) can thus be transformed as follows :

PO = aa(t) — AP(t) + (k — NI(t) — BP(1)
a0 — AP(t) — (k= N\)I(t)

dt

o =

A.2 Proof of Proposition 2.1

The process X (t) = P7'U(t) is solution of :
dX(t) = (DX (t) + P F(t))dt + P~'SdW,, X(0) = X, = P~'U,.

Applying Ito’s formula, we obtain
t t
X(t) =e”" Xo + eDt/ e PSP 1F(s)ds + eDt/ e PSDdW.
0 0

From this equation, we deduce :

X(t+h)=eP"X(t)+ B(t,t +h)+ Z(t,t + h)

where B(t,t+h) and Z(t,t+h) are given in Proposition 2.1. Using that Wy, W, are
independent and that X, is independent of (W7, W3), we obtain the conditional
law of X (t + h)[(X(s),s <1).

The stationary distribution can be deduced from equation (2.3) with a(t) = c.
As the two elements of D are negative, we have

: _ : Dt : — _plp-lp
Jim E(X(1) = lim ”E(Xo)+ lim B(0,t) = =D"'P7'F = M
1 ,
lim Var(X(t)) = lim R(0,t) = (—(FF’)’“’“) =V
t—+o00 t—+00 —(Mk -+ Mk’) 1<k, /<2

If Xo ~ No(M,V), an elementary computation shows that (X (t)) is strictly
stationary. [J

A.3 Link between the two parametrisations

New parameters (6, . . ., 05) are given as functions of initial parameters (8, A, k, 01, 02)
in Section 2.3.2.1. Now we deduce (3, A\, k, 01, 09) from (01, ...,05). From the de-
finition of py and py (Section 2.2), we have

po — py =V, pr+ e =—(B+k), pipe=Bk—A)
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Thus we rewrite the matrix P and its inverse

1 1 po+pB -8
P = pl_ B2—p1  p2—p1 ]
AR A | ) B 8
B B H2—p1  p2—pl

Then the covariance matrix I' is

o1 pa2+0 T 12
I = Hap pr2—pi1
—0q K1 —09 M1

p2—p1 p2—p1

and finally comes the matrix R

62“1A71(O.2<M2+5 )2 4 02(—2)2) e<#1+ﬂ2>A—1<_02 mtf petB 52 s )
R= 2u1 T\ o —pa 2\ po—p1 p1+pe 1 po—pa pra—pa 2 po—p1
e(“1+“2>A—1(_ 2 m+B pet+B 2 pips ) 62“2A—1( 2(u1+ﬁ )2+02( 251 )2)
H1t+p2 L pp—pa pa—p1 2 po—p1 2p2 I\ po—pa 2\ po—p

Define
O3 = 07 (patB)*+o5p3,  Os = 0t (+0)*+ospt, 05 = =07 (1a+0)(Ha+5) =03 o

we have

i 2 —m)® s 2ua(pe — ) 5 () (2 — )
63 - 63 ) 4 — V4 ) 95 - 95 .
exp(2mA) — 1 exp(2ppA) — 1 exp((p1 + p2)A) — 1

Notice that pu; = log(61)/A and ps = log(fs)/A. The parameters 3, A, k, o3 and

o5 are solution of the system

( k = —(p1 + p2 +0),
) = (2 h),
(no + B)%0? + p3o? = 0s,
(11 + B)%0f + pios = Os,
| 0182+ o1(p1 + p2) B+ 05+ (03 + 03) e = 0.

A.4 Gradient and hessian of the log-likelihood

The gradient and the hessian of the loglikelihood are computed with explicit
recursions. We denote 97 = o2, The first order derivatives of A(¥) are equal to :

JAW) (1 0 OAW) _ (0 0 L OAW) (0 0
o9y \0 0/ 99, 01 o9, \0 0

),q:3,4,5,6,7.

for R(V) we get :

OR(Y) _ OR(0) _ OR(Y) _ OR(Y) _ ( 00 )

o9y 0¥y s O 00
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OR(W) (1 0 OR(W) (0 0 and OR(W) (01
a3  \00/) 7 o9, \01 s \10)°
and for m we get : g—g’; = 0,g = 1,...,5,7and g—g’g = 1. The second order

derivatives of A(¥)) and R(9) are null. The first order derivatives of X; (1) and
P (0¥) with respect to ¥, ¢ =1,...,7 can be deduced :

2

~

a);;gim _ a;i;f) Xiea(9) + A(ﬁ)aﬁfé_q;;w
or; (v) _ 9A(Y) : OP_1(9) ., SAWGY  OR(S)
00,  ou, AT AT mAWT AP T T,

Then we get the derivatives of the mean and the covariance of the filter :

6Xi,1(19)_6)2[_1(29)+3P[_1(19)H’Wi,1(19) P (0)H (oW 1(9) av ()Wl 1(19)
o, 9, Y, Vie1(9) Vie1(9) Y, Vi1 (

0P, 1(Y) _ (I_Pi:IH/H> OPZ,(¥) (aP;_lw) H P09 H/av >

9V, Vi1 (0) 99, g Viei(0)  Viei(9)

The computation of second order derivatives can be deduced. Because second
order derivatives of A and R are null, we have for ¢,r =1,...,7, :

PXD) 40 PXia(0) | 0AW) 9Xia(9) | DAW) 9Xia(9)
00,00, 00,00, | 09, 00, a9, o,

2P (0) (aAw) OP,_1(0)  DA®) 63-1(19)> Ay 1 2A0)
90,00, a9, 00, o0, 0, a0,

DA(D)
v,

P_1(V)

DAV
a0,

P_1(9)

9’P;_1(9) ;L OP1(0) 0A(W)  OP—1(9) 0A(D)" | JA(V)
+AW)( 90,00, At =55 a9, T o9, ow )+ a9,

The second order derivatives of the mean and the covariance of Kalman filter
are :

X (9) _ 0°X 4 (0) L OPPLO) BWia () | ) 0*Wi_1(9)
019,400, 019,00, 00,00, Vi1 () SRV (9) 019,00,
Vi (0) 1 Wi () 9PVl (9) Wiy (0) +23V171(79) Vi1 (v ) -1(9)

9, Vii(¥) 00, 99,00, Vi_1(0) o9, 0l (19

)
_8%_1(19) 1 8Wi_1(19)> oP_,(¥) H' (aWi_l(ﬂ) oV;_ () (19))
99, Vii(0) 09, 99, Vi) \_ a0, a9, %_1(19)
+8Pz‘_—1(19) ' <3Wz‘—1(19) _9Viea(9) Wz‘—l(@)
99, Via(0) \_ o9, 99, Vi (9)




A.5. SMOOTHER ALGORITHM 41

PP (¥) Py

1—

(¥
00,00, Vi (0

M _r_ P (0)H'H\ &*P, (V) _
09400, Vi1 (9) 09400,

) 9*Vi_1(9)
) (%‘ 99,

OP” (V) aV;_1(9) 0P, (9) OV,_1 (V) 1 2P () OV;_1 () dV;_1 () | H'HPZ,(9)
T, Taw, T o9, o9, )V VI, o9, o9, Vi1 (0)
o, Va8, ) Via(v) v,

oP_,(9) , H  aVi_1(9) H 0P (V)

_< aq;q " _Piflw)vi_l(ﬁ) a9, )V;_l(vﬂ) 3191,,

A.5 Smoother algorithm

The Kalman smoother is calculated recursively with a forward-backward al-
gorithm (see e.g. Cappé et al. (2005)). The forward algorithm is the classical
Kalman filter which computes M;j0,;—1 = Z7 = E(Zi|you1), Yioi1 = P =

V(ZT(Zz"yo:i—l), Mi\ozi = Zz = E(Zi’yl):i> and Ei\ozi =P = V(ZT(Zi’yO:i>- Then,
in order to calculate M., = E(Zi|yom), Zijom = Var(Zilyon), Ziciiom =

Cov(Z;_1, Zi|yo.n), one performs the set of backward recursions i = n,n—1,...,1:

i1 = Siq0ia1 A (Zio:i—1)
Mi_1j0m = Mi_1j0:i—1 + Jim1 (Mijo:n — Mijo:i—1)
Yictom = Si—10:i—1 + Jic1(Sijom — Zijo:im1) i1

To calculate X;_1 ;)0.,, we have
En—l,n\():n = (I - KnH)AEn—l\O:n—l
and the following backward recursions, fori =n—1,n—2,...,1

i tij0m = Zijoidi—1 + Ji(Ziir1j0m — AXijo:) Ji_4

A.6 ARMA property of multidimensional process

In our model, (y;);ez is an ARMA(2,2) process and asymptotic properties of
the maximum likelihood estimator are derived. This result can be generalised to
the case where X; is p-dimensional under weak assumptions. We consider the
model :

=HX;, 40, X; =AX; 1+n, Xog~v
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where X; is p-dimensional, A is a diagonal matrix with diagonal coefficients
(O, k =1,...,p) such that 6, # 0, for k # [ and 6; € (0,1) for i =1...p, (7:)i>0
is a sequence of independent N, (0, R) random variables, H is a (1, p)-matrix and
(g;) is a sequence of i.i.d N(0,1) random variables. Up to a transformation of
(X;), Hisequal to H=(1...10...0) with its first d coordinates equal to 1 and
its p — d next coordinates equal to 0 (1 < d < p). Consequently, we observe with
additive noise the partial sum of the first d coordinates of X;. Since A is diagonal
and 6; € (0,1) for i = 1...p, the process (X;);>0 admits a stationary distribu-
tion v. Then with X, ~ v, the process (X;);>o is stationary. Denote (y;);cz the
extension of y to Z by stationarity.

Proposition A.1 The process (y;)icz is ARMA(d,d).

Proof. Denote S, j =1,...,d, the j-th symmetric function of 0;,...,0, :
Sj — Z 92'1 e Qij

1<y <<y <d

and Sy = 1. Define the polynomial P such that P(6;) =...= P(64) =0 :

P(z) = (=1)FSa**

k=0

Set L the one-lag operator : Ly; = y;—1, Le; = €;1. Set & = P(L)(y;) =
ZZZO(—l)kSkyi_k. By recursive computation for 0 < k < d, we have

d—k—1
Yiw = HA" X, 4+ Z HAjmfkfj +Oogi—k
§=0

We deduce

But HP(A) = (P(601)...P(64) 0...0) = (0...... 0). Thus & only depends on
(nj,€5)j<i- Therefore (y;) verifies an AR(d) equation. Moreover, as the (7;); and
(€;); are mutually independent, we get that :

Cov(&, &) = 0, Yk > d.

This implies that (&;) is MA(d). Hence the result.
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A.7 First order identifiability

The spectral density can be rewritten as
d(9)e™ + c(9) + d(9)e ™
(1 - (91 + 02)€iu + 910262i“)(1 — (81 + 02)6—iu + 01926_2i“)

where ¢(¥) = H(ARA'+ (1+ (01 +62)?)R)H' and d(¥) = (HA— (6, +60,) H)RH'.
The equality f(u,d) = f(u,?) Yu € (0,27) implies

flu,9) =0+

o2 =0" 01+ 0,=0,+0, 0.0,=00, c)=c), dW)=d)

We deduce that o2, 0; + 05, 0,05 are identifiable and that at most two of three
parameters among 63, 0, and 05 are identifiable from ¢(¢) and d(¥).
We can prove that there are exactly two parameters identifiable when A is

small. Set
g(z,9) = d(9) + c(9)z + d(9)z>.

so that for z = ™

9(2,7)
(]_ — 912)(91 — Z)(]. — ‘922)(02 — Z)

f(z,09)=0%+ =2

Note that the product of the roots of g is equal to 1. Thus, if §; and 6, are not
roots of g, then no simplification is possible in the expression of f and exactly
two out of the three parameters 3, 0,, 65 are identifiable (from c¢(¢) and d(19)).
The computation of ¢g(#;) and g(#2) gives

g(01) = (61 —02)(03+05)+ 20?93 + 9:1”95

10,0205 + 030205 + 20,020, + 207050, + 20,0305 + 5620505
g(0a) = (03— 01)(04+ 05) + 2050, + 0505

126010205 + 2620505 + 61020, + 620,60, + 56,0205 + 260,05

It is not straightforward to prove that g does not vanish in 6; and #,. But for
small A, by developping 61, ..., 05 at first order we have

O =0 = AQu —p2) + O(4)

+ + +
05+ 05 — A(U%('MZ 6)2—1—03( H2 )2_0%,“1 B pe+ - Hifb2 )+ O(A)
M2 — M1 M2 — M1 M2 — 1 f2 — 1 M2 — M1
+ + +
bty = AT Doy M p MDD e iy o
M2 — M1 M2 — M M2 — p1 f2 — i1 M2 — M1

Hence it comes

9(0,) = O(A?) + 4CA + o(A),  g(6s) = O(A?) + ACA + o(A).
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with
C =05+04+ 205

But C is a positive constant because
C=( 1R 1).

where R is a covariance matrix thus positive. Hence g(6;) and g(6,) are positive
when A is small. We have thus a non degenerate ARMA(2,2) process and exactly
five parameters are identifiable.
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Chapitre 3

Blood micro-circulation parameters

extraction from Dynamic Contrast
Enhanced MRI data using
stochastic differential equations

Abstract

Dynamic Contrast Enhanced imaging (DCE-imaging) following a contrast agent bo-
lus allows the extraction of information on tissue micro-vascularization. The dynamic
signals obtained from DCE-imaging are modeled by pharmacokinetic compartmental
models whose parameters are tissue micro-vascular parameters. These models use ordi-
nary differential equations (ODEs) to describe the exchanges between the arterial and
capillary plasma and the extravascular-extracellular space. Their least squares fitting
takes into account measurement noises but fails to deal with unpredictable fluctuations
due to external/internal sources of variations (patients’ moves or breathing, anxiety,
time-varying parameters, etc). Adding Brownian components to the ODEs leads to sto-
chastic differential equations (SDEs) which model these fluctuations. In DCE-imaging,
SDEs are discretely observed with an additional measurement noise. We propose to es-
timate the parameters of these noisy SDEs by maximum likelihood, using the Kalman
filter. The uncertainty of the estimated signals is computed with the Kalman smoother
algorithm. Estimations based on the SDE and ODE pharmacokinetic models are compa-
red to DCE-MRI data and illustrate the improvement of the SDE model. A simulation
study confirms these results.
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3.1 Introduction

Tissue micro-vascularization and angiogenesis can now be studied in vivo by
several Dynamic Contrast Enhanced Imaging (DCE-imaging) techniques. These
techniques are increasingly used in the medical imaging of brain (Wintermark
et al., 2006; Ostergaard, 2005), heart (Vallee et al., 1997; Canet et al., 1993; Fritz-
Hansen et al., 1998) and cancer (Goh et al., 2007, 2005; Miles, 2003; Padhani et al.,
2005; Bisdas et al., 2007). DCE-imaging follows a bolus of contrast agent injected
during a sequential imaging acquisition with Computed Tomography, Magnetic
Resonance Imaging or Ultrasound imaging (DCE-CT, DCE-MRI or DCE-US)
(Miles, 2003; Tofts, 1997). Recent experimental and clinical studies have shown
that DCE-imaging can assess tumor aggressiveness and monitor the in vivo ef-
fects of treatments (Jain et al., 2007; Fournier et al., 2007; Rosen and Schnall,
2007; Zhu et al., 2008). Clinicians aim at building high resolution functional
maps on a "voxel by voxel" basis (Sgrensen et al., 1997). Functional maps are of
great interest in heterogeneous cancerous tumors (Kiessling et al., 2004). They al-
low better treatment monitoring by optimizing in vivo the therapeutic strategy.
Four quantities are usually used to characterize vasculature : the tissue blood
flow (perfusion), the permeability surface area (Shames et al., 1993), the tissue
blood fractional volume and the tissue extravascular-extracellular space fractio-
nal volume (Brix et al., 2004; de Bazelaire et al., 2005). Sequential imaging data
are related to these parameters through pharmacokinetic compartment models,
that describe the exchanges of the contrast agent between a central compartment
(plasma) and a peripheral compartment (extracellular space or interstitial water).
Recently, the need to integrate the Arterial Input Function (AIF) in the model to
estimate microcirculation parameters more accurately has been emphasized (Port
et al., 2001; Krishnamurthi et al., 2005; Brochot et al., 2006). However, determi-
nistic pharmacokinetic models generally fail to capture the random fluctuations
due to external or internal environmental causes (patients’ moves or breathing,
anxiety, small random variations of the micro-vascularization parameters along
time, etc) which occur in supplement of the measuring noise due to electronic
devices. These additional sources of variations are unpredictable and thus im-
possible to model in a deterministic way. Spatial averaging or large regions of
interest are generally considered to minimize the failure of deterministic models
on voxel data (Brochot et al., 2006). This implies mixing or averaging dynamics
which may be heterogeneous, and lead to inaccurate parameter estimation. In
this paper, we propose to model the unexplained sources of variations by adding
random components to the compartment differential system. More precisely, we
consider a pharmacokinetic model describing the kinetics of the contrast agent
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in the voxel with two compartments (plasma and interstitial water). This deter-
ministic model is transformed into a stochastic differential system by adding a
Brownian motion to each differential equation. Observations obtained from DCE-
imaging are noisy measurements of the total contrast agent quantity described by
the stochastic differential system. The measurement noise differs from the random
variations added to the pharmacokinetic model. It is due to the precision of the
recording experiments and is thus an uncorrelated noise. Parameter estimation in
this model is complex. Though the observations are one-dimensional, we propose
an easy way to compute the exact likelihood using the Kalman filter recursion.
This enables to implement an easy numerical maximization of the likelihood. The
asymptotic properties of the maximum likelihood estimator have been studied by
Favetto and Samson (2010). We propose to compute a confidence interval of the
extracted signals from this non-linear model using the Kalman smoother algo-
rithm. The aim of this paper is to apply this new stochastic model to estimate
microcirculation parameters from DCE-MRI data.

The article is organized as follows. In Section 3.2, the data, the deterministic
and stochastic differential systems are presented. The estimation methods are
described in Section 3.3. The results of estimation on DCE-MRI data of normal
female pelvises are given in Section 3.4. A simulation study is presented in Section
3.5. The discussion and conclusions are presented in Section 6.4. Statistical tools
are reported in the Appendix.

3.2 Models

3.2.1 MRI data extraction

The acquisition of the MRI sequence was performed at discrete times tg = 0 <
t; <...<t,=T.Two local sets of voxels were drawn manually on one of the MR
images (one in the left iliac artery and the other in the pelvis) and propagated
automatically over the entire image sequence. For a given voxel, the gray levels
are denoted (zo, ..., 2,). A baseline gray level by is derived by averaging the first
times of the sequence before the injection of the contrast agent. Observations
are defined as the gray level differences between the voxel gray levels z; and
the baseline gray level by and are denoted y; = z; — by for ¢ = 0,...,n. The
measurements obtained from the arterial voxel after removing the baseline are
denoted (AIF(t;))o<i<n (Arterial Input Function). We assume that the gray level
variation y; at time t; is proportional to the total quantity of contrast agent
inside the voxel up to some additive measurement errors due to the acquisition
technique. Let S(¢) denote the total quantity of contrast agent inside the voxel.
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The following relation is assumed
yi = S(t:) + oe;, (3.1)

where (g;) are the measurement error random variables, assumed to be Gaussian,
centered, standardized, mutually independent and o is the constant noise level.
The whole vector of data is now denoted q.,,.

3.2.2 Pharmacokinetic models

Two physiological models are considered to describe the evolution of S(t)
within each voxel after the contrast agent injection. They are both derived from
the same pharmacokinetic model (Brix et al., 2004; de Bazelaire et al., 2005)
based on a compartmental analysis (Figure 3.1). In that model, the contrast agent
within a tissue voxel is assumed to be either in the plasma compartment of the
micro-vessels (capillaries) or inside the interstitial compartment (extracellular-
extravascular space). The contrast agent, a gadolinium chelate, cannot enter red
or tissue cells. We assume that exchanges inside a voxel are 1/ from the arteries
(input) into the blood plasma; 2/ from the blood plasma into the veins (output)
and 3/ between the blood plasma and the interstitial space through the capillary
walls. The inter-voxel exchange through the interstitial compartment is assumed
to be negligible with respect to the exchange between plasma and interstitium.
The contrast agent quantities in a single unit voxel at time t are denoted Qp(t)
and Q;(t) for plasma and interstitial compartments, respectively. In a single voxel
of unit volume, we have S(t) = Qp(t) + Q;(t). The biological parameters and
constraints are as follows : Fr > 0 is the tissue blood perfusion flow per unit
volume of tissue (in ml.min~'.100ml™!), ¥} > 0 is the part of whole blood volume
(in %), V. > 0 is the part of extravascular extracellular space fractional volume
(in %), and PS > 0 is the permeability surface area product per unit volume of
tissue (in ml.min~'.100ml™!). The change rate constants are Fr and PS. Note
that V, +V, < 100. The hematocrit rate h is set to h = 0.4. The delay with which
the contrast agent arrives from the arteries to the plasma (or Bolus Arrival Time)
is denoted 9. Both ¢ and 0 are measured in seconds.

3.2.3 The ordinary differential pharmacokinetic model (ODE)

Using the pharmacokinetic model presented in Figure 3.1 and assuming constant
rates in the exchanges, the contrast agent kinetics can be modeled by the following
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FIGURE 3.1 — Two-compartment physiological pharmacokinetic model used to

Vein

describe the distribution of the contrast agent. The hatched compartments re-
presenting the red blood cells and the tissue cells are not reached by the contrast
agent.

differential equations, called the Ordinary Differential Equation (ODE) model :
dQp(t)  Fr PS PS Fr

1o MPt-0) - mQP(t) + 76621@) - me(t)
W0 PS Ps
i wuomert -y (3.2)

We assume that no contrast agent exists inside the body before acquisition. Hence
the initial conditions Qp(ty) = Qr(ty) = AIF(ty) = 0 hold. This model only
requires the biological parameters of interest (Fr, Vi, PS, V., 0) and the knowledge
of ATF(t). Given a set of parameters and the AIF, Qp and @; are deterministic
functions of time.

3.2.4 The stochastic differential pharmacokinetic model (SDE)

The ODE model (3.2) is a simplified model of the true contrast agent phar-
macokinetics. For example, it fails to capture measurement errors in the arterial
input function, or random fluctuations along time in the microcirculation para-
meters. These variations are unpredictable. Our main hypothesis is that a more
realistic modeling can be obtained by a stochastic approach. We introduce a
stochastic version of the ODE model, by adding random components :

dOp(t) = (iTh ATF(t— 6) — Vb(f—fh)cgp(t) + Pvf@](t) - %Qm)) it
o dW} (3.3)
40 (1) <VR§§75QPQ)—VZ§QAQ)cﬁ+wmd%?
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where (W}') and (W}?) are two independent real-valued standard Brownian mo-
tions, and o1, 09 are the standard deviations of the random perturbations (see
Favetto and Samson (2010)). The initial conditions are the same as above. Al-
though we use the same notations, given a set of parameters and the AIF, the
solutions @p and Q; of (3.3) are stochastic processes (see Liptser and Shiryaev
(2001) for formal definitions and Appendix C.3 for details). This model is called
the Stochastic Differential Equation (SDE) model. If 07 = 05 = 0, the ODE and
SDE models are identical. Therefore SDE and ODE parameters have the same
physiological interpretation. The behavior of the SDE model without measure-
ment noise (o = 0) is illustrated on simulations in Appendix. The random part of
the SDE represents the random fluctuations around the deterministic ODE. The
SDE trajectories are centered on the associated ODE trajectories. In particular,
the random perturbation o;dW}! takes into account the measurement noise of the
arterial input function among other sources of variations.

3.3 Estimation methods

3.3.1 Estimation in the ODE model

The estimation of the physiological parameters of interest (Fr, Vj, PS, Ve, d)
was obtained by applying standard least squares, ¢.e. minimizing

n n

D (= S(t)* =D (v — Qp(t:) — Qr(t:))’ (3.4)

=0 =0

with respect to (Fp, Vi, PS, Ve, d) where (Qp(t), Q;(t)) are the solutions of (3.2).
A plug-in of these estimated parameters in (3.2) provided an estimation of the
functions Qp(t), Q;(t) and S(t) denoted Q" (t), Q9°"(t) and S°P"(t), respecti-
vely. To estimate o, we set

1 < .
~ODE __ . _ QODE(+.))2
& — ;:0:(% Sove(1,))2. (3.5)

For short, we set §°°* = (Fr, V;, PS,V,,6,0) and
éODE _ (FYQDE %om: pSODE VODE 5‘ODE a_ODE).

Standard deviations for each parameter estimate were obtained through the
Fisher information matrix (see Appendix 3.7.3).
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3.3.2 Estimation in the SDE model

For the statistical parameters in the SDE model, we set
QSDE = (FT> ‘/E)v PSa ‘/ev 57 01,02, 0‘)_

Here, the physiological parameters and the noise standard deviations oy, oo and
o have to be estimated. This was done by maximizing the likelihood L(6°"%;yq.,)
of the observations (3.1) with S(¢) defined by the SDE model (3.3). Moreover
we assumed that the random variables ¢; are standardized Gaussian variables,
independent of (S(t)). The discretized process (S(t;)) is a hidden Markov chain
which yields to a Hidden Markov Model (HMM) for (yo.,, S(¢;)). Due to the
SDE model and assumptions, (S(t)) is a Gaussian process and yy., is a Gaussian
vector. Therefore, the likelihood can be calculated explicitly (Favetto and Samson,
2010). Let pgsos(yi|yo.i—1) denote the conditional density of the observation y;
given the past yg.;,_1 assuming that the unknown true parameter is 6°°®. Using
the Bayes formula, the likelihood of the HMM can be written as the product of
the conditional densities :

L(QSDE; yo:n) = pgsor (yO) Hpgsm (yi|y0:i—1) (36)

i=1

At time 0, as no contrast agent exists in the body, 3o follows a centered Gaussian
random variable with variance 2. Moreover, as ., is a Gaussian vector, the
conditional density pgsoe(y;|yo.;—1) is Gaussian and can be expressed using its
conditional expectation Egsoe(y;|yo.,—1) and variance Visos (y;|yo.;—1) computed at
the same unknown true parameter #°°*. Consequently, (3.6) can be written as

2
L(GSDE; yO:n) — 1 eXp (_&) X (37)

oV2m 202

ﬁ 1 exp (_1 (y: — EQSDE(yi‘yoii_l)y) |
)

i=1 \/277‘/93“ (yz |?J0:z‘—1 2 Vigsos (yz |y0:i—1)

It is possible to compute recursively the terms Fgsos (y;|yo.;—1) and Vsoe (y;|v0.i—-1)
using the well-known Kalman filter (see Appendix C.3). We denote 6°°F the es-

HSDE HSDE

timate of obtained by maximizing the likelihood with respect to given

the observation yq., :
A A A A SDE A A
SDE ___ SDE SDE SDE SDE ASDE ASDE A4ASDE
O°PF = (FpPe VPR PS VAP G5PE GIPP GSPE 6BPT).

Standard deviations for each parameter estimate were obtained through the Fi-
sher information matrix. The corresponding estimations Q%"(t), Q7°"(t) and
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SE(1) of Qp(t), Qr(t) and S(t) were defined as the conditional expectations
of Qp(t), Qr(t) and S(t) given the observation ¥y, and assuming the unknown
parameter 0°°* to be equal to #°°F :

077(t) = Bjron(Qr (Do), Q7 (1) = Egun(Q1(D)yon), S (1) = Egon (S(8) y0in)-

These extracted stochastic signals are computed by the smoother algorithm (see
Appendix 3.7.2). The uncertainty of these extracted signals can be quantified by
computing their 95% confidence intervals. The smoother algorithm provides a
computation of the variances of the estimated signals :

Var s (Qp()|Yon), Varses(Qr(t)|Yon), Varzmws(S(t)|yomn)-

As the processes (S(t)), (Qp(t)) and (Q(t)) are Gaussian, exact confidence in-
tervals of confidence level 1 — 7 can be deduced. For example, we have :

11y (Sjon (1)) = [$75(2) £ 11/ (Vs (S lyon))

where ¢;_, is the quantile of order 1 — 7 of a standardized centered Gaussian
distribution.

3.3.3 Numerical implementation of the two estimation me-
thods

The computation of the ODE mean squares and the SDE likelihood required
the integral of the arterial input function, which was approximated using the
trapezoidal method : the integral ftt0’ AIF(x)dx over the interval [ty, ;] was ap-
proximated by 2221(7516 — tp—1)(AIF(ty) + AIF(tx-1))/2. The minimization of
(3.4) for the ODE model and the maximization of (3.6) for the SDE model were
performed under the constraints :

0<PS Fr; 0<V, Ve <100; Vp+ Ve <100; 1<

The two optimizations were done using the Matlab™ function fmincon available
in the toolbox Optimization release 2008b. The initial values were Fp = 50,
V, =10, PS = 10, V, = 10, 6 = 20 for the ODE optimization adding the extra
values ¢ = 5, 07y = 1 and o, = 0.5 for the SDE optimization. Computational
times were about 4 seconds for the ODE and 20 seconds for the SDE methods,
on a Mac Pro 3 Ghz with 7 Go RAM, Mac OS X 10.5 and Matlab™ Release
2008b.
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3.4 Estimation on real data

DCE-MRI data from a series of normal female pelvises DCE-MRI were used to
test and optimize the processing method (Thomassin-Naggara et al., ress). MRI
sequences were performed on a MR 1.5T magnet (Siemens, Sonata, Erlangen,
Germany) with a phased-array pelvic coil. For DCE-MRI, a dynamic contrast-
enhanced T1-weighted gradient-echo sequence (2D FLASH) was acquired in the
axial plane (TR/TE (ms), 27/2.24 ; flip angle, 80°; slice thickness, 5mm ; number
of slices, 3; excitations, 1; field of view, 400-200 mm ; interpolated matrix 256 x
134; BW, 300). Superior and inferior saturation bands of 90 mm width were added
to avoid inflow effects and vessel artifacts. A dose of 0.1 mmol/kg~! body weight
of DOTA gadolinium (Guerbet, Aulnay, France) was injected intravenously via
a power injector (Medrad, Maastricht, The Netherlands) at a rate of 2 ml.s™!,
and flushed by 20 ml of saline. Images were obtained at 2.4 second intervals for
a total of 320 seconds after injection, yielding a total of 130 time frames.

Four datasets were analyzed. The ODE and SDE estimations were successively
applied to the signals to estimate the parameters and the associated predicted
concentrations. The ODE and SDE residuals were computed as the difference
between the observations ., and the predictions of the corresponding model.
The partial autocorrelation of these residuals were also computed to compare the
quality of the two model predictions. The k-th partial autocorrelation is obtained
by computing the correlation between yy and yx given (yi, ..., Yp_1).

The first dataset is summarized in Table 3.1 and Figure 3.2. For this voxel,
the ODE and SDE estimates of Fr, V},, PS, V, and ¢ were identical as well as
the contrast agent quantity predictions.

For dataset 2, the ODE and SDE estimations were not meaningfully different
as, for each parameter, the 95% confidence interval contained both estimated
values. However, the predictions Qp, Ql and S obtained by the ODE and the
SDE estimations look quite different (Figure 3.3) : SDE estimation achieves a
better fit (e.g. around times 90 and 130). Figure 3.3 shows the first 15 partial
autocorrelations for ODE (left) and SDE (right) residuals. The partial autocor-
relations are lower for SDE. Indeed, the 90% test of zero autocorrelation (red
dashed lines) detected the 6-th ODE autocorrelation to be non-zero while all the
SDE autocorrelations were accepted to be zero.

For dataset 3, the ODE and SDE estimations were statistically different at
least for one parameter (Table 3.3) even though the predictions Q P, Q ;and S
look similar (Figure 3.4). Nevertheless, there were differences between the two
methods : the SDE estimated extra-vascular volume V, (V5" = 45.9) was mea-
ningfully larger than the ODE estimate (\A/CODE = 35.8). Figure 3.4 shows that the
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parameters ODE model  SDE model
Fr (ml min~! 100 m1~) 48.7 (2.5) 48.7 (3.0)

Vi (%) 40.5 (5.3) 40.5 (5.9)

PS (ml min~! 100 ml™Y)  13.3 (4.3)  13.3 (4.8)

V. (%) 20.4 (24)  29.4 (2.8)

) (s) 6.0 (0.7) 6.0 (0.6)
8.02 (0.2) 7.86 (1.0)

o1 - <1073 (0.6)

02 - <1073 (0.2)

TABLE 3.1 — Estimated parameters for the first dataset, using the ODE and
the SDE models. The values in parenthesis are the standard deviations evaluated
using a numerical computation of the Fisher Information matrix. For predictions,
see Figure 3.2.

parameters ODE model  SDE model
Fr (ml min~! 100 m1~) 78.6 (1.7) 78.0 (2.8)
Vi (%) 39.5 (3.5) 40.1 (4.7)
pPS (ml min~! 100 m1™!) 10.1 (4.5) 9.37 (1.3)
V. (%) 14.9 (1.8) 149 (5.5)
4] (s) 10.6 (0.9) 10.6 (0.9)
o 9.10 (0.2)  8.42 (1.1)
o1 1.00 (0.7)
09 <1073 (0.6)

TABLE 3.2 — Estimated parameters for dataset 2, using the ODE and the SDE
models. The values in parenthesis are the standard deviations evaluated using

a numerical computation of the Fisher Information matrix. For predictions, see
Figure 3.3.
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FIGURE 3.2 — Predictions for the first dataset, obtained with the ODE model
(left) and the SDE model (right) : black stars (*) are the tissue observations
(y;), the AIF observations are represented by the red line, crosses (x) are the

residuals. The plain blue, dashed pink and dash-dotted green lines are respectively
the predictions for S(t), Qp(t) and Q(t). Estimated parameters are from Table

3.1
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FIGURE 3.3 — Top two figures : predictions for dataset 2, obtained with the ODE
model (left) and the SDE model (right) : black stars (x) are the tissue observations
(y;), crosses (x) are the residuals. The plain blue, dashed pink and dashdotted
green lines are respectively the predictions for S(t), Qp(t) and Q;(t). For the
SDE model, each prediction curve is surrounded by its 95% confidence intervals.

Bottom two figures : first 15 partial autocorrelations of the residuals obtained with
the ODE model (left) and the SDE model (right). The horizontal red dashed lines
provide the 90% confidence interval around 0 for each partial autocorrelation. The
horizontal violet dashed lines provide the Bonferroni confidence interval of the
test that all partial autocorrelations are 0 together. The norm of these partial
autocorrelations is 0.28 for the ODE estimation and 0.26 for the SDE estimation.

Estimated parameters are from Table 3.2.
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parameters ODE model  SDE model
Fr (ml min= 100 ml=Y)  21.2 (3.3)  20.5 (4.0)

Vi (%) 243 (3.7)  25.2(6.0)

PS (ml min~! 100 ml™Y) 544 (0.9)  4.87 (1.3)

Ve (%) 35.8 (2.8) 45.9 (4.3)

5 (s) 17.9 (1.9) 194 (2.3)

o 6.68 (0.1) 6.23 (0.8)

o1 0.58 (0.4)

oy <1073 (0.4)

TABLE 3.3 — Estimated parameters for dataset 3, using the ODE and the SDE
models. The values in parenthesis are the standard deviations evaluated using a
numerical computation of the Fisher Information matrix. For predicted curves,
see Figure 3.4.

SDE prediction S5PF is non-zero for the first instants. This should not be inter-
preted as a default of the SDE estimation since the confidence interval curves
are consistent with the absence of contrast agent inside the voxel for the first
instants. Here, the flexibility of the SDE estimation enables to compensate for a
probable shift in the baseline estimation. Furthermore, the ODE residuals sho-
wed correlations indicating a poor quality of the ODE estimation. The residual
correlation structure is also illustrated in Figure 3.4 where the first 15 partial
autocorrelation of the ODE and SDE residuals are plotted. The third ODE par-
tial autocorrelation was detected to be non-zero at a level of 90% contrary to the
third SDE partial autocorrelations.

For dataset 4, the SDE predicted quantity of contrast agent in the interstitial
compartment Q5°"(t) was always null (Q5**(t) =0 V¢ > 0) while the ODE pre-
diction Q?DE(t) was not (Figure 3.5). The ODE model detected exchanges inside
the voxel between the two compartments. The ODE residuals were correlated,
especially between times ¢t = 40 and ¢t = 75 contrary to the SDE residuals. The
parameter estimates obtained by the ODE and the SDE models were different
(Table 3.4). The SDE estimated blood volume (Vi#® = 53.5) was meaningfully
larger than the ODE estimate (V})ODE = 41.3). The SDE estimated permeabi-
lity surface product (@SDE = 0.81) was much smaller than the ODE estimate
(ﬁ:S'ODE =2.96). As f/bODE + Vf“ = 100, the ODE estimation stopped at a boun-
dary of the optimization domain (see Section 3.3.3). This led us to investigate the
analysis further. By computing the ratio Qp/AIF, we suspected that the ODE
estimation was strongly influenced by the last observation times. Therefore we
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FI1GURE 3.4 — Top two figures : predictions for dataset 3, obtained with the ODE
model (left) and the SDE model (right) : black stars () are the tissue observations
(y:), crosses (x) are the residuals. The plain blue, dashed pink and dash-dotted
green lines are respectively the predictions for S(t), Qp(t) and Q;(t). For the
SDE model, each prediction curve is surrounded by its 95% confidence intervals.
Bottom two figures : first 15 partial autocorrelations of the residuals obtained with
the ODE model (left) and the SDE model (right). The horizontal red dashed lines
provide the 90% confidence interval around 0 for each partial autocorrelation. The
horizontal violet dashed lines provide the Bonferroni confidence interval of the test
that all partial autocorrelations are 0. The norm of these partial autocorrelations
is 0.39 for the ODE estimation and 0.37 for the SDE estimation. Estimated
parameters are from Table 3.3.
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ODE SDE ODE without SDE without ODE without SDE without

model model last 3 times last 3 times last 5 times last 5 times
Fr 246 (2.1) 20.0 (3.8) 32.4 19.9 20.3 20.0
Vy 413 (3.3) 53.5(8.0) 6.6 54.0 52.9 53.3
PS 296 (0.8) 0.81 (12) 43.2 0.38 0.04 0.23
Ve 58.7(2.0) 0.04 (2.6) 27.9 0.02 0.002 0.01
d 10.5(1.5) 9.68 (3.2) 9.5 9.66 7.49 9.67
o 7.55(0.1) 6.51 (1.0) 8.4 6.46 8.19 6.38
o1 1.22 (0.7) 1.27 1.28
09 0.02 (15) 0.02 0.02

TABLE 3.4 — Estimated parameters for dataset 4, using the ODE model (column
2), the SDE model (column 3) and using the ODE and SDE models after removing
the last 3 (columns 4 and 5) and the last 5 (column 6 and 7) observations. The
values in parenthesis are the standard deviations evaluated using a numerical
computation of the Fisher Information matrix. The differences in parameters
estimation by ODE influence drastically the enhancement curves (Figure 3.5).

removed the last 3 (and then the last 5) observations. While the SDE estimation
remained stable when removing observations (up to changes in the last digits),
the ODE estimation changed totally. The results with the last 3 or 5 observations
removed are added in Table 3.4. Estimated parameters by ODE with last 5 data
points removed (Table 3.4, last column) became close to estimated parameters by
SDE with all data points (Table 3.4, 2nd column). Figure 3.5 shows enhancement
curves corresponding to the estimated parameters of Table 3.4. Top curves are
obtained with all data points by the ODE model (left) and the SDE model (right).
In the SDE curves, the major part of the enhancement comes from the plasma
while the interstitial enhancement is close to zero. Conversely, the ODE curves
show enhancement from both plasma (dashed pink) and interstitium (dashdotted
green). The middle curves are obtained by the ODE model (left) and the SDE
model (right) without the last 3 data points. The bottom curves are obtained by
the ODE model (left) and the SDE model (right) without the last 5 data points
(right). On the middle ODE curves, there is an inversion of curves (compared
with the top left curves) : the major part of enhancement is due to interstitium.
On the bottom ODE curves, another inversion appears : enhancement is only
due to plasma as with the SDE method. This illustrates the poor stability of the
ODE method.
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FIGURE 3.5 — Top figures : predictions for dataset 4, obtained with the ODE mo-
del (left) and the SDE model (right) : black stars () are the tissue observations
(y;), crosses (x) are the residuals. The plain blue, dashed pink and dashdotted
green lines are respectively the predictions for S(t), Qp(t) and Q(t). For the
SDE model, each prediction curve is surrounded by its 95% confidence intervals.
Middle figures : predictions obtained with the ODE model (left) and the SDE
model (right) removing the last 3 observations. Bottom figures : predictions ob-
tained with the ODE model (left) and the SDE model (right) removing the last
5 observations (right). The adjustment differences come from the differences of
parameter estimations (Table 3.4).
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3.5 Simulated study

Simulations were performed to illustrate the properties of the estimators of
the ODE and SDE models. An ideal AIF was built artificially (red curve on the
left sub-figure in Figure 3.6). The parameter values used for simulations were
Fr =70 ml min~! 100 ml~*, V;, = 20 %, PS = 15 ml min~! 100 ml~*, V, = 15
%, 6 =10 s and o = 7 for the measurement error.

First, a hundred data sets were simulated using the ODE model which cor-
responds to 0; = 0o = 0 in the SDE model. Parameters were estimated by the
two methods. As shown in Table 3.5 (top), estimations by both methods were
identical. Not surprisingly, the parameters o; and oy had very small SDE esti-
mations. Then, a hundred data sets were simulated using the SDE model with
01 = 09 = 2. Results (Table 3.5, middle part) show a clear reduction of bias and
standard deviations enlightening the advantage of the SDE estimation method.
At last, a hundred data sets were simulated with the SDE model with 07 = 05 =1
and PS =1 (Table 3.5, bottom part), which corresponds to the case where the
exchange between plasma and interstitium is small. The ODE estimation of the
parameters Fr and V, were more biased than the SDE estimates. Again the SDE
estimation outperformed the ODE estimation.

3.6 Discussion

To take into account noises which induce instability in microvascularization
parameter extraction in DCE-MRI, a stochastic version of a two-compartment
model described by stochastic differential equations was introduced. On voxels
of normal female pelvises DCE-MRI data, both the stochastic and the standard
deterministic two-compartment model (given by ordinary differential equations)
were implemented. The stochastic model generally led to a more satisfactory des-
cription of enhancement curves and provided a more robust parameter estimation
method. In the special case of aberrant data (e.g. due to patient movements or
measurement disturbances), the SDE method outperformed the ODE method.
When the permeability surface product (PS) was small, the ODE estimation
method was unstable and gave different results when removing a few data points.
Conversely, the stochastic method remained stable with or without these data.
This proves that the stochastic method is less sensitive to special or aberrant
data points.

These results were confirmed by the simulation study. For a given set of pa-
rameters (Frp, V,, PS, V., 0,01,09,0) and a given artificial arterial input function,
a hundred trajectories were simulated under the stochastic model. For each of
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Fr Vi PS V. ) o o1 09
True parameters 70 20 15 15 10 7 0 0
ODE estimates 72.2 199 151 15.1 10 7.07 NA NA
(10) (24) (2.2) (1.3) (0.54) (0.35) NA NA
SDE estimates 72.2 199 151 15.1 10 6.99 0.03 0.002
(10) (24) (2.2) (1.3) (0.54) (0.35) (0.12) (0.015)
True parameters 70 20 15 15 10 7 2 2
ODE estimates 674 22 188 224 9.89 12.4 NA NA
(16) (8.7) (16) (18) (1.3) (1.7) NA NA
SDE estimatos 71.9 21.7 153 173 9.96 6.88 2.54 1.22
(15) (6.6) (9.8) (13) (1) (0.51) (0.69) (0.84)
True parameters 70 20 1 15 10 7 1 1
ODE estimates 77.8 184 242 267 103 9.69 NA NA
(12) (34) (3) (33) (0.83) (2.5) NA NA
SDE estimatos 72.4 19.7 2.08 17 10 6.89 1.32 0.716
(10) (2.5) (2.5) (26) (0.65) (0.32) (0.52) (0.43)

TABLE 3.5 — Estimation results for three different sets of fixed parameters. Es-
timation when simulating under the ODE model (top part of the Table), when
simulating under the SDE model (o7 = 05 = 2) (middle part of the Table) and
when simulating with a small PS (PS = 1) under the SDE model (0, = g9 = 1)
(bottom part of the Table). Empirical means and standard deviations (in paren-

thesis) are computed for each estimated parameter from 100 simulated datasets
analyzed by the ODE and the SDE estimations. The NA values express that the
associated quantities are not available in the considered model.
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Typical SDE trajectories: voxel
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FIGURE 3.6 — Typical trajectories of the ODE and SDE models for the ideal
case 0 = 0 (no measurement error). An ideal AIF was built artificially (plain line

on the left figure). Parameter values are Fr = 70 ml min~! 100 ml™!, V, = 20
%, PS = 25 ml min~' 100 ml~!, V, = 15 %, 6 = 15 s. The functions Qp, Q;, S
of the ODE system (3.2) are given on the left figure by the magenta, green and

blue curves, respectively. On the right figures, five typical realizations of the
processes @ (bottom), Qp (middle), S (top) of the SDE model (3.3) are plotted

for 01 = 02 = 1.
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the hundred simulated trajectories, the parameters were estimated by both the
ODE and SDE methods. The means of estimated parameters were globally close
to the true values for both methods, with smaller variances for the SDE method.
The parameters P.S and V, were closer to the true values with the SDE method
than with the ODE method. The estimation of V, was very similar with both
methods, whatever the PS value. The estimation of Fr was similar with both
methods when PS was large. On the contrary, for small PSS, the estimation of
Fr became biased with the ODE method and not with the SDE method.

Tissue microcirculation assessment via DCE-MRI can be performed either in
a descriptive manner (Buadu et al., 1996; Lucht et al., 2005; Tse et al., 2007),
or by semi-quantitative analysis (time to peak, peak high, presence of wash-out,
etc) (Kelez et al., 2002; Fan et al., 2007; Nasel et al., 2000; Thomassin-Naggara
et al., 2008), or by extracting quantitative parameters from models taking into
account the arterial input function (Tofts, 1997; Brix et al., 2004; Pradel et al.,
2003; Balvay et al., 2009). For clinical or biological use of microcirculation mea-
surements by DCE-MRI, quantitative results are important for objective compa-
risons, especially when one wants to characterize lesions (tumor versus ischemia
or inflammation), to test new drugs or follow treatments. It is therefore crucial
to have robust and reliable results (Buckley, 2002). To improve robustness, seve-
ral strategies were developed : 1/ use of simple pharmacokinetic models (Tofts,
1997), 2/ improvement of data recording (Cheng, 2008), 3/ preprocessing of data
(Buonaccorsi et al., 2007; Delzescaux et al., 2001) or 4/ use of stochastic versions
and more complex pharmacokinetic models.

Simple pharmacokinetic models are one-compartment models involving a small
number of parameters (Tofts, 1997). They provide stable estimation results but
have the drawback of using an oversimplified model. To improve data recording, it
is essential to optimize the measurement devices and the protocol (measurement
times and contrast agent doses) and to minimize motion artefacts. This howe-
ver remains limited by external constraints. There are numerous preprocessing
methods to improve signal-to-noise ratio : denoising by filtering or smoothing,
spatial averaging over a manual region of interest or clustering methods (Cala-
mante et al., 2003). The advantage of clustering is that it preserves dynamics
homogeneity (Rozenholc et al., 2009). The other methods (especially the spatial
averaging method) have the drawback of mixing different dynamics (for example,
mixing necrotic and perfused voxels). During preprocessing, image registration is
essential to correct patients’ moves. At last, stochastic versions of physiological
models provide a reliable way of using more complex models involving a larger
number of parameters and closer to physiology than simpler models (Tofts, 1997).
A combination of several of these approaches can be used.
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The stochastic version of a classical multicompartment model is obtained by
adding Brownian components to the deterministic model, leading to stochastic
differential equations. Starting from a comprehensive two-compartment exchange
model with four parameters (tissue blood perfusion, tissue blood volume, per-
meability surface product, interstitial volume) and the bolus arrival time (Balvay
et al., 2009), we have built a SDE whose estimation method relies on maxi-
mum likelihood theory, maximum likelihood estimators being known to be the
best estimators for a given statistical model (Favetto and Samson, 2010). SDEs
have been recently applied for medical applications, to glucose dynamics (Pic-
chini et al., 2008), neuron potential dynamics (Hopfner and Brodda, 2006) or
pharmacokinetics (Ditlevsen et al., 2005; Donnet and Samson, 2008). These ap-
plications of SDEs show that stochastic versions of physiological models improve
data fitting and stabilize parameter estimations. These results were confirmed in
our study. Indeed, we obtained stable estimated parameters using a stochastic
version of a complex parametric model while the deterministic model was giving
results of high variability. The use of a stochastic model thus provides a serious
improvement in data fitting and robustness in the estimation results even with a
large number of parameters.

Yet, there are some limitations to our study. The two-compartment model
does not take into account the blood propagation along capillaries, assumes ins-
tantaneous mixing into the interstitial compartment and equilibrium inside the
interstitium of neighbor voxels. Moreover, the physiological parameters are assu-
med to be constant along time. Nevertheless, the good adjustment of enhancement
curves, as measured by residuals, shows that this model is a reasonable physiolo-
gical representation of tissue microcirculation. The model does not hold true for
all kinds of tissues. For instance, in the liver, the sinusoids are irrigated by a dual
vascular system (Cuenod et al., 2001; Materne et al., 2002) and in necrotic tissues
without capillary network, the contrast enhancement is due to passive diffusion
from adjacent irrigated tissues. However the present work could be extended by
adapting models.

Some assumptions of the stochastic model may be criticized. For instance,
constant variances for the Brownian motions may look unrealistic. It would be
worth to extend this work to SDE with variance functions of times or of contrast
agent quantities. This would be to the price of additional mathematical difficul-
ties. This work could also be extended to the case of non-Gaussian observation
errors. For a unidimensional Markov chain (X;) observed with non Gaussian er-
rors, Ruiz (1994) proposes a quasi-maximum likelihood estimator based on the
Kalman filter and shows the normality asymptotic distribution of this estimator.
This approach can be extended to our bidimensional model.
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To conclude, this study shows that, in view of quantifying the tissue micro-
circulation parameters, the stochastic approach makes it possible to reduce the
instability observed with the deterministic two-compartment model. By taking
into account the sources of variations in DCE-MRI data, the SDE approach pro-
vides a more robust parameter extraction.
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3.7 Appendix

3.7.1 The Kalman filter

In this section, we present the computation of the conditional expectation
Egsoe (yi]yo.i—1) and variance Vgsos (y;|yo.;—1) that appear in Equation (3.7) using
the Kalman filter Cappé et al. (2005); Favetto and Samson (2010). Let us denote

(7 4) (3 2) m-(“)

where «, 3, A\, k are related to the biological parameters by the relations

Er PS PS PS

A= k G
AT R A R A 2

a = 1P;—Th’ 0=

The SDE system (3.3) can be rewritten in a matrix form as follows :
dU(t) = (GU(t) + F(t))dt + XdW (t), U(0) = (0,0)’ (3.8)
where U(t) = (S(t),Q:(t)), (W(t) = (Wy(t), Ws(t))',t > 0) is a standard 2-

dimensional Brownian motion and X’ denotes the transposed matrix of X. The
observations are defined as y; = JU(t;) + o¢;, where J is the line vector (1,0).
Solving (3.8) yields

t+h t+h
Ut +h) = e“"U(t) + / =) P (5)ds + / EAd 977177
t t

Hence the conditional distribution of U(¢;;1) given U(t;) is the Gaussian distri-
bution N(Az—l-lU(tz) + Bi+17 Ri—l—l) with

t; t;
Ay = eG(ti-&-l—ti)’ By = / +1 eG(t"“_S)F(s)ds, Riyy — / +1 Gt =)y oG (b1 —5) g .
ti t;
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Consider now that ¢; = i¢A where A > 0 is the discretization step, and denote
U; = U(t;). The Kalman algorithm enables to compute recursively the mean and
the covariance of the conditional distributions

p(Uilyos) = N(Ui, B,  p(Uilyoi) = N (U7, ),
with the iterations
ﬁi_ = AiUi_l + B; , P= Azpz—lA; + R; 1 >1
Uy=U7 +Ki(y;=JU7) , P=(-KJpP  i>1

where K; = P J(JP”J + 0%)'. It follows that the conditional distribution of
y; given yoi—1 is N(JU;, JP7J + o).

3.7.2 The Kalman smoother algorithm

The Kalman smoother is calculated recursively with a forward-backward al-
gorithm (see e.g. Cappé et al. (2005)). The forward algorithm is the classical

A

Kalman filter which computes M;j0.;i—1 = U; = E(Uilyo:i-1), Zijoic1 = P, =

Var(Uil|yoi-1), Mijo: = U; = E(Ui|yo.) and Sioi = P = Var(Uilyo,). Then,
in order to calculate Mo, = E(Uilyom), Zijom = Var(Uilyon), Ziciiom =
Cov(U;_1, Ui|yo.n), one performs the set of backward recursions i = n,n—1,...,1:

Sis1 = Zi71|0:i71A;<Ei|O:ifl)_1
M;i_qjom = M;1j0:-1 + Sici (Mo — Mijo:i—1)
Yictom = Zi—10:i—1 + Si—1(Zijom — Sijoii—1) i1

To calculate X;_1 ;)0.,, we have
Yntmjom = (I = KnJ) A0 1j0m—1
and the following backward recursions, fort =n—1,n—2,...,1
Yi-vijom = 2i0:45i_1 + Si(Ziit1jom — AiXij04) S

Hence this gives a confidence interval for (U;) at times ¢;, based on M; 0., and
2ij0:n- See Favetto and Samson (2010) for more details.

3.7.3 Computation of the Fisher Information Matrix

Theoretical properties of the maximum likelihood estimators were studied in
Favetto and Samson (2010) when (y;) is stationary. In this case, setting lo.,,(6) =
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log L(0, yo.n) the log-likelihood of the observations ¥q.,, we have, under some re-
gularity conditions, Py — a.s.

fim (22 1) =10)
nggo n 69189] 0 N

where () is the asymptotic Fisher Information matrix (see Brockwell and Davis
(1991) for theoretical developpements).
The computation of 398.—;4l0:n(9) is performed with a finite-difference method :

82lO:n

06,00, (6) ~

lon (0 4 AG; + AO;) + lon(0 — A — AO;) — lpon (0 + AO; — AG;) — loon (0 — AG; + AG;)
NN

The convergence rate of the method is improved by the Richardson method (see
Stoer and Bulirsch (1993) for details). Hence, we can derive an asymptotic confi-
dence interval for § computing I,(6) = —%#{;%l&n(é’), due to the associated
Central Limit Theorem.

3.7.4 Model shapes on simulated data

The behavior of the ODE and SDE models without measurement noise (o = 0)
are illustrated on some simulations. An ideal AIF was built artificially (red curve
on the left figure in Figure 3.6). Given the numerical values of Fr,V;, PS,V,,0,
the ODE system is fully determined by the AIF and the functions Qp, Q);, S are
determinist. The functions Q) p, @, S of the ODE system (3.2) are given in the left
figure by the magenta, green and blue curves, respectively, for the values Fr = 70
ml min~! 100 ml~!, V;, =20 %, PS =25 ml min~! 100 ml=%, V, =15 %, § = 15
s. In the right figures, five typical realizations of the processes Q; (bottom), Qp
(middle), S (top) of the SDE model (3.3) are plotted for oy = o9 = 1. The
SDE trajectories are clearly centered on their associated ODE trajectories. This
is a known property : the ODE model provides an average model for the SDE.
These trajectories show that the SDE model can explain excursions from the
ODE model and can also offer a good flexibility to take into account errors in
baseline measurements.
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Deuxiéme partie

Estimation des paramétres d’une
diffusion bruitée pour des données
haute fréquence
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Chapitre 4

Parameter estimation by contrast
minimization for noisy observations
of a diffusion process

Abstract

We consider the estimation of unknown parameters in the drift and diffusion coefficients
of a one-dimensional ergodic diffusion X when the observation Y is a discrete sampling
of X with an additive noise, at times id,7 = 1... N. Assuming that the sampling interval
tends to 0 while the total length time interval tends to infinity, we prove limit theorems
for functionals associated with the observations, based on local means of the sample.
We apply these results to obtain a contrast function. The associated minimum contrast
estimators are shown to be consistent. We provide an illustration on simulated and real
data from neuronal activity.
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4.1 Introduction

Statistical inference for continuous time models based on high frequency data
has been the subject of a huge number of recent papers. On one hand, continuous
time stochastic processes are increasingly used for modelling purposes. On the
other hand, such kind of data is now commonly available in various fields of
applications whether in finance or in biology and medicine.

Among continuous time models, one-dimensional diffusion processes have re-
ceived a lot of attention. In particular, diffusion models have been introduced in
the studies of neuronal activity (see e.g. Ditlevsen and Lansky (2005), Hopfner
and Brodda (2006) and the references given in these papers). More precisely, let
(X;) be given by the stochastic differential equation :

dXt = b(Xt, K)dt -+ O'(Xt, )\)dBt, XO =1 (41)

with B a standard Wiener process and 7 a random variable independent of B,
and b(.,k),0(.,A) real valued functions, defined on R, depending on unknown
parameters (k, \) € R% x R%. Suppose that, for some positive sampling interval
J, a sample (X;s5,7 < N) is observed and that is required to estimate 6 = (k, A).
As the exact likelihood of such observation is generally intractable, other me-
thods have been developped to obtain explicit estimators : minimum contrast
estimators, estimating equations, simulation based methods, ...See e.g. Florens-
Zmirou (1989), Yoshida (1992), Kessler (1997), Bibby and Sgrensen (1995), Sg-
rensen (2009), Genon-Catalot (1990), Genon-Catalot and Jacod (1993), Pedersen
(1995b), Pedersen (1995a), Ait-Sahalia (2002).

More recenty, especially in the case of high frequency data, other kinds of
observations have been investigated among which the case of noisy observations.
Suppose that, instead of observing exactly X5, the observation at time 0 is given
by

Yis = Xis + peis (4.2)

with (g;5,7 > 0) a sequence of i.i.d. random variables, satisfying E(e;s) = 0,
E((g455)%) = 1, independent of the process (X;). This kind of model takes into
account measurement errors or, in the case of financial data, the so-called micro-
structure noise (see e.g Zhang et al. (2005), Jacod et al. (2009)). It provides a
model fitted to data which show non Markovian features.

The exact likelihood of (V5,7 < N) given by (4.1)-(4.2) is generally intractable
except for few models (essentially for Gaussian diffusions with additive Gaussian
noise, see e.g. Cappé et al. (2005), Pedersen (1994), Favetto and Samson (2010)).
For data within a fixed length-time interval (6 = 6y = &, Noy = 1), estimation
for a general diffusion with additive Gaussian noise is investigated in Gloter
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and Jacod (2001). The authors use a contrast method. Only diffusion coefficient
parameters can be consistently estimated in this case.

In this paper, we study observations given by (4.1)-(4.2) where § = 5y — 0
while Ny — oo, under ergodic properties for the hidden diffusion X and propose
consistent estimators of both the drift and diffusion coefficient parameters (x, \).
The noise distribution is unknown, the variance p? of the noise term may be
known or unknown and we assume either that p is fixed or that p = py — 0.

Our starting idea is to reduce the influence of the noise by splitting the sample
into sub-samples and taking empirical means of the sub-samples. More precisely,
we split the sample into k& blocks of size p, with N = pk, where p = py and
k = ky tend to infinity with N. Then, setting Ay = pydn where py and dy are
chosen such that Ay — 0, we build the empirical mean of the j** block :

Yi=XI+pnel, j=0,1...ky—1, (4.3)
where, for Z =Y, X, ¢,

4 1 pN—1
1= — ZJ'AN+1'5N' (4'4)

PN 5
Thus, Ay defines a coarser sampling interval than Jdy, still tending to 0 while
Non = knAy — oo. The empirical mean X7 is close to the mean Xj =
ﬁ L&;DAN Xds of X over [jAn, (j + 1)Ay], which, in turn, is close to Xja -

The variance of €] is reduced by a factor z%'

Our statistical procedure is based on the ky— sample (Y7, =0...ky — 1)
and follows a scheme analogous to the one in Gloter (2006). We study the dif-
ferences Yy — X;a, (Proposition 4.2) and prove a regression type relation for
the YJ’s (Proposition 4.3) which is the basement of the statistical applications.
These results allow us to prove limit theorems for the variation and the quadratic
variation of (Y7) (Theorems 4.1 and 4.2). We precise the adequate calibration
of oy and py for the limit theorems to hold. Then we introduce two different
contrasts : according to the rates of py,dn, the noise variance has or has not to
be taken into account. We set dny = pr~, with 1 < a < 2. For a = 2 and py = p,
the value p? appears in the contrast definition. In each case, we prove the consis-
tency of the associated minimum contrast estimators. As could be expected, we
have to deal with two-rate contrasts, which indicate that drift parameters esti-
mators must have rate \/kyAy, while diffusion coefficient parameters estimators
must have rate v/ky. The study of the asymptotic distributions of the minimum
contrast estimators is postponed to a further paper. Estimators are implemented
on simulated data and on real data of neuronal activities provided by Idoux et al.
(2006).
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The paper is organised as follows. In Section 4.2, we give our notations and
assumptions on the model. Section 4.3 is devoted to the small sample proper-
ties of the empirical means sample (V) and Section 4.4 to uniform convergence
in probability results. In Section 4.5, we introduce the contrasts and prove the
consistency of the estimators. We also deal with the case py = p unknown and
prove that p? can be replaced by an estimator in the contrast formula.

Section 4.6 is devoted to examples and numerical results. For several models
of hidden diffusions, we implement our estimators on simulated data for different
choices of (N, dy, py) and of the noise level. We illustrate the estimation method
on the set of neuronal data for one model of diffusion with estimated noise level.
Section 4.7 contains some concluding remarks. Proofs are gathered in Section 4.8,
and some auxiliary results are recalled in the Appendix.

4.2 Assumptions and Notations

Consider the one-dimensional stochastic differential equation
dXt = b(Xt, Ho)dt -+ O'(Xt, Ao)dBt, XO =1 (45)

where B is a standard Brownian motion and 7 is a real valued random variable
independent of B. The functions b(z, k) and o(x, \) are respectively defined on
R x O and R x ©5 where O (resp. O3) is a compact convex subset of R% (resp.
R?). For simplicity of notations, in proofs, we assume that d; = dy = 1. We

denote by 6y = (Ko, Ag) the true value of the parameter and assume that 6y € (2)
where © = ©; x O,.

From now on, we set b(x) = b(x, kg) and o(x) = o(z, \g) and make classical
assumptions on functions b and ¢ ensuring that (4.5) admits an unique strong
solution (X;)¢>0, defined on a probability space (2, F,P), and that this solution
is positive recurrent on R.

(A1) Functions b and o belong to C*(R), o(x) > 0 for all z, and there exists

¢ > 0 such that for all z € R :

[b(2)| + |0/ (2)] + [b" ()
o(x) + |o' ()| + |o"(x)

| < e(l+ |z)),
| < e(l+ |z)).
(A2) Forzg € R, let s(z) = exp(—2 [, -

m(zx) = m the speed density. Assume f 2)de = [T s(zx)dr = oo

andf da:—M<oo

(A3) Let z/o(dx) = +m(z)dz. For all k > 0, 1 admits a finite moment of

) denote the scale density and

order k.
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(A4) For all k > 0, sup,so E(]X;|") < oo.

(A5) The common distribution of the random variables ¢;5,, admits a 8th or-
der moment, and is symmetric. We set m; = E(|eis,]), ma = E((gi5,)?), ms =
E((eisy)®).

(B1) pv=p>0.

(B2) py — 0 when N — 0.

Assumption (A1) implies that (4.1) admits a unique strong solution on R.

Under (A1) and (A2), v is the unique invariant probability of (4.5) and (X;)
satisfies the classical ergodic theorem (see e.g. Rogers and Williams (2000))

T
VF e L' (dw), %/O F(X)ds — w(f) as.

T—o00

Moreover, under Assumption (A1), for all £ > 1, there exists a constant c(k)
such that, for all ¢ > 0 :

( o it

s€ftt+1]

gt> < e(k)(1+ | X,]5). (4.6)

where G; = 0(Bs, s < t;1). (See e.g Gloter (2000)).

Furthermore, Assumptions (A1)-(A3) imply (A4) if n has distribution v, or
n is deterministic (for the latter case, see Gloter (2006), Proposition 3).

Below, we first assume that the noise level py is known and discuss later
the case where py is unknown. We distinguish the two cases (B1)-(B2) which
yield different results. Assumption (B2) corresponds, for example, to the case
PNEisy = Viit1)sy — Visy, With (V;) a Brownian motion independent of 1 and
(B;). Here, py = /.

We divide observations into ky blocks of size py and set Ay = pydy. Since
Xjay is unobserved, we build the local means (4.3). Notice that

B = -, B = o+ T B se ().

for ¢ a universal constant (the last inequality is obtained using the Rosenthal
inequality (see Hall and Heyde (1980) p.23)). Define the o-fields

G =Gjay = 0(Bs,s <jAx;m), HY =G¥ v AY,

. . . 4.7
Ajyzo'(gkANJriéNaZSpN_lakSJ_1>:U(815N7ZSJAN_5N) ( )

For 0 < j < ky — 1, the random variable Y] is Hf;l measurable. We introduce,
for further use, a condition on functions g: R x © — R :
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(C1) The function g is the restriction of a function defined on R x O with
O an open neighbourhood of © and

de>0,Vx € R suplg(z,d)| < c(1+|z)).
9eo

We need the following statistical assumptions ((A6) is the usual identifiability
condition for this problem) :

(A6)

o(x,\) =o(z, \o) Vo almost everywhere implies A = A,
b(x, k) = b(z, Ko) 1o almost everywhere implies k = kq.

(A7) Functions b, o, 07, 8,b, O,.b, 0,0, Oro, 82,b, D2, b, 0., Opr0, O3,0 and
02,0 exist, are continuous and satisfy Condition (C1), where 9 denotes the
partial derivative.

4.3 Small sample properties of the local means
sample

The following random variables appear in the expansions below :

1 P pUthAN | PNZL pUHDAN iy
gj—l—l,N = — Z / dB;, CJ/‘+27N = — Z /( dBs, (4.8)
im0 /i

PN An+idn DN 5 JG+DAN
, 1 (1+2)AN -
Gon=z | (G+2ay- 5B, (49)
AN (G+)AN
1 FAN+(i+2)0 N
f/z‘+1,j,N = %/ (JAN + (i +2)0n — 5)dBs. (4.10)
5N JAN+(i+1)on

Some basic properties of these random variables are summarized in Lemma 4.2
and B.3 in the Appendix.

Proposition 4.1 Let X; = Ay} fj(ijrvl)AN Xqds. Under Assumption (A1), we

have
_ , 1l
X;— X! =+/on (]E Z O'(XjAN—i-i(SN)gz/',j,N) +éinN
i=0

with (see (4.7))

IE(ejn|HY)| < onC(1+ | Xjayl), E(el n[HY) < 03 C(1+ | Xja,l").
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The following proposition precises the local asymptotic behaviour of the ob-
servation blocks, by a first order comparison between Y7 and X, . It can be
compared to Proposition 2.2 in Gloter (2000).

Proposition 4.2 Under (A1), we have for j < ky — 1,
V!~ Xjay = O-(XjAN)\/A_Ngé,N +ejnt pNEs (4.11)
with |E(e) y|HY)| < cAn(1+ |Xja,l) and
E(¢)\2THY) < A3 (14 [Xoay ) () HY) < eal(1+ [Xa, ).
If moreover (A5) holds, for k <8, there exists ¢ > 0 such that, for j < ky —1 :
E (Y2~ Xoa [ HY) < O (A5 + 1Xoau 1)+ AAE (). (412)
We deduce

Corollaire 4.1 Assume (A1) and (A5), and consider f : R*> x © — R such
that f,0,f, 02, f satisfy (C1). Then, there exists ¢ > 0 such that, for all j > 0
and for all € © :

E(f(YJ,0) = f(Xjan, O)| HY)| < c(An(1+ [ Xjayl?) + pi/E((D)Y)
(4.13)
and forl=1,2

E((f(Y7.0) = f(Xjay, 0| HY) < c(l+]Xa, " + pNE((eD)™))

X (AN (1 + [Xjay?) + R/ E((e2)M).
(4.14)

The following proposition is essential for the limit theorems of Section 4.4 and
for the statistical application.

Proposition 4.3 Under Assumptions (A1) and (A5), we have
VIt = V] — ANb(Y)) = 0(Xja)(Gurv + Gyon) + v + (el —€l)
where 7; n is HY,, mesurable, and there exists a constant ¢ such that
[E(7jnH)| < cAx(An(L+ [ Xjayl*) + o3 E(()Y),
E(7nIH) + B G [HEO] + By v o 615 )] <
AN+ [Xjay [* + ARE((E)?) (An (1 + [ Xjay ") + oy E((€2)1),
E(riy M) < o+ [Xan | + pRE(ED))) (A% (1 + [Xaul) + ol E(()9)).

Note that, for i = 1,2, p%1/E((e])%) = O(£X).
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Remark : In Gloter (2000), Theorem 2.3., it is proved that (see Proposition
4.1)

Xj — X; — AND(X;) = VANO(Xjay)(En + & n) + Tin

where 7; v satisfies [E(7j~|G))| < ¢cAX(1 + |Xjay[?). In Proposition 4.3, addi-
tionnal terms due to the noise appear.

4.4 Uniform convergence in probability results

In this section, f : R x © — R denotes a C? function, such that f, 0, f, 02, f
and Oy f satisfy (C1). The estimation results of Section 4.5 rely on the following
statements.

Proposition 4.4 Under Assumptions (A1)-(A5) and (B1) or (B2), we have

kny—1

on(f(0)) = = > F(YJ,0) — wo(f(.,0)) (4.15)

§=0
uniformly in 6, in probability, as N — oo, with 6y — 0, py — 00, ky — 00 ,

AN :pN(5N — 0 and NdN = k’NAN — OQ.

The next theorem precises the variation of the process (V7).

Théoréme 4.1 Under Assumptions (A1)-(A5), (B1) or (B2), withdny = py*, a €
(1,2], (An = py®) we have

En—2
In(F(.0) = —x 30 FOEL O = Y7 = A o0 (410

uniformly in 0, as N — oo, with 6y — 0, py — o0, ky — 00, Ay — 0 and
N5N — OQ.

The following result deals with the quadratic variation of Y.

Théoréme 4.2 Assume (A1)-(A5).
1. If 6y = py® with a € (1,2) (Ay = py®) and (B1) (py = p > 0), then

kn—2
N 0) = g 3 FOE 002 = ¥27 5 2. 0)0),
j=1

(4.17)
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2. If Sy = py° (An = z%) and (B1) (py =p > 0), then

QAx(F(.0) 5 (I (.00 + 200 (1 0), (419

3. If oy = p", a € (1,2] with (B2) (py — 0), then

Qn(F(.0) 5 Zu(F(. 0)0%). (4.19)

3
where all the convergences in probability are uniform in 6 € O, as N — oo, with
oy — 0, py — 00, ky — o0, Ay — 0 and Noy — oo.

The proofs of these two last theorems are based on the results of Proposition
4.3 and Lemma B.2 in the Appendix. Theorems 4.1 and 4.2 can be compared to
the following classical results :

kn—1
1
N Z f(XjAN7 9)(X(j+l)AN - XjAN - ANb(XjAN>) = 0P<1)a (4'2())
=0
hn—1
1 2 2
NS > F(Xjan O)(XGinay — Xjay)> = w(f(,0)0%) +op(1).  (4.21)
=0

Theorem 4.1 gives the analogous result as (4.20), under the condition dy = pr~,
a € (1,2] and provided that we introduce a lag to avoid correlation terms of order
Ay (if no lag, the limit is not 0, see for instance Gloter (2006)). Theorem 4.2 un-
derestimates vo(f(.,6)0?) because the variance of (j 11 x4} 5 v (see Proposition
4.3) is equivalent to %AN and not to Ay. Moreover, for py = p and oy = py’,
an additional bias appears due to the noise.

4.5 Statistical estimation by contrast minimiza-

tion

4.5.1 Definition of the contrasts
Let c¢(.,\) = ¢%(., \) and define

+ log(e(Y{ 71, A))} . (4.22)

v —2 : : :
N 3 (Yo =Y — Anb(Y{™ k)2
En(0) = ]Z1 {QAN Iz
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When py = p is fixed ((B1)) and oy = py* with a € (1,2], let enp(z,N) =
2—«
c(z,\) + 3A5 " p? and define

kn—2 . ) .
< 3 (VI —Y] — Anb(YI71 k))?
p _ § : . . . )
5N(6) - { QAN CN7p(Yr.j—1’ )\)

+log(ew,(YJ7, )\))}

(4.23)
We have impy_.oo ey p(2,A) = c,(x, A) with ¢,(z,\) = ¢(z,\) if 1 < o < 2 and
cp(x,\) = c(z,\) + 3p? if a = 2.

Let Ay and 6% be the associated minimum contrast estimators, defined as any

J=1

solution of
On = arginf Ex(0) and 0%, = arginf £%(0). (4.24)
S 0cO
Théoréme 4.3 Assume (A1)-(AT), and consider Oy and 6%, defined by (4.24).

1. If (B1) or (B2) holds, with dx = py*, a € (1,2), the estimator Oy is
consistent : O — Oy in Py, probability.

2. If (B1) holds, with oy = py~, a € (1,2], the estimator é% is consistent.

Note that point 1 does not require the knowledge of py.

4.5.2 Estimation with unknown observation noise level un-
der (B1)
Assuming (B1) with unknown p, we consider the estimator p3 = 5% Zf.\:OI(Y(iH)(;N—

Yisy)?, which is the half of the quadratic variation of the observations.

Lemme 4.1 Assume (A1)-(A5) and (B1). Then we have p3 N p*, when
N — 00, with 6y — 0 and Ny — oo. If, moreover, N63, — 0, VN (p% — p?) £,
N(0,3p%).

The minimum contrast estimator §4" based on the constrast 2 (0) satisfies :

Corollaire 4.2 Assume (A1)-(AT), (B1) and 6y = py™ with a € (1,2]. The
estimator OXY is consistent.
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4.5.3 Link with the case of noisy observations of integrated
diffusions

Consider (V}) a standard Brownian motion independent of (X;) and suppose
that observations are

}/;5N = Xi§N + p(‘/(z+1)(5N - ‘/16N)

Settlng PN = PV 5N7 Eiby — (‘/jAN+(i+1)5N - ‘/}AN+i5N>/ \% 5]\77 we are in case (B2)
and p
Vi =X{+ —(Vi+nay = Viay)-
PN

This kind of observations can be compared with noisy observations of integrated
diffusions (see e.g. Baltazar-Larios and Sgrensen (2009)). Indeed, consider

dXt = b(Xt, Ko)dt + O'(Xt, )\O)dBt
dZt = Xtdt + Gd‘/t

and suppose that we want to estimate 6, from discrete observations (Z;a, ). We

have
(J+1)An

4+ —
Ay JAN

A]_\fl<Z(j+1)AN - ZjAN) = Xj dv;.

This relation may be compared to Yy = X7+ pyel where €7 is a (0, py' ) random
variable if we set py = ﬁ . As XJ and X; have similar properties, we can use
the previous contrasts with (Y) replaced by Ay (Z(j+1)ay — Zjay) to estimate

fo provided that € = ey is such that 25 = O(1).

4.6 Examples

In this section, simulation results are given for several examples of diffusion
models on simulated data. For the Ornstein-Uhlenbeck model, an implementation
on real neuronal data is proposed.

4.6.1 The Ornstein-Uhlenbeck process (simulation)
The hidden diffusion solves

with kK < 0 and A > 0, and X is deterministic or follows the stationary distri-
bution of X. We assume py = p > 0 and consider several distributions for the

noise.
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In this model, we can compute explicitly the estimator O by minimizing the
contrast. With the expressions of 0,Ex(0) and 0,En(6), we find

ke —2
M 21@]\?AN JNZI (Y7 = Y] — AninY{ ™) = 3p% 1 0ay;
h L LRSIV oY)
Ay Yy
We can replace A2y by
LA kff(yjﬂ SV, as 32— 32 = op(1).
N = kA . . )5 n AN = O0p

In Tables 4.1-4.5, the common distribution of &;5 is N (0,1) and Table 4.6
presents some results with different distributions. Tables 4.1, 4.2 and 4.3 give
mean and variance of Oy for different values of 0, and N. The values of the
parameters are kg = —1, \g = 1, p> = 0.5. We have used 500 replications, and we
give the empirical mean and standard deviation in parenthesis.

N =5000,6 = 0.01 (N§ =50, N6 =0.5) kg = —1,A\g = 1,p2 =05

a=117(p =50,k =100) a=15(p=22k=227) a=_2(p=10,k=500)
#in (10% Var) -0.58 (1.53) -0.76 (2.75) -0.82 (3.26)
A2, (102 Var) 0.76 (1.19) 1.07 (1.25) 0.86 (2.61)

TABLE 4.1 — Influence of the size of blocks on the estimators, Ornstein-Uhlenbeck
model. (N = 5000 observations, § = 0.01, 500 replications) kg = —1, \g = 1, p* =
0.5

N =20000,5 = 0.005 (N§ = 100, N62 = 0.5) ko = —1, Ao = 1, p?> = 0.5

a=135(p=>50,k=400) «=15(p=34,k=>588) «a=2(p=14,k=1428)
kN (10% Var) -0.74 (1.08) -0.81 (1.47) -0.87 (1.51)
A% (103 Var) 0.95 (3.87) 1.05 (3.88) 0.92 (11.07)

TABLE 4.2 — Influence of the size of blocks on the estimators, Ornstein-Uhlenbeck
model. (N = 20000 observations, 6 = 0.005, 500 replications) kg = —1, g =
1,p>=05

First, we remark that the empirical variance is bigger in the case a = 2 than in
the other cases. The parameter kg is always underestimated, but the estimation
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N = 100000, 8 = 0.001 (N§ =100, N62 =0.1) kg = —1,Ag = 1,p2 = 0.5

a=13(p =200k =500 a=15(p=100,k=1000) o=2(p=32,k=23125)
iy (102 Var) -0.81 (1.36) -0.89 (1.49) -0.96 (1.95)
A2, (103 Var) 0.90 (2.74) 1.02 (1.99) 0.92 (3.85)

TABLE 4.3 — Influence of the size of blocks on the estimators, Ornstein-Uhlenbeck
model. (N = 100000 observations, 6 = 0.001, 500 replications) ko = —1,\g =
1,p2 =05

of kg is clearly improved as N grows, and ¢ is close to 0. The estimation of \g is
better in Table 4.2 than in Table 4.1, and rather close in Tables 4.2 and 4.3. The
variance decreases strongly in the case a = 2.

In Table 4.4, we study the influence of the noise on the estimators, in the case
a = % We use 500 replications, with § = 0.001 and N = 10°, and we give the
empirical mean and standard deviation in parenthesis.

N=1056=103a=15k = -1, =1

p?=0.1 PP =1 Pt =2 pt=5
ky (102 Var) | -0.91 (1.49) -0.89 (1.50) -0.86 (1.75) -0.83 (1.52)
5\?\, (10% Var) | 0.96 (1.71) 1.17 (2.92) 1.47 (4.33) 2.37 (13.42)

TABLE 4.4 — Influence of the observation noise variance on the estimators,

Ornstein-Uhlenbeck model. (500 replications, N = 10°, § = 0.001, a = 2)

A strong bias appears for Ay when p? is bigger than 1, whereas there are
no significant changes in the estimation of the drift parameter xy. The empirical
variances for the estimation of Ay also increases : the presence of noise in the
observations contaminates the estimation of the diffusion coefficient in this case.

In Table 4.5, we study in Table 4.5 the influence of the value of the diffusion
coefficient on the estimators, in the case a = % We use 500 replications, with
§ = 0.001 and N = 10°, and we give the empirical mean and standard deviation
in parenthesis.

The smallest value of A2 is overestimated by A%, and this result confirms the
ones of Table 4.4 about high levels of noise. For the other values of A3, no bias is
observed.

We finally study in Table 4.6 the influence of the distribution of the errors on
the estimators. We choose in this case a = %, ko= —1, =1, p*> = 0.5 . We use
500 replications, with § = 0.001 and N = 10°, and we give the empirical mean
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N=10°6=103a =15k = —1,p2 =1
MN=01 A=05 A2 =1 A2 =2
fin (102 Var) | -0.81 (1.48) -0.87 (1.54) -0.90 (1.64) -0.89 (1.62)

~

A2, (10° Var) | 0.23 (0.12) 0.58 (0.78) 1.01 (1.95) 2.01 (6.93)

TABLE 4.5 — Influence of the diffusion coefficient on the estimators, Ornstein-

Uhlenbeck model. (500 replications, N = 10°, § = 0.001, a = %)

and standard deviation in parenthesis. We make the appropriate corrections on
the distributions of €;5 to have unitary variance.

N =10°,0 =10"%,a = 1.5, 50 = —1, A = 1, p> = 0.5
N(0,1) Laplace(0, %)  Uniform(—+/3,v/3) Logistic((),\/?‘s’)

V2
ky (102 Var) | -0.89 (1.65)  -0.90 (1.52) -0.87 (1.53) -0.89 (1.65)
;\?V (10% Var) | 1.02 (2.11) 1.02 (2.18) 1.31 (3.45) 1.02 (2.10)
TABLE 4.6 — Influence of the distribution of the noise on the estimation,

Ornstein-Uhlenbeck model. (N = 10° observations, § = 0.0001, o = %)

We observe that, except in the case of a Uniform distribution, the estimators
give results close to the Gaussian case. For the case g;5 ~ Uniform(—\/g, \/5), a
significant positive bias is observed, and the variance is bigger in this case than
in the case of Gaussian distribution.

These simulations stress two facts : first, the value a = % for the local mean
size parameter appears as a good compromise, with a bias in the estimation of x
lower than the bias observed for values of « close to 1, and an empirican variance
on simulations lower than the variance observed for @ = 2. The second remark is
about the number of observations : for NV = 5000 observations, x is underestima-
ted, for all the values of a considered. Then, the context of high frequency data
requires a large number of observations, with a very small discretization step, to
be taken into consideration.

4.6.2 Comparison with a discretely observed Ornstein-Uhlenbeck
process
In this section, we are interested in the comparison, on simulated datasets,

of our method with the methods based on the direct observation of the diffusion
at discrete time (see e.g. Genon-Catalot (1990) and Kessler (1997)). To compare
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the quality of the noise reduction and its influence to the estimation of the para-
meters, we compare the results for discrete observations with noise, based on the
minimization of the contrast built on the (Y{) with those obtained for the discrete
observations without noise, based on the minimization of the contrast built on the
(Xisy)- In both cases the same datasets of N observations with a dy-step of dis-
cretization are considered. The hidden diffusion (X;) is an Ornstein-Uhlenbeck
process (4.25). We compare the estimators based on the discrete observations
(Xisy) with the estimator based on (Y;,) with Y,, = X, + pey,, t; = idy. The
results based on the direct observations are given in Table 4.7, and we refer to
Tables 4.1, 4.2 and 4.3 for the results based on noisy observations.

a=1.5,ky = —1,) ) = 1, no noise
N =510%§=10"2 N=210%5=510"2% N =10°6=103
ky (Var) -1.04 (0.21) -1.02 (0.13) -1.01 (0.14)
5\?\, (Var) | 0.99 (1.98 x 1072) 0.99 (9.80 x 1073) 1.00 (4.30 x 1073)

TABLE 4.7 — Parameter estimation with direct observations of the Ornstein-
Uhlenbeck model, for several numbers of observations. (500 replications, o =
1.5, kg = —1, g = 1, p? = 0.5)

The estimation of kg is better for a direct observation of the diffusion, but in
this case, the whole set of N observations is taken into account, whereas the size

of the set of local means is ky = Nog.

4.6.3 The Ornstein-Uhlenbeck process (neuronal data)

Diffusion-based model has been introduced in the 90’s in the field of neuro-
nal studies. The Ornstein-Uhlenbeck diffusion is classical (see e.g. Ditlevsen and
Lansky (2005) ), and the estimation of the parameters has been studied in Dit-
levsen and Ditlevsen (2007), for example, when the diffusion is assumed to be
observed directly.

Let us consider the stochastic differential equation

Z
Az, = (—f +R)dt + MdB,, Xy =z (4.26)

Assume that the observations are at discrete time ¢ty < --- < tx and that they
are given by

Y;i - Zti + pey;
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where (g,) is a sequence of independent A (0, 1) random variables and p is sup-
posed to be known (or preliminary estimated).
Minimum contrast estimators of 7, k, A are given by :

kn—2 v, j— - ky— j j
DA S 1 '\ iy e (T =Y7)
1 Zk‘N—Q(Y]’_1>2 1 IfN—Q yi-1 ,%N 1 2@1—2 Yj—l(yj+1 _ yj)

T ky Luj=1 . ky £-j=1 . T EnAN £vj .
and _—
N 3 N ) . yJi-1
ANy = Y —vi — Ap(—=2 A )2

The dataset used for this study has be formerly presented in Idoux et al.
(2006). An example is given in Figure 4.3.
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FIGURE 4.1 — The neuronal dataset (N = 35000 observations, § = 0.02 x 1072
seconds).

In this dataset, we have 6 = 0.02 (1072 seconds), N = 35000 observations,
txy = N6 = 700 (1072 seconds). We estimate p* with :

1 N-1

2N <

=0

- }/tz)Q

/5?\7 (}/;'Hrl
We have for this dataset p5; = 0.0014.

Then we compute the estimators (7w, Ay, ;\?V) with different choices of p. Re-
sults are presented in Table 4.8.

Due to the low level of noise, we also provide the estimators corresponding to
a direct observation of the discretized diffusion in Table 4.9.

The results presented in Table 4.8 and 4.9 are rather different, but the mean

of the stationary distribution p = 7k is well estimed. Indeed, we find
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p=23(a=125) p=Ua=15) p=T7a=2)

7n (1072 seconds) 13.52 5.85 4.67
Ry (10> mV/ sec) -3.87 -8.95 -11.23
A2 1.94 1.78 1.10

TABLE 4.8 — Parameter estimation for neuronal data (with measurement error).

7n (1072 seconds) &y (102 mV/ sec) A%

N = 35000, 6 = 0.0002 40 -1.31 0.14
TABLE 4.9 — Parameter estimation for neuronal data (without measurement
error).

— iy = Tnvky = —52.28mV for the estimator based on the noisy observations
model,

— iy = Tnvky = —52.45mV for the estimator based on the direct observa-
tions.
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FIGURE 4.2 — The observations with the estimated mean fiy.

However, the estimated values of 7 and \? are significantly different, and 7
increases with the size p of the blocks.
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4.6.4 The Cox-Ingersoll-Ross process

Consider the one-dimensional diffusion process (Cox-Ingersoll-Ross process),
solution of

dX, = (kX; + K)dt + \WXedB;,  Xo =, (4.27)

with k < 0, ¥ € R and A > 0, and 7 a positive random variable independent of

(B)/

We assume that the observations at time ¢ty < --- < t) are given by
}/ti = Xti eXp(gti)

where (g;,) is a sequence of independent N(0, p?) random variables. Hence the
noise is multiplicative, and the observations remain positive.

| M |
M il ! , ) ‘\
y I". el L lll"""l.'ll' ]l l WAL | L e

L L
=00 S00 400 E =1 Foo s00 S00 1000

FIGURE 4.3 — An example of Cox-Ingersoll-Ross process observed with a mut-
liplicative noise.

We consider Uy, = log(Y},) to have real valued observations.
The process Z; = log(X;) solves the stochastic differential equation

2

Z,
dZ; = (k+ (k' — %) exp(—Z;))dt + X exp( )dBs.

_zt
2

2
We set k" = Kk’ — )‘7
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In this case, the scale density is s(x) = exp( 2"69” — %x) and the speed
density is m(z) = 55 exp ((25" +1) 2+ 35e). Prov1ded k < 0 and 2"””2” +1>0,
Assumptions (A2), (A3) are ensured, and (A4) holds with 7 ~ 1.

Explicit expressions for the estimator Oy = (A, NN <) are derived : (ky, IiA”N)
is solution of the system

( Ay S 2 exp(vd ) Anky ) < R ) B ( SE 2 exp (VT (VI - YY) )
Anky Ay Y5 P exp(—vd ) KN ) SN YT YY)
and
2 _ 3 E =1y (yi+l J o i F—1Y1)2
N OknAn ; exp(Y) ) (YT = Y] — An(Ay + Ky exp(=Y]77)))"

Recall that the following explicit expressions for the estimator 0y = (RN, KN, 5\?\,)
when the diffusion (X;) is directly observed (Kessler (1997)) :

ANZ§£;2X]AN AN]CN /E:N _ Zf 12(X(j+1)AN_XjAN)
Ankn Ay KN S oh s (XGrnay — Xjay)

JAN

and

kn—2

B = iy 2 T Kosan ~ X~ vl Xoas + )

Simulation results are presented in Table 4.10 (with noise) and Table 4.11
(directly observed). For this study, N =500 trajectories are simulated with para-

meters kg = —2, k5 =3, A\ =4 ,p> = 0.5, and then Ky = 1. Due to the simulation
study for the Ornstein-Uhlenbeck process, the value a = 5 as local mean size
parameter.

In Table 4.10, we observe that x; = 1 is well estimated, whereas the estima-
tion of kg is negatively biased. The empirical variance, for Ky and &%, decreases
between N = 5000 and N = 20000 observations, but there is no significative im-
provement between N = 20000 and N = 100000 observations. For the diffusion
parameter )\g, the estimator Ay is positively biased, with a variance decreasing
as the number of observations grows.

These results can be compared with the case of direct observations, given in
Table 4.11.

Notice that there is no bias in the estimation of xg and r{ for N = 5000 and
N = 20000, contrary to the noisy case. Moreover, the estimation of A3 is more
accurate, with a lower empirical variance for 5\%\,
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ko=—2,kj =1, =4,p>=05,a=15

N=510%6=102 N =210%§=5.10" N =1056=103
&y (102 Var) -1.43 (6.28) -1.56 (3.14) -1.78 (3.37)
&% (102 Var) 0.99 (4.57) 1.03 (2.12) 1.13 (2.44)
5\?\, (10? Var) 4.23 (37.61) 4.35 (15.15) 4.40 (8.15)
TABLE 4.10
Parameter estimation for the Cox-Ingersoll-Ross process with a multiplicative
noise for different values of «. (500 replications, kg = —2, k) = 1,\g = 4,p* =
0.5, = 2)

Ko =—2,k) =3, =4a=15

N=510%36=10"2 N =210*6=5.10"% N =10°6=1073
iy (102 Var) -2.04 (11.03) -2.03 (6.65) -2.46 (53.45)
iy (102 Var) 3.02 (13.47) 3.03 (8.17) 3.45 (65.44)
A% (102 Var) 4.11 (0.95) 4.05 (0.20) 4.01 (0.36)
TABLE 4.11 — Parameter estimation for the Cox-Ingersoll-Ross process with
direct observations for different values of a. (500 replications, kg = —2, kK, =

3, =4,p"=05a=3

4.6.5 The hyperbolic diffusion

Consider the one dimensional diffusion process solution of
dX; = kXydt + M\/1 + X2dB;, Xo=n€R, (4.28)

where 7 is a random variable independent of (B;), k < 0 and A > 0. In this case,
the model is positive recurrent if |x| + ’\72 > 0, and in this case, its stationary
distribution has density

v(z) o

1
(1 —i—xz)H%

If Xy = n has distribution vy(z)dx, then, |/1+ 371 has Student distribution
which can be easily simulated. Even if 7y has only a finite number of finite mo-
ments, and (A4) does not holds, for 2(1 + |/\%|) > k+1, vy has a finite moment of
order k.

Now we consider

d 1
’ — argsinh(z).

G(x)_/oxﬁ:/\
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By the Ito formula, Z; = G(X;) satisfies

with
B(z) = — (; + %) tanh(\z).

Sample paths of this diffusion can be simulated exactly with the retrospective
exact simulation algorithms proposed in Beskos et al. (2006).
We can compute explicitly the estimator 6 = (fy, A?x) in this case :
ky—2  YJ™! j j
1 2 W(Y.Hl - YJ)

RN = —
Ay ZkN—2 (i h)?
=1 1432

and
. 3 R (VI = Vi — AykyYil)?
A2y = > — .
2knAN ‘= 1+ (Vi)

Some simulation results are given in Tables 4.12 and 4.13, with different
distributions for the observation noise. In the different cases, N = 500 repli-
cations are made, and the empirical mean is given with the associated stan-
dard deviation in parenthesis. We consider for the values of the parameters :
ko= —1,A =1, p* = 0.5.

a=32kp=—-1,X=1p"=05¢~N(0,1)
N=510%§=10"2 N=210%6§=5.10"2 N =10°6=10"3
fin (Var) -0.75 (0.21) -0.82 (0.16) -0.90 (0.17)
A2, (Var) 1.14 (0.14) 1.11 (0.08) 1.07 (0.06)

TABLE 4.12 — Parameter estimation for the hyperbolic diffusion, with a Gaussian

3

noise, for different values of N. (500 replications, o = 5, k0 = —1, A9 = 1, p: =

0.5)

A negative bias is observed in the estimation of kg, whereas a positive one
appears in the estimation of A2. For the two different noise distributions, empirical
means and variances are very close in this model.

4.7 Concluding remarks

The contrasts presented in this work give associated estimators for parameters
involved in a non-Markovian setting : one-dimensional diffusions observed with



96 CHAPITRE 4. CONTRAST MINIMIZATION

o= %,mo = —1,)\ = 1,p? = 0.5,¢ ~Laplace(0, %)

N=510%6=102 N=210"6=5103 N=10°6=10"3
iy (Var) -0.74 (0.21) -0.82 (0.16) -0.89 (0.18)

A2, (Var) 1.15 (0.15) 1.12 (0.09) 1.08 (0.07)

TABLE 4.13 — Parameter estimation for the hyperbolic diffusion, with a Laplace

3

noise, for different values of N. (500 replications, o = 5, k0 = —1, A9 = 1, p: =

0.5)

a noise. The consistency of these minimum contrast estimators is illustrated on
several simulations, and the estimated values are close to the values obtained for
a direct observation of the diffusion. The importance of the sampling rate of local
means, depending on the choice of «, appears in the case a = 2 with py = p,
where the variance of the observation noise p? appears in the limit theorem for
the quadratic variation. The asymptotic normality is studied in Chapter 5.
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4.8 Proofs

It is useful to introduce the intervals I, n := I = [JAN + kdn, JAN + (K +
1)on), for k=0,...,pn — 1,7 =0,...,ky — 1, which satisfy for all j, if k& # k'
]M N ]M/ = () and for j# j/ and all k, &/, [j,k N ]j’,k’ = 0.

Moreover, Assumptions (A1) and (A2) imply ergodicity for (X;). Ergodicity
is used in Lemma B.1 in the Appendix to deal with asymptotic properties when
N — 00, and to derive Proposition 4.4, Theorems 4.1 and 4.2.

Lemme 4.2 The random variables (i1 n and (i x are Giyiay measurable,
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Ciion s independent of Gjy1yay, and the following holds :

1 pN_l 1 pN—l
GriN = — (k+ 1)/ dBs, (! = — (py —1— k)/ dB;.
j+1 on kX; I i+2,N . kzg -

(4.29)

Moreover, we have

/ , A 1
E(Cj’mgﬂjy) =0, E(gjﬂ N|g]'v) =0, ]E(Cj+1,NCj+1,N|gg]'V) - TN <1 - 17_2) )
N

1 1 1 1 1 1
E((Cioq )G =AN [ =+ — + — E((C . VG =AN [ = — — 1+ — ).
(o6 =B (34 50—+ o )+ (G100 = A (5= 5+ o
Proof of Lemma 4.2 Using (4.8), we can rearrange terms to exhibit non-
overlapping intervals, hence conditionally independent variables, and obtain (4.29).

Afterwards, the proof is achieved by elementary computations.
OJ
Proof of Proposition 4.1 First, note that, as (X;,t > 0) and (g4, ) are inde-
pendent, for [ = 1,2,
E(eg,N|Hj,N) = E(eé,N’gj,N)-

Thus we study the expectations given G, n. Using Ay = pydn yields

~ ' ;DN 1
Rin=X;—X]= 5N / XjAy+ksy )ds.
] k

By the Fubini theorem, we get

1 pN—1
Rjn = Vin (p_zv d o (XJ'AN+7€5N)£I,<:,]',N> +ejn
k=0

where e; vy = o n + B, With

i: / (JAN + (k+1)0n — 5)(0(Xs) — 0(Xjay+kéy ) )dBs

J

and

pn—1
BiN = / / w)duds.
G Z on AN+Z6N

Under Assumption (Al), we have |B; n| < con(1 + supgeay j+1)ay] [Xsl)- And
for all p > 0, by (4.6),

E(|ﬁj,N|p|gJ]~V) < (1 + [ Xjay ")
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Also E(a;n1G)Y) = 0, so we get [E(e; n|GN)| < dne(1+]Xjay|). Furthermore, we
get with the Jensen inequality, the Ito isometry and the Fubini theorem

E((0i?]6) < oo 30 [ B(0(X.) = o(Xoann16)716) ).

With Proposition B.1 in the Appendix, it comes E (|oyn[*|GY) < C63(1 +
| X;ay]*). This implies the result. O
Proof of Proposition 4.2 We have

Y] = Xjay = XI—X;+X; — Xjay + pnel,

where e’ is independent of H;V . Proposition 2.2 in Gloter (2000) states that,
using the random variables (4.9),

Xj — Xjay = 0(Xjan ) VAN v+ €N

with [E(e;n|H})| = [E(e;n|G])] < cAn(1+]X;a, ) and E(&F v [HY) = E(e} v1G) <
cAN(1+]X A |). With Proposition 4.1, setting € y = e; v +&; v, We get the first
part of Proposition 4.2. Now we need to prove that, for some ¢ > 0

E (Irinl*| 1) =E (Iranl*| ) < el 4 1 Xjan 1) (4.30)
where
1 pN—1
TN = D o(Xjayrion )N
=0

and & ; v is defined in (4.10). With elementary computations on conditional ex-
pectation, we get (see notation (4.7))

pN—1

1

k

E (Il 67) < - 3 Blo(Xpaein ) Bl nl G 151G
=0

As & ; v is independent of Gja y 1isy

1 pn—1
E (Irinl*| 65) < 0= > B(U+ | Xjawsinnl16))
PN 5
which implies (4.30). Finally, E(|e]|¥|H}) = E(|e]|*) because €] is independent
of HY. O
Proof of Corollary 4.1 We have, with Taylor’s formula (order two) :

D; = FO 00~ F(Xyan: ) = 0uf (X ) (V2= Xy, 4 502 (Z,6)(¥F X, )
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with Z € (Y, X;a,). Then, with the Cauchy Schwarz inequality, using that the

derivatives satisfy (C1), and Proposition 4.2, there exists a constant ¢ > 0 such
that, for all § € ©,

E(D;IHY)] < el 41X a, DIE(E) [ HY)]

FelL+ [Xyay] + v (E(E)2) BV - X;a,)1HD)
An(1+ X8y ])

+e(L+ [ Xay| + pv/E((€0)2)

<(An(1+ [ Xjay?) + ox\VE((2)1))-

IA

With Taylor’s formula (order one), there exists a random variable Z € (Y7, X;a,)
and a constant ¢ > 0 independent of 6 such that D? = (9,f(Z,0))*(YJ — X;ay)?

and , )
D} < 1+  sup [ X4 i)V = Xjay)?
s€E[JAN,(F+1)AN]

Using the Cauchy-Schwarz inequality and condition (C1),

E(D2HY) < c(1+ | Xjan > + PAE((ED)*) (AN (1 + [ Xjay [*) + o3/ E((£)Y)).
Analogously, D} = (0. (Z,0) (YJ — X;a,)* and

Dj < e+  sup (X' pnled| (Y = Xjay)

with ¢ independent of 8. Using the Cauchy-Schwarz inequality, it comes
E(DjIH}) < e(1+ [Xan|* + pVE((ED)) (AN (1 + [Xjaul") + o\ E((£2))).

O
Proof of Proposition 4.3 In this proof, we study all conditional expectation
given QJN as they are identical to conditional expectations given H;V in all the
terms involved below. We have

VI - = X - X4 (et <)

Setting C; = XJ*!' — X7 and rearranging terms yields

Cj - (X(j+1)AN+k5N_XjAN+k6N)
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We use
[ oaxe = baes )i+ [ 006) = 6K aa s
Ij,k Ij,k
+U(XjAN+k6N)/ st+/ (0(Xs) = o(Xjayt+hsy))dDBs.
iy Lk

By splitting Ay into Ay = (k+ 1)y + (py — k — 1)dy for all &k, we get (see
notation 4.8)
YT — Y] — ANb(Y?) = C;j — Anb(YY) + pn(el™ — &)

where 7; v = 22‘:1 Tf) and for £ =1,...,4, 7'](?, = rj(zj)\, + S;,(z)v with
) 1 pN—1 .
rR = Y (ke + DON((Xjayksy) — bYD)), (4.31)
PN 5
1) 1 "= -
SN T o Y (o =k = DX Grnayhsn) — b(YD)), (4.32)
k=0
) 1 pyn—1
r = = D (k+1)0(Xjayksy) / dB, — 0(Xjay)Cje1, (4.33)
PN Lik
) py—1
s = — > (v — k- 1)U(X(j+1)AN+k6N)/ dBs — 0(Xjay)Ciyof#-34)
PN 325 Iiy1k
. 1 pyn—1
M= ST [ O00) ~ X ), (4.35)
PN 5 Ik
. 1 pyn—1
S;,z)v = — ) (pv—k- 1)/ (0(Xs) — b(X(jr1)ay+rox))dS, (4.36)
PN = gk
. 1 pn—1
A= LN ) / (0(X,) = 0(Xan 1rsy ) ABs. (4.37)
PN 5 Ijk
A 1 pn—1
sBeo= = (v—k—1) / (0(Xs) — 0(X(jr1)aythoy))dBs.  (4.38)
PN o Tjs1k

We mainly treat the terms rj(gj)\, because the others are analogous. We have
E(rVIGN) = 0 and E(s{X|GN) = 0 for ¢ = 2, 4. Next,

pN—1
1

E@IGN)] < EZ<k+1>6N|E<b<XjAN+MN>—b<Y.j>|g;V>|
k=0
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We use, for k =0...py — 1 and s € I, the inequality

[E(B(Xs) = b(Xjay+ksn)1G7)] < cAn (L + [Xja,l?).

With (4.13), it comes |E(r§.}}v|g;V)| < cAN(AN + | X, %) + p3/E((D)Y).

Then, with the Fubini theorem, we derive \E(T](%\QJN)\ < A%+ [ Xjay?).

Hence
E(rn 1G] < cAN(AN(L+ [X;a,*) + % E((£2)4)-
(

Now we deal with E((rjl )?|G}). With Proposition 4.1 and the Cauchy-Schwarz
inequality, it comes

E((b(YS)=b(Xja,))*1G;") < (4| Xay PHoRE((ED)*)(An 1+ X ay ) +oi  E((€0)1).

Applying the Cauchy-Schwarz inequality, and after elementary computations, we
obtain

E((r{%)2IGY) < eA (14X ay PHAAE(ED)) (AN (14X ax ) + o3 E((£0)4)).

With analogous techniques, we have

E((r\%)*GN)

IN

cA% sup E((b(Xs) — b( JAN))Q‘QJN)

s€E[JAN,(j+2)AN]
< CA?V<1 + ’XJAN|4)‘

Using Lemma 4.2, we obtain

pN—1
1R = e S b+ D (Nayaasy) ~o(Xia) [ dB.
k=0 Ijk
) 1 PN—l
SR = — oy — k= D(0(Xinaycrsy) — 0(Xjay) / dB,.
PN Iit1k
G+DA
Thusr fJiN N f(s)dBs with
1 pn—1
F) = o= Dk DX ayrs) ~0(Xoa () (439)
k=0
With the Ito isometry and the Fubini theorem, we have
1 PN —
2
E((r2)20Y) = —QZ k4 1)?0NE((0(Xjay ki) — 0(Xjay))*1G))

PN 20
< AN+ X aylh)
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We use similar techniques with rj(-jlzz, and sz)v to obtain
F (2)\2 (4)\2 gN < AQ 1 X. 4
()" + (n)71G5") < cAR(L+[Xjan ).
Collecting terms, we get the bound for E(77y|GN).

Now, using (4.31), (4.8), Lemma 4.2 and the Cauchy Schwarz inequality we
have

E(r R GanlG)] < A/ E(b(X sy s15,) — bYE))?IGN).

Corollary 4.1 implies

=

B G| < eAZ 14+ Xjay 4w\ E((0)2) (VAN (14 X )+on (B(5))) ).

The same inequality holds for ]E(rj(}])\,<§+27N\Q]].V), ]E(sg»’l])\,CjH ~|G)) and E(SEIJ)\, FranlGY)-

We can write (j11,n = fj(ijrvl)AN g(s)dBy with g(s) = 1 D20 Y1+ D1z, (s).

Using (4.39) and Corollary 4.1, we obtain

1 PN—
’E(T§?]z[<j+17N‘gjv)‘ < _QNZ 6N‘E ( JAN+/€5N)_O-(XJAN)‘QJN)‘
k=0
< AN+ [Xjay |+ AE(ED))N AN+ [ Xjay ) + o3 /E((£0)4).

The same inequality holds for |E(r](2]1, ol

®3)

For r7y (see (4.35)), we use the Cauchy Schwarz inequality :

pN—1 3
BRG] < iz Y+ 1+ 1D)RE ( sup (b(Xs) — b(XjAwksN))z‘ ng> :

pN k.1=0 SEIJ‘JC

)

Hence
E 2 Grn|GN)] < A% (1 + [ Xjay ).

Furthermore E(r"? ]N ranlGY) = 0.
With the Fubini theorem and the Ito isometry, we have

1 Pz 1
BrRGuNIGY) = o O (k+ 1P [ E0(X) = o(Xayras,)IG) s
N k—o gk

Introducing Lf = & " + bf’ yields

S 1 S
o(X) = oNjaguas) = [ Lo(Xdut g [ o(X)o(X,)dB.
JAN+KSN JAN+ESN
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Therefore, |E(0(X;) — 0(Xjay+koy )IG))| < cAn(1+|Xja,|*) which implies

4
(RG] < A% (1 + X an]h).

@3 ) (4)

Furthermore E(r JNC]/+2N|QN) = 0. The terms containing s; and s; 5 are
treated analogously. This gives the bound for [E(7; xCjt1,n|G))] and IE(75,nC o nl G

Finally, we have to bound the fourth order conditional moment of 7; n. We
only study the terms 7"52]2, and rj(l]z] Using (4.39), the Burkholder - Davies - Gundy

inequality and Proposition B.1, we have

(+D)Ay 2
cE (/ f(s)2d5> Gy
JAN

< CARE( sup (0(Xo) = o(Xjan))'G)) < eAR(L+ [ X a,lY).
s€[jAN,(F+1)AN]

E((r'2)GY)

IN

With similar computations, we derive ]E((T](’QA),)‘l—i-( (s GY) < AN (1+|X;a, ")
Using Proposition 4.1, we get

4 PN—
E((rin)167) < p—NZ RO NERINY
k=

< (14 [Xjay [+ AVE(ED DAL+ [Xjay ") + o (VE((£0)%)).

Analogously, using Proposition B.1, ]E(( ) 1GY) < AN (1 + [ Xjay]?). Finally,
we get the bound for E(7y|GY).

O
Proof of Proposition 4.4 By Lemma B.1, it is enough to prove the L' conver-
gence to zero of

sup — Z (Y, (Xjan,0)].

9co kn e

By Taylor expansion and condition (C1) we derive the bound

Ay = up | F(42.0) = F(Xja0)] < oL+ |Xa0] +VIDIYY = Xian
S

Hence, the Cauchy Schwarz inequality and Assumption (A2) imply

E (A;[H}) < (1 +|X;ayl + PN\/E(@Z)Q))\/E (1Y = Xjay 2| HY).

Then, with (4.12), Assumptions (A5) and (B1), and E((])?) = -, the result
holds. UJ
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Proof of Theorem 4.1 We have

To(f0) = I (0) + e Y JO07 L 0AN00%) 2,

where In(f(.,0)) = s 2507 VV(9) with VN(0) = f(YI,0) (Y7 — Y] -

knAN
Anb(Y7)). We only need to prove that Iy (f(.,6)) — 0 in probability, uniformly in

0 € ©, as the second term is op(1), uniformly in 6. As V¥ (6) is H}, ,-measurable,
we split the sum into three parts

En—2

Z‘/j,N(Q): Z Vajn (0)+ Z Vajr1,n(0)+ Z Vajtan(0).

1<3j<kn—2 1<3j+1<kn—2 1<3j+2<kn-—2

We treat only the sum with indexes multiples of 3 and set :
1 2 3
V:),JJV<9) = Uigj,)N(e) + U:Sj,)N(Q) + U?()j,)N(Q)

where 0 - /

U%%'SN(9> = f(¥, - 10)0 (Xajan)(Cit1.n + Gjaan)s

Us; n(0) = FYI10)py (el — V),

Un(8) = O Oy
In order to prove the pointwise convergence in 6 to zero, we use Lemma B.2. As
Y X350, are Hij-measurables and e¥*! — ¥ is independent of H3;, we have

E(U3J N( )|H5;) =0 and E(U3]N( )|H3};) = 0. By Proposition 4.3,

[E(7sj.5Hgy)| < eAn(1HXajay P+oVE((eX)*) (An 1+ Xagay [)+0a VE(()1).
Using (A4), this implies m D 1<3j<hy-2 E(v3j N( )|H3;) = op(1). We also have
to verify for £ =1, 2,3,

kn—

N
kNAN Z US]N |H3j) =op(1).

]:

For ¢ = 1, we have

; (1) \2 N
(knAy)? 1§3§N 2E<(U3j’N) (0)H;)
- (knAy)? Z Y702 0(Xa0,)'E <(<3j+1,N+C§j+2’N)2 g)

L 1<3j<kn—2
3j-1
= Néy ky o FYITL00(Xgiay ) = op(1).

1<3j<kn—2
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For ¢ = 2,

1 1 ) ) )
s E((viy)2(O)HY) = ———5 Y02 E((ed = €7)?)
(kNAN>2 1<3JZI;N 2 , ’ (kNAN)2 1§3§N—2

ii Z f(Y?)j—l 6))2
N5NPNAN kn 1<3j<ky—2 * 7

As pyAy = pi @, with 1 < o < 2, the above term is op(1).

For ¢ = 3,
k'N 2 k‘N -2
k?NAN (o A2 Z U3JN |H3J k lﬁv Z f Y3J 1 (3N|H ) (1>a
j=1 j=1

using that, by Proposition 4.3, A#E(Tﬁﬂ?’lé\/) is Op(1).
To obtain uniformity in 6, we shall use Proposition B.2 and evaluate sup ycy E(suppee |09 In(fo)])-

To study
kn—2

~ 1
DIn(fo) = 77— > V),
j=1

we use the same method, split the sum in three parts, and define :

1
VO = 5= 2 )

1<3j<kn—2

The sum for ¢ = 3 is the simplest. With assumption (C1) for dy f, we deduce
E(sup [O0vi)y (OI[H)) < o1+ Y27 )y /B(, 7).
With the Cauchy Schwarz inequality, we have

E(sup D00y (OH]) < /AL VI + [Xajay| + ox/E((2)%)
X (VAN [ Xaian ) + v (B ((2)')))

and with Lemma B.1 and (A4)-(A5), this implies sup yey E(supgee |895J(\:,)’) 0)]) <
00.

We cannot use the same method to study S%)(G),ﬁ = 1,2. Instead, we use
Theorem 20 in Appendix 1 of Ibragimov and Has'minskii (1981) : it is enough to
show that, for £ = 1,2, there exists two constants M > 0 and ¢ > 0 such that :

V0 € ©,YN €N, E(|SY)+) <M

4.40
and V0,0/ € ©,VYN €N, Dy(0,0) < M|)— 0>+ (440)
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where Dy (0,60') = E(|SY(0) — 50 (9)|>+).
For ¢ = 1, using the Rosenthal inequality for martingales, we get, for any
e>0:

1+5
(1) py 2 1 (1) 2| N
1<3j<kn—2
1 1) 2
+ E(Jos)n (0)[+)
(kv An)2* 1§3§N—2 ’
Then it comes :
14+£

> E( i) )

1<3j<kn—2

< 3 e (je (o) )

1<3<kn—2

Wl

With E((Csjp1,n + Chipon)?[HE) = Ax ( — = (p’;N )) Assumption (A5) and
(C1), we derive

1+5 € 2+e €
) < CA}VJr2 and supE (‘vé;?]v(Q)‘ ) < CA}\;%.

j?N

supE (‘E( U3JN ‘H3J>

j7N

Hence

2+e 1 1 1
E(|S$ 0 )Sc -+ — |
(‘ Vol (knAN)He T (knAN)'TE g7

The study of Dy(6,6’) is analogous, so (4.40) holds. This implies S](\})(Q) =op(1)
uniformly in 6.

We use similar tools for S](\?). With the Rosenthal inequality, we have

BISPOR) < gmmmE (| 2 B 1)
1<3j<kn—2
A L E(ENOF).
1<3j<kn—2
Hence, w1th]E<(v3JN(0)) N) = 204 SV, 0)%0(Xgya ) PE((4)2) and B((e3))?) =

(fo) = op(1), uniformly in §. OJ
,0) (Y7 —Y7)% By Proposition

E’ and Ay = py %, we obtain (4.40). Flnally Iy
Proof of Theorem 4.2 Let W; x(0) = f(YJ ™!
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4.3, we have W, () = 320w} (6) with

wil(0) = fO770)0(X;a0) (Grrn + Gron)?

W (@) = FYIL0)p% (T — &)

W (0) = FYIL)(ANDYT) +7ix)

wﬁi)v(Q) = f(Y771,0)20(X;ay) (G N + C§+2’N)pN(€{+1 — &)
wJEZ%/(@ = f(Y-]:fla H)QU(XJ"AN)(CJ}LN + C§+27N)(ANb(Kj) +7jN)
wl(0) = fFYI0)20n (M — D) (ANDYT) + 7i0),

where we recall that YJ~!, X;a, are H}'-measurable and £J*! —&] is independent
of Hév . Therefore, splitting again into three parts, we consider, for ¢ = 0,1, 2,

g 1 i .
TK(J)V<9) = kNAN Z wéj)+€7N(9) for i = 17 e ,6.

1<3j+0<kn—2

We start by studying Té}g,(@) :

E(ws)y (0)[H3) = F(YI 1, 0)0(Xsja,)?Ax (“% (p?vz_ 1))

PN
and )
BN (O ) = 3708 0Po (Xuia )% (5 + 7 ) -
Applying Lemma B.2 with Lemma B.1, we get, for all 6, To(’ljz,(é?) = % X

200(f(.,0)02) + op(1). Thus
2
ToX(0) + TR (0) + T3(6) = 500(F(,0)0%) + op(1).
Then, we study Téi&,(@) :

]E(w?)] N( )|H3j> = f(}/*.?)jfl, e)p?VE<<€§J+1 - €§j>2)
2f (Y1 0)pipy'
and @ . ’
E((wy; y(0)'[H3;) = f(K37_179)2 4E(( S =)
FOI0)pn (12937 (1 + 0(1)))
Recall that Ay = py®, 1 < a < 2. If a < 2, with Lemma B.2, T(jz, op(1). But
ifa=2ie Ay = E’ and py = p, we have Té&,(@) = 5 x 20%0(f(.,0)?)+op(1).
and
Tyx(0) + T2 (6) + T3 (0) = 20" (f(,6)°) + 0p(1).
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We easily deduce from Proposition 4.3, Lemma B.2 and Lemma B.1 that Té?’) (0) =
op(1). For T()(Jz,(ﬁ), we have

E(wzj N( )|H3g) = 2f(Y.3j71a9) <X3JAN)pN]E((<3J+1N+C3]+2 N)(*fgj+1 3]-)‘7_{?1’\;)

Given H3}, the random variables ({sj41,v + (3j405) and (e¥7' — €¥) are inde-

pendent, so E(wéj)N(G)]Hé\;) = 0. Furthermore

E((wiy(0)’1H) = 4f(YF™0%0(Xaia0 ) ANE((Gajrrn + Ghyaa ) (557 — 20 1HY)

31 2 2 2
= 8F(YI L 0)20( X5, )25 Ax (g + 3p§v> Py

Then, with Proposition 4.3, Lemma B.2 and Lemma B.1, To(iz,(é) = op(1).

We have

E(w3] N( )|H3J) = Qf(K3j_1a9)0(X3jAN)]E((C3j+1,N + §§j+2,N)(ANb(Y.3j) + T3j7N)|H?],\§‘)'

With the Cauchy Schwarz inequality,

Ey @] < el fO0F 00 (Xaa)VAx/E(ANDYE) + 52 HE)
< A F (VI 0)]0(Xayan )V By AVEBYY )2 HY) + E(r3, v HY).

Moreover, with the Cauchy Schwarz inequality,

E(w0)2H) = 4 (V000 (Xapa PE(Gaprry + Gyoon) (Ab(YE) + 7 ) )
< ef(YI0)0(Xgyan A2 E(AND(Y) + 73y0) 4 ML),

Then, with Proposition 4.3, Lemma B.2 and Lemma B.1 Téiz, = op(1).

With some straightforward computations, Téﬁ)N = op(1).
We prove now uniformity in # in these convergences, using Proposition B.2.

(1)
)<oo

For w; x(0), we get
E (0(Xjan)*(Garn + Cron)?| HY) < cAno(Xjay)*

kn—2

1
kNAN Z Ggw]N 9)

J=1

E | sup
0O

with

With similar arguments for wj(?v(ﬁ),z = 2...6, we derive uniformity in 6.
O
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Proof of Lemma 4.1 We have ,52N —p? = a1 N + a N + az ny where

=2

2 -1

N—
p 1
ai N = ﬁ {(5(i+1)5N - 51‘6N)2 - 2}, ag N = _N 2; X(z+1 z‘éN)2a

%

I§
=)

N-—
p
3N = o Z (i+1)on — Xion ) (E(i+1)6n — Eivy )-
i=0
With the usual law of large numbers, a; v = op(1). With Proposition B.1,

Blas) < cdy(1+ SpE(YD) = 0x0), Bllazw)?) < 5.

Hence py — p?> = op(1). Moreover, \/Nag,N = \/N(SNOp(l) and \/Nagw =
VonOp(1) tend to 0 as N — oo for N§% = o(1). To study the main term, let us

set u; = -j—%(e%&N — 1 — €(—1)s5Eisy) SO that \/NCLLN = Zj\;l u; + op(1). With

E(usleps,, £ <i—1) =0, ZE u2|egsy, € <i—1) = 3p* + op(1),
E(u; |5[5N,£<z—1)_0p(1)

we conclude by the Central Limit Theorem for martingale arrays. [

Proof of Theorem 4.3. For this proof, recall that b(.) = b(., ko), c(.) = ¢(., Xo)
denote the drift and diffusion coefficients at the true value 6,. Developping En(6)
(see (4.22)) yields :

en0) = b {3n( ) + o tiogtel. )
o () (1)

Proposition 4.4, Theorem 4.1 and Theorem 4.2 imply that Eyx(6) is the sum of
two terms with different rates of convergence. Therefore, to prove consistency of

On, we must proceed in two steps as in Kessler (1997) and Gloter (2006). It is
enough to prove that, first,

ESN(Q) oW (CC((:);\O; —l—log(c(.,)\))) (4.41)

in probability, uniformly in 6. This will ensure the convergence of v to Ao
Second, we prove that

L <5N(I<L, >\) — 5N<Iig, /\)) — §1/0 <(b(’ ’{) _ b(7 K0)2> (442)

]{ZNAN N—oo 2
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in probability, uniformly in 6.

Using Theorem 4.1, Theorem 4.2 and Proposition 4.4, with Ay — 0 we obtain
(4.41) and (4.42).

For the second case, we have ||cy (., A) — ¢,(, A)|lo = 0 if @ = 2, and

2—a
lenp( A) = o M) [loo < 3AFp* if o € (1,2).

Then, cy,, converges uniformly (in (z, \)) to c,. Moreover, by Assumption (A7),
¢! satisfies (C1). Thus

lenp (2, M) = cp(2, N)TH < ellenp(5 A) = 6o ) [loo (1 [2f)
and
|Tog(en (2, A)) —log(e, (2, N)] < cllenp (5 A) = 6o Mlloo (1 + |2*).

The end of the proof is identical, replacing Ex by 4 and ¢ by ¢, in the limits
(4.41)-(4.42).0
Proof of Corollary 4.2. As formerly, we evaluate

2—a
llenon (5 A) = e Mlloo < BAZT |07 = pivl-

We conclude using Lemma 4.1. [
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appendix

Appendix

The following lemma can be found in Gloter (2006), and precises a result from
Kessler (1997) :

Lemme B.1 Assume (A1)-(A3). Let f € C'(RxO), where O is an open neigh-
bourhood of ©, satisfy

glelg{lf(wﬁ)l + 100 f (2, 0)| + 09 f (2,0)[} < C(1 + |2])

then :
1 kn—1
E Z f<XjAN>6) k]:)oo vo(f(-,0)) (B.1)
=0

uniformly in 6, in probability.

The following proposition can be found in Gloter (2000) and Gloter (2006),
and the numerical constant ¢ may varies.

Proposition B.1 Assume (A1) and let f € CY(R) satisfy :
Fy > 0,3c > 0,Vz € R|f'(z)] < (1 + |z|).

Then for all integer k > 1, there exists ¢ > 0 such that, for all j >0 :

k
E < sup |f(Xs) = f(XjAN)!kWJ]-V) < AR+ X an"h)
s€[jAN,(F+1)AN]

113
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In particular, with f(z) = x, we have :

E ( sup | Xs — X

s€[AN,(+1)AN]

g QJN> < A1+ X a, ).

We also recall the following lemma which is given in Genon-Catalot and Jacod
(1993), setting G = Gja,

Lemme B.2 Let Xé-v, U be random variables, with X;\/ being gjj-v—measumble. The
following two conditions :

_ P

Z?ﬁo ! E(Xé'v’gjj\il) — U,
_ P

S E(OG)2IGN) — 0

, k
imply > %y 1)(] — U.

The following proposition is given in Gloter (2006), to obtain convergences in
probability uniformly in 6.

Proposition B.2 Let S, (w,0) be a sequence of measurable real valued functions
defined on Q x © where (2, F,P) is a probability space, and © 1is product of
compact intervals of R4 x R%. We assume that S,(.,0) converges to zero in
probability for all € © and that there exists an open neigbourhood of © on which
Sn(w, .) is continuously differentiable for all w € Q. Furthermore, we suppose that
sup,en E(supgee [VoSn(6)]) < co. Then

Sn(0) — 0
uniformly in 6, in probability.

Lemme B.3 The random variables 5 and &, y are independent and gaus-
sian; & N 1S QJJYH measurable and independent of QJN ; 5§'+1,N is QJJ-\_@ measurable
and independent of jNH. We will use the following expectations :

(€]N|QN) ( +1 N’gN)
E(&nIG)) =E(€]1n51G)) =
E((&ny — -) GY) = ((£’2+1N 3)? IGN) =3
E(( JZ,N - %) ;N|gjv) E(( ;+1N - %) ]N|gN) =
E<€JN€§N|QJN) = %

This lemma, based on elementary computations, is mentioned in Gloter (2000).

0,
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Chapitre 5

Estimating equations for noisy
observations of ergodic diffusions

Abstract

In this chapter, general estimating functions for ergodic diffusions sampled at high
frequency with noisy observations are presented. The theory is formulated in term of
approximate martingale estimating functions based on local means of the observations,
and simple conditions are given for rate optimality. The estimation of diffusion para-
meter is faster that the estimation of drift parameter, and the rate of convergence in
the Central Limit Theorem is classical for the drift parameter but not classical for the
diffusion parameter. The link with specific minimum contrast estimators is established,

as an example.

117
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5.1 Introduction

The aim of this chapter is to study estimating functions based on the ob-
servations of a noisy discretely observed one-dimensional diffusion inspired by
Sorensen (2009). The notations are the same as in the previous chapter. Recall
that we consider the one-dimensional stochastic differential equation

dXt = b(Xt, K)dt + U(Xt, )\)dBt, XQ =0 (51)

where (B;)i>o is a standard Brownian motion and 7 is a real valued random
variable independent of B. The functions b(z, k) and o(z, \) are respectively
defined on R x ©7 and R x Oy where ©1) (resp. O) is a compact convex subset
of R% (resp. R%). For simplicity of notations, in the proofs, we assume that
dy = dy = 1. We denote by 6y = (Ko, Ag) the true value of the parameter and

assume that 6, € © where © = ©; x O,. We set Ey the expectation under
the probability distribution Py, for 8 € ©, and E,, the expectation under the
probability distribution Py,.
At time t; = idn,i = 0,..., N, with o5 the sampling time, the observation
Yis, 1s given by
Yisy = Xisy + PNEisy

where py is the standard deviation of the observation noise, and (g5, ) is a se-
quence of independent and identically distributed centered random variables, in-
dependent of the diffusion (X;), with unitary variance. Two cases are considered
for py :

— in the case (B1), py = p > 0,

— whereas in the case (B2), py — 0.

In this chapter, py is assumed to be known.

In the previous chapter, we have studied minimum contrast estimators based
on the local means of the (Yjs,) : with py and ky such that N = pyky, we set
Ayx = pnOy and

pNn—1

, 1
}/.‘7 - E }/}AN+i5N
L\ —

with the asymptotic framework : N — oo, oy — 0, ty = Noy = knAy — o0
and oy = py~, a € (1,2]. The parameter « is the local mean size parameter. The
case a = 2 is specific because the variance p% has to be taken into account in the
results.

Our focus is on approximate martingale estimating functions based on the
(Y7). An exhaustive review on estimating functions for diffusion processes can
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be found in Segrensen (2010). We consider estimating functions depending on

a € (1,2] )
N—2

GN,Oé<9) = Z ga<5N7Kj+l - }/;j>}/;j_l;9>pN) (52)
j=1
where the function g, (8, y, x; 0, p) with values in R? is such that G, is approxi-
mately a martingale estimating function. Under simple assumptions, we show
that the estimator 91\7 given as the solution of G N,a(éN) = 0 is consistent and
asymptotically Gaussian. We denote by (g1.a,92.4)" the two components of g,.
Notice the lag in formula (5.2) that must be introduced as (Y) is not Markov.
We assume that g,(d,y,z;0,p) satisfies the conditions of Sgrensen (2009)
which are the following ones. First, the condition for rate optimality is

angCM(O?OvI;e?p) =0 (53)

for all x € R, all p > 0 and all § € ©. This condition is also called Jacobsen’s
condition in Sgrensen (2009), and corresponds to one of the conditions obtained
in Jacobsen (2002).

By 0y92.4(0,0,2;0, p) = 0, we mean 9,92 (0, y, z;6, p) = 0 evaluated at y = 0.
For directly observed diffusion models, rate optimality is important because the
diffusion coefficient parameter can be estimated at a higher rate than the drift
parameter, and we show that the result remains true for a diffusion observed with
a noise.

The second condition, called the second Jacobsen’s condition, is

O0xb(x, K) ore(x, N)

aygl,a(ovoax; 07/)) = C(CL’,/\) C(CL’,/\)2

and  07202.4(0,0,2;0, p) = (5.4)
for all z € R, all p > 0 and all § € O, where c(x,\) = o(z,\)?. In Sgrensen
(2009), this condition ensures the efficiency of the estimators, in the case of direct
observations of an ergodic diffusion.

The case of martingale estimating functions for discrete observations of dif-
fusion processes has been treated in Bibby and Sgrensen (1995), and the case
of estimating functions that do not have the martingale property has been trea-
ted in Kessler (2000), with a fixed sampling time A. Kessler and Sgrensen (1999)
introduce martingale estimating functions based on the eigenfunctions of the infi-
nitesimal generator of the diffusion. Sgrensen (2009) focuses on the high-frequency
asymptotics for an ergodic diffusion.

This chapter is organized as follows : Section 5.2 is devoted to the presentation
of the model and the assuptions, which are similar to those presented in Chapter
4, and Section 5.3 contains the main results for the convergence in distribution
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of the variation and the quadratic variation of the local means, and the result of
asymptotic normality for the estimators associated to the estimating functions.
Section 5.4 is devoted to the examples, and the proofs are gathered in Section
5.7.

5.2 Model and Assumptions

In this section, assumptions on the model and the estimating functions are
precised. Assumptions on the diffusion (X;) are identical to those in the previous
chapter (see Section 4.2 in Chapter 4, Assumptions (A1)-(AT)).

We define the class Cp, p, s (Ry X R? X © x R} of real functions f(¢,y, x;6, p)
satisfying that

1. f is p; times continuously differentiable in ¢, py times continuously differen-

tiable in y and ps continuously differentiable in k and \;

2. f and all partial derivatives of f are of polynomial growth uniformly for

0 c0O.

The class Cp, py,ps(R? X © x Ry) is defined in an similar way for functions
f(y,z;0,p). A function f(y,x;6,p) is said to be of polynomial growth in y and
x uniformly for § € © (recall that © is assumed to be a compact subset of R?) if
there exists a constant ¢ > 0 such that, for all z,y € R and all p > 0,

sup | f(y, 2,50, p)| < (1 + ||+ [y[°).
0cO
In the sequel of this chapter, R(d,y,z;0,p) denotes a generic function such
that |R(d,y,z;0,p)| < F(y,x;0,p) where F is of polynomial growth in y,z and
p, uniformly in 6. We assume that the function g, belongs to the class C; 32 in
the sequel of the chapter.

Q=

Moreover, we stress the fact that dy = py®, hence Ay = pndy = p}v_a = 5]1\; ,
for a given « € (1,2]. We will discuss the choice of « in the examples.

We have to consider conditional expectations given Hév = 0(X;,0 < s <
JAN)V 0 (€isy, 108 < (§ —1)An + (py — 1)0n), such that Y7 is HJ, | measurable.

For sake of simplicity in the notations, we write g, = g, 1. = g1 and g2 o = g2
in the sequel. We consider estimating functions where ¢(d,y, z; 0, p) satisfies the
following condition (D) :

1. For all 8 € © we have

. . . _2 .
Eﬂ(g((sNaY;]+1 _}/.ij.]—l;e’pN”H;V) = 5]2V aR<5Na}/;]_17XjAN;0apN)
AVR(On, Y™, Xjay: 0, pn),
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2. The function g(d,y,x;6,p) has an expansion in power of § : there exist
functions g™ and ¢(®) such that

(a) if & € (1,2] or v = 2, the expansion is
9(8,y, ;0. p) = (0,9, 230, p)+0" =g (y,2; 0, p)+8° "+ R(8, y, 230, p);
(b) if @ € (£,2), the expansion is

g(6,y,2;0,p) = 9(01y,m;9,p)+51‘ég(1)gy,x;9,p)
+62 ' (y, 3,0, p) + 6>« R(0,y, 20, p)

with R(A,y, x; 0, p) a generic function such that |R(A, y, z;0, p)| < F(y,x;0,p)
where F' is of polynomial growth in y and x uniformly in 6.

The condition on the expansion has to be discussed : for a € (1, %], we have

1>2— 2 and for @ = 2, we have 1 — 1 = 1 whereas for a € (2,2), we have
« « «@ e’ 27 )

2—2 <1 <1-1 Notice that 5]1\;é = Ay and 5y = A?, this term is needed
to take into account the noise.

Finally, for any non-singular matrix My, the estimating functions Gy, and
MGy o give the same estimator, and the matrix My may depend on dy. There-
fore, a given version of an estimating function may not satisfy the above condition,
but the point is that one version, up to a matrix My must exist and satisfy this
condition. For example, it may be necessary to multiply one of the coordinates

by Ay =6y °.

5.3 Rate-optimal estimating functions for local means

In this section, we give asymptotic results for approximate martingale esti-
mating functions. We prove that the estimator of the parameter in the diffusion
coefficient converges faster than the estimator of the parameter in the drift coef-
ficient.

The infinitesimal generator of the diffusion (X;) is defined by

1 d?

d
Lg = b(l’, K})% + 50(1’, )\)@

For a function h(y,z) of two variables, we use the notation

/ / 1 /
LG(h(57 0 7p))(y7x) - b([[‘, ’i)ayh<57y7'r; 0 ;p) + §C(ZE, )\>852h(67 Y,x; 0 7/0>
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We also introduce the modified generator

- d 1 d?
LQ = b(l’,li)@‘*‘g@(x,)\)w
= Ly—Cy

with Cp = £¢(, )\)j—;.
Indeed, we derive from Proposition 5.1 (proved in the previous chapter and

recalled below in 5.6) that, for f a twice continuously differentiable real function

_1
with bounded second derivative, with Ay = pyoy = (5]1\, o

B (FOIT — YOHY) = £(0) + F/O)q, (V3 — VM)
g f OB (VI = YIPIHY) + Axop(1)
= 100+ AN O X a0 + 51Ol Xiay o)
FATT SO + Avop(1)

by Taylor’s formula.
The following lemma provides an essential identity for the sequel of this chap-
ter.

Lemme 5.1 Under Condition (D), we have, for all x € R, all € © and all
p>0

9(0,0,2;0,p) = 0, (5.5)

9" (0,2:0,p) = —Le(g(0,0,p)(0,2) if a € (1,2), (5.6)
3

¢90,z:0,p) = —p28§2g(0,0,x;9,p) z'f§ <a<?2, (5.7)

g0, 2:0,p) = —Lg(9(0,0,p)(0,2) — p*92g(0,0,,6, p) if a =2. (5.8)

Remark. This lemma has to be compared with the result in Sgrensen (2009),
when the diffusion is directly observed. For o € (1,2), the result on gV is the same
except that it involves Ly in place of Lg. For a € (%, 2), the rate of sampling has to
be taken into account, by the additional term ¢{® which involves the variance p?
of the observation noise. In the case a = 2, we have Ay = py' and an additional
term is needed in g,

Setting po = limy_.o pn, two cases have to be distinguished for the limit
theorems :

— Assume (B1) or(B2) when a € (1,2), or @ = 2 and ps =0,

— Assume (B1) when o = 2.
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We define
Y(0,00, poc) = o((b(., ko) = b(., K)>ayg(0’ 0,-:0: pec)) (5.9)
+%y0((c(., Ao) — e, A)D29(0,0,.:6, poc),

and the matrix

/_1 ( ) _ a“”vb("’%)aygl(()?ov';‘ip) %a)\c(a)\>8§291(07077‘97p>
o1 P 0xb(., £)0yg2(0,0, .0, p) %3,\0(.,)\)85292(0,0,.;Q,p) '

Notice that Ag(x, p) = 9y Le(g(0,0, p))(0,2) = s Le(g(0, 8, p))(0, 2)—3yCs(g(0, 0, p))(0, x).
We set S = 1y(Ag, (-, Poo)). We derive the identity

899(1)(()’ xZ; 9, p) = _aGLQ(g(Ov 97 p))(ov .’B) - Le@eg(oa 97 p))(ov x
+0pCy(g(0, 8, p))(0,2) + Cy(yg(0, 0, p))(0, x).

~— —

Setting

d(0, 00, pos) = 1o(Loy(999(0; 0, pss))(0, ) — Lo(99g(0; 6, pos) )(0,.)) — vo(Ag (-, pos)),

the following lemma contains the main statements for convergence in probability
results (0p is the matrix of partial derivatives with respect to x and \).

Lemme 5.2 We have

kn—2

1 | - b
An, YIH —YI YI710 — 0,00, poo 5.10
k;NAN;g( X0 (0,00, pec), - (5-10)

fin—2

1 | o v,
Opg(AN, YT Y7 YI71:0 — 0,00, oo 5.11
kNAN ; 99( N Le orle 7pN) (b( , 0o, P ) ( )

uniformly in 6 € © compact.

Recall that, for f = f(., ) a function satisfying Condition (C1) (see Chapter
4)

1 kn—1
N (f) == 2 FYD),
=0
kn—2
IN() = 1 D0 FOZDOEH =¥ = Anb(v ),
j=1
kn—2
Qi) = g 2 ST -V

J=1



124 CHAPITRE 5. ESTIMATING EQUATIONS

where b = b(., k).

The following theorems precise the asymptotic behaviour of the functionals
Iy and Qy of the (YJ)’s, and are useful to study the asymptotic normality of the
estimator éN.

Théoréme 5.1 Assume (A1)-(A7) and (B1) or (B2). Then, if a € (1,2] and
_2
N(S?V * — 0, we have

\ N(SN[N —>N0 Vo(f2 2))

_2
A comment has to be done about the assumption N 5?\, * — 0 : when the

diffusion is directly observed at time iy, a similar result holds under the condition
N6&% — 0. Here, we need that kyA3 — 0, and kyA3, = Né?v_%. When a = 2, the
usual condition Né%, — 0 is obtained, but when « € (1,2), a stronger assumption
is needed on the sampling rate than if the discretized diffusion process were
observed directly.

Now we precise the convergence in distribution for the quadratic variation.

Théoréme 5.2 Assume (A1)-(AT7), and ]\76]2\,_é — 0. Then
~ 1f (B1) or (B2) with a € (1,2) or a =2 and (B2) (px — 0), we have

VNGR(QN() — i (FCo? + 20A5) -5 N (0, 1(f20");

—ifa =2 and (B1) (py = p) , we have
V N(sz%/ (QN(f) —UN (f (%UQ + 2p2>)> £, N0, vo(f2 (o +40? p*+12pY)).

In this second theorem, we need that N (5]2\,_é = kyA% — 0. This condition is
more stringent that N(SJQV_% — 0 : for = 2, we may assume that N(SJ% — 0.
Moreover, a distinction has to be done in the case a = 2, py = p, because the
variance of the observation noise p? appears in the asymptotic variance, which
is increased significantly. Notice also that the rate ky = N 5]% is not classical :
when the diffusion is directly observed, the usual rate of convergence for a similar
central limit theorem is NN, whereas here it is slower. That explains why the
condition N 612\,_é is more stringent in the case of diffusions observed with noise.

And there is the multivariate version of the two last theorems.
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1

Théoréme 5.3 Assume (A1)-(AT), and N5]2V70‘ — 0. Then, for f a function
which satisfies (C1), and a € (1,2],

_ VNOININ(f) - e ([0 Wi(f) 0
\/NTJ% (QN(f) — N (f (302 + 2Aﬁv1p?v>>) 0 )’ 0 Wa(f)
(5.12)
with, in the case a € (1,2) and (B1) or (B2), or in the case a = 2 with (B2),

Wi(f) = vo(f?0?) and Wa(f) = wo(f*0")
and in the case a = 2, with (B1),
Wi(f) = w(f*0?) and Wa(f) = vo(f*(o" + 4p%0” +12p")).
For the applications, the following corollary is needed.

1
Corollaire 5.1 Assume (A1)-(AT7), N512v * — 0 for an a € (1,2]. Consider a
sequence of functions fx(x,0) and a function f(x,0) satisfying (C1), a sequence
vy — 0 such that, for all x,

sup | i (z,0) — f(x,0)] < on(1+ [2]),

9o
then
i \/ij(fN) - 0 W- (f) 0
( M(QN(fN) —UN <fN <§JQ~I-2A]°\}1P?V>>> ) A (( 0 > ’ ( 10 Wa(f) )) '

(5.13)

Now we can state the main theorem about the estimation of 6y = (g, Ag) and
the asymptotic behaviour of the estimator Oy = (AN, S\N)

With the rate optimality condition and the second Jacobsen’s condition, the
Central Limit Theorem gives the optimal rate of convergence for the estimator
of the parameter involved in the diffusion coefficent.

Théoréme 5.4 Assume A1)-(A7), (D), and that the following identifiability
condition

{ vo((b(., ko) — b(., £))0yg1(0,0, .50, ps0)) # 0 for k # Ko
w((e(, o) = €, X0))P2292(0,0, 56, p0)) # 0 for A # Ao

is satisfied. Define S = vo(Ag, (., po)). Assume that S is invertible, Sy 1 # 0, Sa.o #
0, and aﬁajggg(0,0,a:; 0,p) =0 for all 0, x and p, then there exists a consistent
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estimator Oy solution of GN,a(éN> = 0, is unique with a probabily that goes to
one as N — oo, and asymptotically Gaussian :

N(SN(’%N B KO) ; W1(8y91(§1é01~;90,/)oo)) 0
F . — N | 0, ’ Wa(9%,92(0,0,:60,pc0))

(5.14)

_1
as N — oo, with Noy — o0 andN(S?V > — (.

_1
The assumption N (5]2\, “ in this theorem corresponds to kyA3% — 0. In the case of

direct observations, the usual condition is Nd% — 0 (see e.g. Sgrensen (2009)).
One of the main differences between the estimating functions built on the
(Y7) and the estimating functions built on the (X;a, ) is that the approximation
V)t — Y] is ‘H},, measurable and involves the random variables ;1 v and
Ciron (defined in (4.8), Chapter 4) which have an MA(1) structure, whereas the
approximation X(j;1)ay — X;a, involves the random variable B(j;1)ay — Bjay
and is QJJ-\_[H measurable. To avoid cumbersome correlations between Yy and Y71,

we consider the estimating function for Ag

kn—2
_ 1 3j+1 37 y3j—1.
Hyal0) = 1 jzlgz,a@mw =YY, ), (5.15)

for a sample X;5,,7 =0,...,3N of size 3N 41 in place of N+ 1, with N = pykn.
The results of uniform convergence in probability under Py, remain valid :

Hya®) = 300((c(20) = (s N)202(0,0, 56, poc)) + 0p (1),

OpHno(0) = Vo(ieo(QQ(O,G,poo))—Ee(gz(O,Q,poo)))—%Vo(ﬁ,\c(.,/\)agzgz(o,(),.;G,poo))—|—0p(1)

uniformly in # € ©. But for the convergence in distribution, we have

kS

Théoréme 5.5 Assume that N5]2Vf°‘ — 0. Under (A1)-(AT), for a function f
satisfying Condition (C1),

kn —2 ken —2
: 1 3j—1\ (341 v3ine | L 3542 3512 2 ASTS
VNG (—kN A ; FOIHEIH =Y == > FEI)Go (V) + 203 A57)

N =0

£ N0, W(f))

where Wi (f) = suo(f?0*) if a € (1,2) and (B1) or (B2), or a = 2 and (B2),
and Wy (f) = vo(f*(§0* + 8p*)) if a = 2 and (B1).
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Then, with an estimator A ~ of Ag based on the estimating function Hy , and
a sample of size 3N + 1, we deduce that Ay is consistent and asymptotically

I W3(0%,92(0,0, .; 0y, poo
\/N(Sﬁ,()\N—AO)LN<O, ol y92(452 0P D) (5.16)
2,2

_1

as N — oo, with Ndy — oo and N<5]2V * — 0.
Then, for a € (1,2), the estimator of A\g based on the estimating function
Hy . has a better asymptotic variance. If the second Jacobsen’s condition holds,

Gaussian :

the asymptotic variance is

This is the same asymptotic variance as in the case of direct observations of the

diffusion, and the estimator is efficient.

5.4 Applications and examples

The main application of these results about estimating functions is the asymp-
totic normality of the minimum contrast estimators built in Chapter 4.
Consider the contrast

ex(0) = 3 { g ez ) (51

Jj=1

2-a
where cy (., A) = (., \) + 3p3 Ay ". Then

B N2 0,b(YITY, ko) . .

—En(B) = -3 YO =Y = Anb(YI T >
Ok N( 0) ; (CN Yj 1 )\0) ( N ( K'U))

8 i 8 C Yj 1 /\0) 3 G+1 j j—1 2
oxEn(l) = - Z ( e ) ) S (=T = A M)

kN 2
(9,\0 YJ )\0)) i1 2=a
+ (Y371 ) + 3A5 1),
]Zl (CN YJ 1 )\O) ( ( 0) N )

Hence, for o € (1, 2], let Gy () the estimating function defined by

kn—2

2 M((;“A)) (Y2 = Y7 = Anb(YI ™ m))

A
CN(Y.]_l, )\)

Jj=1

kn—2 i—1
EnAn NZ M <1(y3+1 Yi = Anb(YIY k)2 — 2N (vt N —Aﬁp?\;
2 ° e 7 3 e

)
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with Ay = 05 =
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We set c,(z,\) = c(z,A\) if 1 < a <2 and ¢,(x,\) = c(z,\) +3p% if @ = 2.
2

By Corollary 5.1, as |ey(z,A) — ¢ (z, )| < 3A1§/3N if « € (1,2) or « = 2 and
pn — 0, and vanishes if a = 2 and py = p, let Gy ,(¢) be the estimating function

defined by
kn—2 j—1
S MY LK) sty AN )
a0 = — = A
N,« — A kEn—2 i
’ RNAN | RS 0he(Yd N (1, : : A : .
A (VI v - Anb(YTL R)E - SNV N — AT 2)
= cp(Y.j*l,)\)2 (2( N ) 3 ( ) N PN

Let Oy be defined by

NalOn) = 0.
Setting
Oxb(x, K) 1—1
) -0 = — " “(y—0>6"=b
gl,a( y Y, L3 7p> Cp(l',)\) (y (ZL’, ’i))a
ohe(z, k) |1 11 2 -3 19
gz,a(&y,x; 0,p) = W §(y—5 ab(z, k)" — c(w,\) = 6ap” 5,
we have
C— _ _@eb(%fi)b
gl,a(yaxa >P) Cp(ilf,)\) (ia/ﬁ?)a)
(1) . - _- M — if 1 2
g?,oa(yaxa 07p> 30(33', A) Cp($,>\)2 yb(xa K’) 1 <a <z
1 oe(z, A) :
= —§CP<LU,)\)W — yb(l’, /<L) if a = 2,
3Ny, a30,p) = 0, el
o he(r, A
gé,ﬁ(y,x; 0,p) —PQW
p\Ls

9_2

1
and ¢'® is only needed if o € (2,2]. Otherwise, o5 = O(d *).
The estimating function G}, , satisfies the rate optimality condition :

0y92,0(0,0,2;60,p) =0

and the Jacobsen condition if ¢, = ¢, i.e. if @ € (1,2) or if @ = 2 and (B2).

Hence, in this case, the following result holds.

Théoréme 5.6 Assume that o € (1,2) and (B1) or (B2), or a =2 and (B2).
Then, the estimator Oy = (ky, \y) defined by Gy.o(0n) = 0 is consistent, and
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asymptotically Gaussian :

( VNon(fn — ko) ) LN 0, {1/0 (W)}l O

1. , 71
VR o ()
1

as N — oo, with Néy — oo and N512V_0‘ — 0.

In the case a = 2 and py = p, with c¢,(x,\) = c(x,\) + 3p?, the second
Jacobsen’s condition is not satisfied. The estimator Oy is still consistent, but we
have

cp(-,20)

2
VO((amb«,no)) c2(.,Ao>>
0

A~ 2
VNON (RN — Ko) Y ” ((35,527:”8?2)
/Néé(;\ o) - 0, VO((aAc«,Ao))?<c2+44cp2+12p4>)
N\AN — Ao 9 cp(-20)
0 4 @ret:2002
YO\ Tep(n)2
. 2—1
as N — oo, with Noy — oo and Néy ¢ — 0.
An other estimating function can be considered :
kN—2 1 —1
> 9:b(Ys k) (YIT = Y] — Anb(Yi ™ K))
G, (0) = — Syt o T
N,o = AL kn—2 i
’ ENAN | "85 05e(YETEN) (1, : AN i =
c(}fjl)\)g) <2(Y.”+1 = V)P = (VTN - AR P?v)

j=1
but G%a is not a gradient : there is no function V' such that G]?f,a = grad (V).
Indeed, setting
Oxb(x, K)

% ) -0 — o (51_éb
gl,a( ' Yy T 7P) C(QS’, )\) (y ) (Jf,li)),
ohe(z,N) [y _ic(z,\) 1
S . o A ) _ s1== ) _ 8552 3
g2,a<57y7 Z; 87p) - C(l’, /\)2 ( 9 0 3 C(ZE; >\> o 1% 10&6(5,2]

we have 8,\ng #* aﬁgga.
However, ¢g& satisfies the second Jacobsen’s condition. Setting Q% as the solu-

tion of G]?,7a(0) =0,
(9b(r0)) ) | 7"
{w (“557) § 0

o ([ aeC20)? (P +acp® +120h)
0 c(,20)%

A I IS
VNST O — Mo) 0 i

_1
as N — oo, with Ndy — oo and N<5]2V > — 0.

Hence, the asymptotic variance obtained for the estimation of xq is the same

OSSN
O\ Texg)?

that in the case of direct observations of the diffusion process.
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5.4.1 The Ornstein-Uhlenbeck diffusion

Let (X;) be the solution of
dXt == /ﬂ]Xtdt + )\dBt,

with k < 0, A > 0 and X, deterministic or distributed with the stationary
distribution of (X;). Explicit estimators &<y and Ay are given in Chapter 4, and
for o € (1,2) or a =2 and py — 0,

N(SN(/%N—K,) 2
1. ’ L>N(OJ< " 904 )>
VNOR(Ax = o) 0 A
as N — oo, with Noy — oo and ]\75]2\,_é — 0.

5.4.2 The hyperbolic diffusion

Let (X;) be the solution of
dX, = kX,dt + \/1+ X2dB;,  Xo=n€R, (5.18)

where 7 is a random variable independent of (B;), £ < 0 and A > 0. In this case,
the model is positive recurrent if || + ’\72 > 0, and in this case, its stationary
distribution has density
1
Il -

v(r) x ———
(14 22)'32

If Xy = 7 has distribution vy (z)dz, then, /1 + %n has Student distribution. In
this case,
X2 3+ 2
Eo(Xo) = 0 and Ey < ) = -
Then
V/Non (i 22 (2sl1)*
N(FGN - fio) r AZ—M 0
1 I N 07 3+)\72
Noj (A = o) 0 I\

4

as N — oo, with Ndy — oo, dy — 0 and Néjzv_a — 0, in the case a € (1,2) or
a=2and py — 0.
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5.5 Concluding remarks

In this chapter, the asymptotic normality of the minimum constrast estimators
of Chapter 4 is proved in the context of estimating functions, which correspond to
the gradient of the contrast function. Two different rates of convergence in distri-
bution are obtained for the drift parameter and the diffusion coefficient parame-
ter. The drift parameter estimator 4y is asymptotically Gaussian at rate v/Ndy,
which is the usual rate for directly observed diffusions, whereas the diffusion

coefficient parameter estimator A is asymptotically Gaussian at rate \/ NV 5]%, :
this is slower than the rate of convergence /N for directly observed diffusions,
and depends on the local mean parameter «. Finally, the results in this Chapter
show that even for non-Markovian observations, it is possible to introduce an
estimating function, and obtain an estimator with good asymptical properties.

5.6 Auxiliary tools

In Chapter 4, several properties of Y7 and some results of convergence in
probability for functionals of the blocks have been established. Recall that the
random variables (; y and (},, y are defined in (4.8), and Lemma B.2 is used to
establish convergence in probability results.

Proposition 5.1 Under Assumptions (A1)-(A2) and (A5), we have
YO = Y0 = Anb(Xjay) + 0(Xjan (G + Gaon) +7in + o (el =€)

where 7; n is HY,, mesurable, and there exists a constant ¢ such that

E(mnIG)] < cAn(An1+[Xjay ) + pa\E(()Y),

E(rinlGY) < cAn(1+[Xjanl* + pVE((e))) (AN (L + [ Xja,l") + o}

E(m}nGY) < c(l+ Xyl + pNE((ED) DAV + [ Xjay]*) + pi\E(()2)),
E(rnGranlG)] < A1+ [Xjay ? + AVE(EDN) (AN + [Xjan ') + o E((£2)Y),
E(TnCironlGi < AN+ X ay P+ ARVE(ED)*) (AN + [Xjayl) + 0 '

5.7 Proofs

_1
In the proofs, we use for sake of simplicity Ay = 6]1\, o
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Proof of Lemma 5.1. We have, with Taylor’s formula,
Eo(g(An, YT = Y7, Y7750, 08)HY) = 9(0,0,Y770, pn) + 9,9(0,0, Y710, pn ) Eg (YT — YIIHY)
1 - , .
- +§a§29(0,0,yj L0, on)Ee (VI = Y2 |HY)

+AngM(0, Y7460, o) + AF g1 (0,Y7756, o)
+A?\/R(AN7 Y3717 XjAN 5 07 PN) )
= 9(0’ 07 Yojil; 0’ PN) + ayg(oa Oa Yoji% 93 pN)ANb(XjAN7 K)

1 . 1
+§8§29(07 0, 1/0]717 0, pN)(ANC(XjAN7 A) + QAJ(\X/'i1 pN)
. _1 .
+Ang (0, Y7756, pn) + AT g T (0,776, p)
+A?\/R(AN7 Yo]_lﬂ Xjan:0, PN)-
Then, we replace X;a, by Y7™! and obtain

Eo(g(An, YJ™ =Y, Y7750, o)) = g(0,0,Y77%:6, p) 4 |
A (Lolo(0.6.p)(0.¥271) + 90027110, )
+AF (g(ﬁ)((l Yojil; 97 PN) + p?\fag%?g(oa Oa Yojila 9, PN))
+A?VR(AN7Y;]_1?XJAN;97/)N)

where the terms
Anyg(0,0, Y7758, pn) (0(Xjay, £) — b(YS ™ )

and

A , ,
= 00(0.0.Y771,0, o) (e(X;8,, A) = e(YIT )

are Hﬁv measurable and negligible : their conditional expectation given H;-V, 1 1s
of order A% . The proof ends with

Eo(g(An, Y7 = Y7, Y77 9>PN)|H§V) = 0(A})

and the identification of the terms. [J

Proof of Lemma 5.2. Tools for the proof are closed to those of Chapter 4.
Set AjJ\[(@, 90) = Eg()(g(AN, Y;j—H - W, )/.j_l; 9, pN)|H3N) We have

A;n(0,00) = An(g™(0,Y770, pn) + Lo, (9(0,0)(0, Y™, )
+HAR (910,070, pv) + p%0529(0,0, Y771, 0, pv))
+A?VR(AN7 Yoj_la XjAN ) 07 PN)
= AN(LQO((Q(O, 9, ION))(O7 Yoj_l) - L9(9(07 97 pN))(07 Yo]_l) + A?VR<AN7 Yoj_l; 9, pN)

Splitting the sum kNlAN Zfil_ 2 A;N(0,6p) in three parts, we conclude for the
pointwise convergence with Lemma B.2 in the appendix of Chapter 4. For the
uniform convergence in 6, recall that © is compact and the functionals Iy (f(.,))

and Qn(f(.0)) studied in Chapter 4 converge in probability uniformly in 6.



5.7. PROOFS 133

Thus, with Taylor’s formula, as g admits a developpment in powers of A,
g(AaY;j+1_Yoj7Yoj_1;97pN) = g(Ovovy;j_l;eva)
+(Yoj+1 - Yoj)ayg(07 07 Yojil7 07 pN)
1, , O
+§(Yoj+1 - Yoj)2852g(07 07 Yo] 1; 97 PN)
+Ang™ (0,770, pn)
_1 1 .
+AY 50,5740, i)
+A?VR(ANa Y;j+1 - Yoj7 Yoj_l; 97 PN)

Hence, we have, with ¢ (0,Y77%;0, pn) = —Lg(g(0,8, px)), the convergence of

kn—2
1 . . . .
D (By9(0,0, Y7710, p) (V3T = Y7 = Anb(YJ™, o))
knAN o A
. 1. . A I .
+0%9(0,0,Y9 7150, o) (G (0 = ¥9)? = SV h0) = AF g5 (0,771 0))

in probability uniformly in 6 € ©.

OJ
Proof of Theorem 5.1. In this proof, we set b(.) = b(., ko) and o(.) = (., Ao).
Considering a function f satisfying Condition (C1) and the random variables
defined in Lemma 4.2, we have, for 1 < 5 < ky — 2,

FOTHEIT =Y) = Anb(YITY) = FOTHITT =Y — Anb(Xjay))
+AN(D(Xjay) = b(YTT).
With Proposition 5.1,
FOTHEIT =Y = Anb(Xjay)) = fOT77H)o(Xjay)(Gran + Gran)
EVAC N CAREEY
+f YT )TN

We study
4
VENANIN(f) = ZR%)
=1
with &
5() L X i /
RN — m Z f(Y; )U(XjAN)(Cj+1,N+Cj+2,N)>
=1
RN
5(2) —1 g
Ry = ——= ) [V " pn(el™ —¢)),
N /—kNAN 321 ( ) N( )
. ke —2
BY = —— 3 S m
N TeAa ; ( ) N
i} 1 2

Ry = NN Z ST HAND(Xjay) — bYIT).
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Let TJ(IK, be defined by

D = POV N (Xan)Gain + FYE)0(X G nax) o,

where the terms have been rearranged, to have rj(ljl, be H},, measurable.
First, we study

kn—2

p(1) 1 Z f(Y;j_l)O'(XjAN)(Cj-i-l,N + C]/‘+2,N)
j=1

RY — __—
N VENAN

and we have

kn—2
_ 1
RY = g i) +op(1).

N /kNAN s 3,N ( )

To prove the convergence in distribution of RE&’, we use a Central Limit Theorem
for martingale arrays (Theorem 3.2 in Hall and Heyde (1980)). We have the
conditional centering E(rj(lijév ) = 0. We compute the conditional variance :

i 1 1 1
BRI = S (£02 s (5 o+ o
N
1

YI=N25 (X, . 22— 4 =

FIVT)0(X ) PO o (Xan): (1 - LQ)) |

3 DY
Hence
I ) o
knAn Z E((r;x)?H;) — w(f?0?).
=2

We easily bound ]E((rj(lj)\,)4|H§V ) with Proposition 5.1 and derive

1 kn—1

1 P
o D B0 HY) —o.
NZ=N =

Then,
Ry 5 N(0,m(f%0%)).

We now prove that R%) = op(1) for ¢ = 2,3 and apply Slutsky’s lemma to
conclude. We first deal with RS\?;) and we have

E(f (Y mn M| < e+ YT DAN (AN (L + X ayl?) + o E(()1).
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Then we use the same arguments as in Lemma 5.2 for the pointwise convergence :
as 7jn is H},, measurable, we split Rﬁ) in three sums, in order to prove that it
converges in probability to 0 with Lemma B.2. With the condition kyA% — 0,
1 - N P
knAn Z knANE(f (Y)Y 1)TSj,N|7'f:aj) — 0.

2<3j<ky—2

We get
E(f(YTT)* M) < c(L+ [YIP)AN(L+ [ Xjayl” + pRE((£1)%)
X(AN(L+ [ Xjayl") + pVE(()Y).

Hence we get

kn—2
1 3j—1
kN[&N ;E; E(f(Y:J )733A4}{&) —0

in probability.
We consider now R N) We define the H},; measurable random variable

P2 = (FYI2) = F(YTY)pel

and we have
En—2
2 1

R = Tomy & v rorlh
To use Lemma B.2, we compute
E(r' % [HY) =0
and
E((r)2 M) = (FVT7%) = FOT)PARE((ED)?):
As Ay = py ® it comes

kn—2 2

1 PN j—2 j—1)12
P = (fOI) = f(Y07))
kn ]Z_; Py
and this quantity vanishes in probability, for a € (1,2], with Assumption (B1)
or (B2).
Finally,

ke —2

Yo FYITHANB(Xay) = bYIT).
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We have, for 2 < j < ky — 2,

FTHO(Xay) = 0(Y77Y) = fOT)(0(Xjay) —b(Y77H)
H VI O(XGnay) —b(YT))
HFYI™) = FOT72)(0( X ay) — 0T,

With Proposition 4.2 of Chapter 4 and the Cauchy Schwarz inequality, it comes

BT (0(Xjay) — bYT)H)] <

cf (VI (AN + XG1)a,) + onE((E7)Y),
B T2 0(XG-nay) = 0YI)IH)| <
Cf(YJ 2)(AN<1+XQ 1)AN)+PN\/ E(( ) )
E((f(YT™) = T 0K ay) = 0(YITHIHYE)] <
(14 Xia, + PRE(ETDAND+ Xia,) + o3V E(5)Y).
With kyA3 = N&& o — 0, BY = op(1). O
Proof of Theorem 5.2. We use the same notations as in Theorem 4.2.We have,
with the notations of Proposition 5.1,

(Y —Y7)? = (Anb(Xjay) +7in)* + 0(Xjan ) (Gaan + C§+2,N)2 ‘
o3 (E —el)? + 2on (ANW(Xjay) + Tjn) (€ — &)
F2(ANO(Xjay) + )0 (Xjan ) (G + Gran)
+2PNU(XJAN)(CJ+LN + CJ+2,N)(€Z+1 — &)

We set Uy(f) = VEN(Qn(f) — on(f(30% + 2p?VA]%%a1))) and we define

, 1 2
upy = FOT X (- G + Gon)* = 3)
N

3
WP = S (Xan) o (V)

- 1 ) . 2-a
Wi = FOTNA(R (T - 205

: 1 , , ,
241)\1 = 2f (Y7 Ho( jAN)pNAN(Cj—H,N+Cj+27N)(53.+1_Ej.)
uﬁ?v = fYIT)(AND(Xjay) +Tjn)°
iy = 2P (Y AN(Xay) + 5m)0 (Xay) Grin + Graw)
UYJ)V = 2f(YJ Npn(Anb(Xjay) + Tin) ()T — &)

so that
kn—2

7
Dt

j=1 ¢=1

%\H
z
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Recall that ;1 is H},, measurable and (., v is H},, y measurable, so we
have to reorder some terms to use a Central Limit Theorem for martingale array.
Then,

= | ka2 | ka2
vl = — ul) = — s+ —— s 40 (1)
with )
_ N
S = Ao (2 )
N
!
) (X yan)? | A2 - m'N>
N
. GG
+2f(}/oj 2)U(X(j—1)AN)2jA—M7
~(1) 1 o 1 1 >
S = Y;J o( X - —
B = e s (5 )
YI NG (X, 2 — 4 =
0008 (50 + o
1 1 11 1 1 1
WherewesetmN:§+21+N+%, m’N:§—2p—N+% andXNZg(l—E) such

that §j+1,N ~ N(07 mNAN)7 C§+1’N ~ N(O, m/NAN), and COV (Cj+1,N7 C}+1,N) =
XNAN- ) 1
As pyt = Ay < Ay, with kyA% = N5J2V_a — 0, we deduce

We have the conditional centering condition : E(sglj)vﬁ—[jv ) = 0. We compute

2 2
R = PO Po(Xa )t (2

N

! 2 2
+FYVI7) 0 (XGonay)! —]Z]’VN —m'N>

2

2 /
i NN
+4f(Y] 2)20(X<j—1)AN)4%
N

2 / 2
+2f(}/;j_2)0'(X(j_l)AN)Qf(y'.j—l)g(XjAN)Q (%LN _ mN) Sj+HLN

Ay

N

2 "
AV 210Xy 2T (X, (52 =y ) S0

An

=22 1 CJ/'H,NZ ;) GG
+4f(Y; )O'(X(j—l)AN> Ax —my A—N

Ay

N
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and

E((s{3)?HY) = 2f<w*1>2o—<X]AN>4m?V

2

F2f (Vi) 20 (X(j-nay)'mly
2
O X S
N
+4f(}/oj 2)U(X(J 1 AN)2f(Y;]71)U<XjAN>2X?V‘

With Lemma B.2 and (B.1) we conclude :

1 R

— > E((s0)°[HY) — wo(f0?)

kn —
]_

in probability. We easily bound IE(( ) /H}Y) and we derive
1
7 2 B — 0

in probability. Then, we can apply Theorem 3.2 in Hall and Heyde (1980) and
obtain
US55 N (0, m0(f20Y)) -

ky—2 (2

We consider U N F >t . With Proposition 4.2, we have

E@2HY)] < el FYI (AN + X2 ) + pRE((D)?)

and with kyA2 = Noy =, U2 = op(1).
Now let us consider

| 2 =
U =——= > ul=——=> s +op(1)
Vi j=1 by j=2
where
(€d)? =% : el el

s = (P70 + FYT DA — AFT) =2/ (Y0 )0k

Ay
is M., measurable.

We have E(s§3}v|H§V) =0 and

E(S)HY) = 2700 + ) ol 4

2
ANN

Then, we have to examine two cases :
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1. Ifa € (1,2) or py — 0 and o = 2, we derive from the previous computation
3

o 2 BRI = or (),

2. If a =2 and py = p,

iz SOZHY) = 120(f20") + 0p(1).

N =2

In the case 1, we conclude with Lemma B.2 that U](\;’) = op(1), but in the case
2, we use a Central Limit Theorem for martingale array : using that

kn—2

é 3 E((E) 1Y) = 0p(1),

=2
we derive
U 5 N(0, 120 (f20Y)).

We also notice that, in this case, E(sglj)\,sg?’])vﬁ-(;v) = 0, and then U](Vl) and U](\;’) are
asymptotically uncorrelated.
We deal with

1 kn—2 kn—2
N \/E ; g,N \/— ]z; N

- 1 ‘ . .
siv = 2007 )pno(Xgonay) 5 - (Gl + Ganel = Grunel™)

o g{ .
2V no (X, CANN

and 7’](% is M}, measurable, with E(r; N!HN ) =

Let us compute

2 —1\2
- i, N / ( ) /
Y) = 0T (R 4w+ L)
+Af (YT ko (Xjay ) *mu
—8f (Y o (Xjan) f(YI ) o (X(j—1)ay ) PN XN-

E ({3

Hence we have to consider the same two situations :



140 CHAPITRE 5. ESTIMATING EQUATIONS

1. If o € (1,2) or py — 0 and a = 2, it comes
LN~ R (0
. SE ((sj7N)2‘ H§V> = 0p(1).
j=2
2. If « =2 and py = p, it comes
| kw2

HZE( ‘HN>_4u(f222)+o(1)

=2

Besides, in case 1, using Lemma B.2, U](\;L) = op(1), whereas in case 2, we verify
that

= ZE( @)

and deduce from a Central Limit Theorem for martingale array

) — op(1)

U £5 N(0, 4w (f20%02).
Finally, we have
E(si s HY) =0, E(ssiN M) =

and U ](\,1 ), U ](\:,3), U ](\;1) are asymptotically uncorrelated.
To finish the proof, let UY = F ZkN 2 ;e])\, for ¢ = 5,6,7. With Proposi-
tions 4.2 and 4.3, we have, with the Cauchy Schwarz inequality,

E(mI1) < el f (WAL + Xy, + PRE((E))
X(An(1+ X + Ph VE(E)D),
B(uin] + ) < el FOTTDIAN+ [ Xjan [+ pwyE(()2)
(VAN + X, + E((0) 1),

With kyA2, — 0, we have U\ = op(1) for £ =5,6,7.

O

Proof of Theorem 5.3. As we deal with martingale arrays, with the nota-
tions of Theorems 5.1 and 5.2, it is sufficient to remark that

| w2

o 2 B0 A1) = or (1),

j=1
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U
Proof of Corollary 5.1. As fy(z) — f(z) = vy (1 + |z]), we have
kn—1
o (fw) =Dl < = Z v (¥d) = £
kn—1

IN

UNX—Z 1+|Y]

and the last quantity tends to 0 in probability. It is also sufficient to consider the
case f = 0.
Then, considering the proof of Theorem 5.1, and keeping the same notations
Pl p_ :
for Ry/,¢ =1...4, we consider

kn—2

7(1) . ]_ .
Ry = VEnAy le YT o (Xjan ) (Gran + Cyan)-

Splitting the sum into three parts, using Lemma B.2 and
E(f(Y7 )20 (Xjan) (Gran + CGran)*Hzy) < con(L+ [V *)o(Xjay)*Ax,

Rﬁ) tends to 0 in probability. The same argument is used for the other terms in

vV kNANjN(fN) and \/EQN(JCN)
[l

Proof of Theorem 5.4. Consider the estimating function

kn—2
> 9N, Y3 =Y, Y770, pw).

7=1

1
kNAN

Gn(0) =

By Lemma 5.2, we have Gy (6y) — 0 and 0sGn(0) — ¢(6, 0y, pso) in probability,
under Py,, uniformly in 6 € 6. As ¢(6y, 0o, poo) = —S is invertible, this implies
the existence and the consistency of éN, with standard arguments (see Bibby and
Sorensen (1995), Theorem 3.2).

A Taylor’s formula around O shows :

Gn(0n) — Gn(0) = ( / 99G n (60 + u(fy — 90))du) (On — 6o).

As 9yGn(0) converges uniformly in probability to ¢(6, 6y, ps) and Oy converges
in probability to 6y,

1
~ P
/ 89GN(90 + U(@N — 90))du A gb(QO, 90, poo) = —S
0
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With a second Taylor’s formula around Y71 — Y7 :

9(dn, Y.jJrl - Y;ja Y.jfl; 0o, pn) = (Y.]'Jrl - Y.j>ay9(07 07}/.3‘71; 0o, )
(Y Y2P00(0,0,Y 0, )

+AN19(1)(07 Y], 00, pi)

+AR (0, Y77 60, pn)

+ANR(AN, YIH =YY 00, pv).

Then, with Lemma 5.1,

g(éNaYoj+1 _Yoj’Yoj_l;e(hpN) = (5/.]'-"-1 _Yoj)ayg(oﬂoayj_l7907pl\/')
—ANb(YI ™, K0)Dyg(0,0,Yd 1 60, o)
1, . ) )
+7(Y;j+1 - Yoj)28§29(07 Oa }/;j_17 90; PN)

_2N

2 —1
3 18ygg(0,0,Y.3 .00, pN)

7AFIO?V8§29(07anojilveO’pN)
+A§VR(AN7 YoJJrl - Y0J7Yo]71; 907 PN)

Thus,

g((;N’}/.j+1 - Y0]7Y0]717 907pN) =
aygl(oa 07 Y;jil; 007PN)(Y;J+1 - }/o] - ANb(wilﬂ HO))
0
+ 85291(0701 W_l; 907:0N)(%(Y.J+1 - Y.])z - ATNC(Y;]_Iv A0) - AXT_IP?\[)
35292(0,0, viTh 907ﬂN)(%(Y.j‘+1 - Y.]')2 - ATNC(Y.]_l, Xo) — Ax 1 p%)
+A?VR(AN3Y;J+1 - Y.jaY.J_IH%,PN)-

The results comes from Theorem 5.3. O

Proof of Theorem 5.5. With the notations of the proof of Theorem 5.2, it is

sufficient to remark that u%)N is Hé\g- 4o measurable, conditionally centered, and

8
E((ugyn)*IH3)) = guo(f2a") + op(1).

Then, the correlation between ;1 x and ;. y is avoided, and the asymptotic
variance is reduced in the Central Limit Theorem. [
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Troisiéme partie

Etude asymptotique du filtre
particulaire
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Chapitre 6

On the asymptotic variance in the
Central Limit Theorem for particle
filters

Abstract

Particle filter algorithms approximate a sequence of distributions by a sequence of em-
pirical measures generated by a population of simulated particles. In the context of
Hidden Markov Models (HMM), they provide approximations of the distribution of
optimal filters associated to these models. Given a set of observations, the asymptotic
behaviour of particle filters, as the number of particles tends to infinity, has been stu-
died : a central limit theorem holds with an asymptotic variance depending on the fixed
set of observations. In this paper we establish, under general assumptions on the hidden
Markov model, the tightness of the sequence of asymptotic variances when considered
as functions of the random observations as the number of observations tends to infinity.
We discuss our assumptions on examples and provide numerical simulations. The case
of the Kalman filter is treated separately.

147
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6.1 Introduction

Hidden Markov models (or state-space models) form a class of stochastic mo-
dels which are used in numerous fields of applications. In these models, a discrete
time process (Y,,,n > 0) — the signal — is observed while the process of interest
(Xn,m > 0) — the state process — is not observed. The standard assumptions
for the joint-process (X, Y,)n>0 are that (X,,) is a Markov chain, that, given
(Xn,n > 0) the random variables (Y,,) are conditionally independent and the
conditional distribution of Y,, only depends on the corresponding state variable
X,,. (For general references, see e.g. Kiinsch (2001) or Cappé et al. (2005)).
Nonlinear filtering is concerned with the estimation of X} or the prediction of
X411 given the observations (Yp, ..., Yy) := Yy For this, one has to compute the
conditional distributions 7.0 = L(Xp|Ya, . -, Y0) or kg0 = L(Xpg1|Yes - - -, Y0)
which are derived recursively by a sequence of measure-valued operators depen-
ding on the observations

Tilk:o = Yy, (Th—1jk—1:0) a0 Ppp1ji0 = Py (Mkfr—1:0)

(for more details, see e.g. Del Moral (2004) or Del Moral and Jacod (2001a)).
Unfortunately, except for very few models, such as the Kalman filter or some other
models (for instance, those presented in Chaleyat-Maurel and Genon-Catalot
(2006)), these recursions rapidly lead to intractable computations and exact for-
mulae are out of reach. Moreover, the standard Monte-Carlo methods fail to
provide good approximations of these distributions (see e.g. the introduction in
Van Handel (2009)). This justifies the huge popularity of sequential Monte-Carlo
methods which are generally the only possible computing approach to solve these
problems (see Doucet et al. (2001) or Robert and Casella (2004)). Sequential
Monte-Carlo methods (or particle filters, or Interacting Particle Systems) are ite-
rative algorithms based on simulated “particles” which provide approximations of
the conditional distributions involved in prediction and filtering.

Denoting by Wli\‘/ o (T€sp. né\i” 10) the particle filter approximations of .o (resp.
Mkt1)k0) based on N particles, several recent contributions have been concer-
ned with the evaluation of errors between the approximate and the exact fil-
ter as N grows to infinity, for a given (fixed) set of data (Y%,...,Ys) (see e.g.
Douc et al. (2005)). In particular, for the bootstrap particle filter, Del Mo-
ral and Jacod (2001a) prove that, for a wide class of real-valued functions f,
VE o) = mkol5)) (tesp. VN0 o(f) — Miepalf)) converges in dis-
tribution to N(0, Ip0(f)) (resp. N(0, Agt1k0(f))). Central limit theorems for
an exhaustive class of sequential Monte-Carlo methods are also proved in Chopin
(2004) and Kiinsch (2005).
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To our knowledge, still little attention has been paid to the time behaviour (with
respect to k) of the approximations. Recently, Van Handel (2009) has studied a
uniform time average consistency of Monte-Carlo particle filters (see also Oud-
jane and Rubenthaler (2005) for uniform approximation).

In this paper, we are concerned with the tightness of the asymptotic variances
Cije:o(f) 5 Aggajro(f) in the central limit theorem for the bootstrap particle fil-
ter, when considered as random variables functions of Yy, ..., Y, as £ — oo. This
is an important issue since these asymptotic variances measure the accuracy of
the numerical method and provide confidence intervals. In Chopin (2004), for
the case of the bootstrap filter, the asymptotic variance I'yji.o(f) is proved to be
bounded from above by a constant, under stringent assumptions on the conditio-
nal distribution of Y; given X; and on the transition densities of the unobserved
Markov chain. In Del Moral and Jacod (2001b) the asymptotic variance I'y.0(f)
is proved to be tight (in k) in the case of the Kalman filter. The proof is based
on explicit computations which are possible in this model. Below, we consider
a general model and prove the tightness of both I'y.(f) and Agyqjro(f) for f
a bounded function under a set of assumptions which are milder than those in
Chopin (2004) but which do not include the Kalman filter. In general, authors
concentrate on filtering rather than on prediction as filtering in more important
for applications. However, from the theoretical point of view, we focus on the
prediction because computations are a litte simpler. First we prove the tightness
of the asymptotic variances Ay 1jk.0(f) obtained in the central limit theorem for
prediction, and then we deduce the analogous result for I', k0(f). For the transi-
tion kernel of the Markov chain, we rely on a strong assumption, which mainly
holds when the state space of the hidden chain is compact (Assumption (A)).
Nevertheless, such an assumption is of common use in this kind of studies (see e.g.
Atar and Zeitouni (1997), Douc et al. (2005)). In the sense of Douc et al. (2005),
it means that the whole state space of the hidden chain is “small” (see Douc et al.
(2005)). On the other hand, our assumptions on the conditional distributions of
Y; given X; are weak ((B1)-(B2)). Assumption (B3) involves the distribution
of the observations, and is easy to check on several classical models.

The paper is organized as follows. In Section 6.2, we present our notations and
assumptions, and give the formulae for I'yj.0(f) and Agiqjr0(f) and some prelimi-
nary propositions in order to obtain formulae as simple as possible for the asymp-
totic variances. Section 6.3 is devoted to the proof of the tightness of Ay qj.0(f)
from which we deduce the tightness of I'yjp.o(f). Moreover, we illustrate our as-
sumptions on examples and provide some numerical simulation results.
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6.2 Notations, assumptions and preliminary re-

sults

Let (Xj) be the time-homogeneous hidden Markov chain, with state space
X and transition kernel Q(z,dz"). The observed random variables (Y}) take va-
lues in another space ) and are conditionally independent given (Xj)i>o with
L(Y;|(Xk)k>0) = F(X;,dy). For 0 <i < k, denote by Y;.x the vector (Y;, Vi1 ... Ys).
Denote also, for f a bounded measurable function, Qf(z) = [ f(2")Q(z, dz’).
Denote by mf o = Ly (XklYio) (vesp. ml 10 = Lig(Xk|Ye-1:0) ) the filtering
distribution (resp. the predictive distribution) at step k when 7o is the initial
distribution of the chain (distribution of Xj). By convention, 773\0—1:0 = 0.
Let us now introduce our assumptions. Assumptions A concern the hidden
chain, Assumptions B concern the conditional distribution of Y; given Xj;.
(A0) X is a convex subset of R? The transition operator @ admits tran-
sition densities with respect to the Lebesgue measure on X denoted by
dx’ : Q(z,dx") = p(x, x’)dz’. The transition densities are positive and conti-
nuous on X X X. For ¢ bounded and continuous on X, Q¢ is bounded and
continuous on X (@ is Feller).
(A1) The transition operator ) admits a stationary distribution 7(dz) ha-
ving a density h with respect to dr which is continuous and positive on
X.
(A2) There exists a probability measure p and two positive numbers e < e,
such that

Ve e X, VB € B(X) e_u(B) <Q(x,B) < e u(B).

Moreover, for all f continuous and positive on X, pu(f) > 0.

(B1) The conditional distribution of Y} given X has density f(y|z) with
respect to a dominating measure k(dy), and (x,y) — f(y|x) is measurable
and positive.

(B2) x+—— f(y|z) is continuous and bounded from above for all y x a.e.

Under (B2), q(y) = sup,cx f(y|z) is well defined and positive. Up to changing

k(dy) into -k (dy), we can assume without loss of generality that

a(y)
Vee X, f(ylz) <1 (6.1)

Finally, we introduce an assumption involving the distribution of the obser-
vations. Define gx(z) := f(Yi|z) for & > 0.
(B3) For some 6 >0

146
< 00, (6.2)

sup E |log (ankflzo (gk)>
k>0
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where E denotes the expectation with respect to the distribution of (Y% )g>o.

Except (A2) these assumptions are weak and standard. For instance, (A0)-
(A1) easily hold for discretized diffusion processes with constant discretization
step. Assumption (A2), which is the most stringent, is nevertheless classical and
is verified when X' is compact. (see Atar and Zeitouni (1997) and the chronological
discussion in Douc et al. (2009)). Assumptions (B1)-(B2) are mild. Note that
they are weaker than the corresponding ones in Chopin (2004) and the same as
in Van Handel (2009). By (AO0), for ¢ non null, non negative and continuous on
X, Qp > 0. With (B2), for all y x a.e., Q(f(y|.)) is positive, continuous and
bounded (by 1).

Note that in (A0) we could replace X' by a subset of a Polish space. Choo-
sing X C R? is a simplification to check easily Assumptions (A0)-(A1) on the
examples, especially when the hidden Markov chain comes from the discretization
of a diffusion process.

We shall discuss Assumption (B3), because it is not classical. This new as-
sumption is discussed in Section 4 and clarified on examples. It holds whenever
f(y|z) is uniformly lower bounded (as in Chopin (2004)) but it is strictly weaker.

Some more notations are needed for the sequel. Define the family of operators :
for f : X — R measurable and bounded, and k& > 0,

Lif(x) = ge(2)Qf (x) where gi(x) := f(Vi|2). (6.3)

For 0 <@ < j,let L;; := L;...L; denote the compound operator. For n a
probability measure on X', set

_ nLyf
nLil

Dy, (n)(f)

Then the predictive distributions satisfy ngf_m =1 and for k > 1,

70
Mt j—2:0Lr—1.f

nIZkaI:Of = 77]270,”]{,2;0[116—11 = (I)Yk—l(nz(lﬂk—&o)(f) (64)

By iteration,

noLok—1f
Epo (f (Xe)Yore—1) = 0y _10(f) = Pyiy 0+ 0 Py (o) (f) = WZLZZ 11 (6.5)
For 4, the Dirac mass at x, we have
= 590Lz, - f
Merif = 57 = s 00 By (d)f. (6.6)

5mLi,k—1 1 B
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We will simply set myjp—1..f () := nifk_lzi f. Moreover we have the relations

0 e 1o(gef)
Ey (f(Xu)|Yow) = mifof = TI;'k—m

and %o (f) = Mo (QF)- (6.8)

Note that for all y, ®,(d,)(dz") = p(z,2")dz’. For ny(dz) = ho(x)dx, with hg
positive and continuous on X,

(6.7)

_ Jxdzf(ylr)ho(x)p(e, 2') o
Sy dxf(ylz)p(z, 2') ’

‘I’y(no)(dw’)

where the denominator is positive. Hence ®,(n) has a positive and continuous
density when 7 is a Dirac mass or has a positive and continuous density. For
these reasons and assumption (A0), all denominators appearing in our formulae
are positive.

Below, for simplicity, when no confusion is possible, we omit the sub- or
superscript 7 in the distributions. Denote the number of interacting particles by
N. The distribution of the bootstrap particle filter for the prediction is denoted
by 77,];( w_1.0(f) and the distribution of the bootstrap particle filter for the filter is
denoted by Wﬁkzo( f). The following theorem central limit theorem is proved in
Del Moral and Jacod (2001a).

Théoréme 6.1 For f a bounded measurable function and a given sequence (Yo.x)
of observations, the following convergences in distribution hold

VN@Y10(F) = mr-10(F) 7 N(O, Ayicro(f))

where ( 2)
k  Mifi-10 (Li,kfl (f - 77k|k—1:0f))
Ap—10(f) = 2 (oL 1) , (6.9)
and
VN eolF) = ko () == N0, Tao(/))
where

k  Mili-1:0 ((Li,kfl (gk (f - Wk\k:()f)))2>
Frkolf) = Z (Mip—1:0(9%))?(Miji—1:0Lig—11)2

=0

(6.10)

Note that, in Del Moral and Jacod (2001a), the above theorem is proved for a
wider class of functions, including functions with polynomial growth.
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In the sequel, we focus on the two asymptotic variances Ayp_1.0(f) and
Lijk:o(f) for f bounded, when considered as functions of Y{.,. Proposition 6.1
gives the link between the two quantities. Recall that the initial distribution is
fixed equal to 7).

Proposition 6.1 For f a bounded function, and k a non negative integer,

Fk|k:0(f) = Ak\kq;o <77k#ko(gk) (f - 7Tk|k:0f)> (6-11)

and

A1)k () = g1k ((f - 77k+1\k:0f)2> + jio (Qf — 7Tk|k:0Qf) . (6.12)

Proof. The first formula is immediate from (6.9) and (6.10). Using (6.4)-(6.8),
we get

App—1:0(f) = Z'fh|z‘—1:0 ((Lm_—ll()> (Mo f (1) — 77k:k:—1:0f)2>

Niji—1:0Li k11

ko Tili—1:0 ((%)2 (=1 (g f) () — 7Tkk:0f>2)
Fk\k:O(f) = ; (nk\k—lzo(gk))2

Noting that
Mili—1:0 (Li,kz—ll) Nk|k—1:0 (gk) = Miji—1:0 (Li,kl) )

we derive
Ak+1|k:0(f) = Tk+1]k:0 ((f - 77k+1|k:0f)2>
+Akjk—1:0 <W#]€O<Qk) (Qf - 77k+1|k:0f))
= Mk+1lk:0 <(f - 7]k+1|k:0f)2> + Chjo (QF — Mitareof) -
O

Note that Chopin (2004) and Kiinsch (2005) give these recursive formulae in
a general context. We recall them in the specific case of filtering distributions,
for convenience of the reader.
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6.3 Tightness of the asymptotic variances

To stress the dependence on the observations (Y%), we introduce another no-
tation for 771,;|k—1:0‘ For v a probability measure, A a borelian set, yo.._1 a set of
fixed real values, let us introduce

}EV(H?:_J S (i Xi)La( X))

Uu,k[yozk—l] (A) =

E, ([T f(wil X))
_ vLlog-114 _ vgoQg1@Q ... gr—1Q14
vlor-_11 vgoRQ91Q - .. gr—1

Here, E, denotes the expectation with respect to the distribution of the chain
(Xx) with initial distribution v and yg.,—1 are fixed values not involved in the ex-
pectation. To ensure that all expressions are well defined, we consider probability
measures v equal to either Dirac masses or probabilities with positive continuous
densities on X'. In the second line, we have set g;(z) = f(y;|z) and the formula
explains the backward iterations of the operators (6.3) with Y = yy.

The following proposition proves the exponential forgetting of the initial dis-
tribution for the predictive distributions.

Proposition 6.2 Assume (A2) and (B1) and set p=1— % Then for all non
+

negative integer k, all probability distributions v and V' on X and all set yo.p—1 of
real values

1wk lYok—1] — Mo ke [Yok—1] || 7v < o~

where ||.||rv denotes the total variation distance.

Proof. The above result is generally proved for the filtering distribution (see
e.g. Atar and Zeitouni (1997), Del Moral and Guionnet (2001) and Douc et al.
(2009)). To prove it for the predictive distributions, we follow the scheme of Douc
et al. (2009). Let X = X x X and denote by @ the Markov kernel on X given by

Q((z,2"), Ax A) = Q(z, A)Q(z", A').

Set g;(z,2") = g;(x)g;(z). For two probability measures v and v/, notice that
Moe[Your-1](A) = 0o w[Yow—1](A) = @y, 00+ 0Py (1)(14) = Dy, 0 -0y, ()(14)

_ EV@V’(H;:J gl(leXz/)lA(Xk’)) - EV’@V(Hf;Ol gl(Xth/)lA(Xk))
EV(H?:_(} gi(Xi))Ey’<Hf:_()l 9:(X3))
where (X;) and (X)) are two independent copies of the hidden Markov chain

(2

and E,g,, denotes the expectation with respect to the distribution of the chain
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(X;, X!) with kernel @ and initial distribution v ® v/'.
Set i = u ® , and T = (x,2'). For f a measurable non negative function, we
have

Setting
QO(Eaf>:€2—ﬂ(f) and Ql(fa 7>:Q<j7f>_Q0<j?f)a

we deduce that

Now let us compute the numerator :

k—1 k—1

Ri(v,v', A) = By (] [ 9:(X0, XD1a(X0)) = v (] [ (X XD 14(X0))

i=0 i=0
=v @V (5Q7Q ... Gr1Qlaxxy) — V @ v(GoQnQ . .. Gr1QLaxx).
It may be decomposed as
Rk(V, VIJA) = Z Rk(*A?tO:kfl)
to:k—1€{0,1}F

where

Ri(A, tox—1) = vV (§oQty01Qt, - - - Gr-1Qt,_, Laxx) =V @V(G0QuG1Qt: - - - Gr-1Qt,_, Laxx)-
Assume that for an index ¢, t; = 0. Then

v @V (50Qtg1Qt, - - - Gr—1Qu,_, Laxx)

=v @V (G0Quen1Qry - - - Gi-1Qt_,71) X €1 (Gi1Qtsy - - - Go1Qup_ Laxx)
=V QV(GoQu 1 Qs - - - Gim1Qu_,71) X €11 (Gis1 Qs - - - Goo1Qty 1 Laxy)
=1V @ v(GoQt,1Qt - - - Gr-1Qu,_, Laxx)

= v @V (50Q11Q4 - - - Gr-1Q4, , L xa)

14
14

and Ry (A, to.x_1) vanishes except if all ¢, = 1. Hence
Ri(v,V',A) =v @V (50Q151Q4, - - - Gr-1Q1(Laxx — 1xxa)).

Therefore
k—1

sup |Ri(v, v/, A)| < P B (] | 9:(X, XT)).
=0

The result follows.[
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Remark. Applying the result of Proposition 6.2 with ¢; = 1 and v/ = 7, we
get ||vQF — 7|7y < p*. Thus, (A1)-(A2) imply the geometric ergodicity of (X},).

Let us make some comments. The result is given in Del Moral and Guion-

net (2001), but the arguments of the proof are different and rely on stronger
assumptions.

Proposition 6.3 Assume (A0)-(A2) (B1)-(B2) For f a bounded measurable
function and (Yo.x) a sequence of observations, the following inequalities hold

k [ 2
ik—11 —1i
. < 2 el (”—> p2(k=1) 6.13
Aklk—l.O(]) = HfHoo ;m 10 ( 77i|i—1:0Li,k711 ) ( )

The following propositions give upper bounds for Agjx_1.0(f).

Proof. Remark that, for all v :

UDN” [Yo:k—ﬂ = CI)Yk_l ©---0 (I)Yi(ny,i[yb:i—l])'

By Proposition 6.2, we deduce, for v = 1y :
[Mtie—1:0 () (@) = 1.0 (O] < M Mool =i [Yir-1] = o e (Your—1) [l v/

S Fllool| Py s 0 0 Py (02) = By, 0+ 0 Py (11,4 Yoia]) [l v

< || £llocp™™

Using (6.13), we get the result. O
We stress the fact that Proposition 6.3 only relies on the exponential stability
which may hold even if (A2) is not satisfied (see Douc et al. (2009)).

Proposition 6.4 Under Assumption (A2) and for f measurable and bounded,
it holds that

2
Awi-ro(f) < || f Mili ( 9i > P2k, 6.14
we—10(f) < [IfII% Z | 1o< T (6.14)

Proof. We remark that for any probability measure v

e-v(gi)(gi1Q - - gr—1) < v9iQ9i1Q . .. gr—1 < €4v(9i) (g 1@ - - - Gr—1)-
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By (A2), since @ is Feller and the g,’s are positive continuous, ((g; 11Q - .. grx_1)
is positive. Applying the left inequality with v = 7;;_1.0 and the right inequality
with v = ¢,, it comes
Liga1(z)  _er  9i(@)p(gin Q.- - gi1)
Nifi—1:0Lip—11 = €~ Nifi—1:0(9i)11(Gi1@ - - - Gr—1)

2
App-10(f) < I fIl% ZTMZ 1:0 (( Ji ) >p2(k—i).

Nili—1:09:

Thus,

O
We state the main result under the additional assumption (B3). In Section 6.4,
we show that, under (A1), (B3) is especially easy to check.

Théoréme 6.2 Assume (A0)-(A2), (B1)-(B3). Then, for all bounded function
f, the sequences of variances (Apg—1.0(f)) and (Urr.o(f)) are tight.

Proof. Using that g; <1

9i ’ 1
Mili—1:0 ( : ) < :
Nili—1:09i Nili—1:09i

Setting B; = —log(nji—1.09:), Lemma C.1 (see the Appendix) implies that the
sequence Zf:o eBip?(h=1) g tight with respect to k. With Proposition 6.4, we
deduce that (Agjk—1:0(f))r>0 is tight.

Using (6.11) and g, < 1, we obtain :

1
(ﬁk|k—1zogk)2

Ciro(f) < Agp-1:0 (f — Tepeof) -

Since || f — Tgik0 flloo < 2] f||o0, the first part implies that (Agjk—1.0 (f — 7Tk|k:0f))
is tight. By (B3), (Mkjk—1.0(g%)) is also tight. The result follows. [J

We have used in the proof that f(y|z) < 1 for all x € X. But as we claimed
previously, up to the choice of the dominating measure x this is not a restriction.

6.4 Discussion and examples

6.4.1 Checking of (B3)

Let us consider a hidden chain with state space X = [a, b] a compact interval
of R satisfying (A0)-(A2) (for instance a discrete sampling of a diffusion on [a, b]
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with reflecting boundaries). Under (B2), r(y) = inf,cx f(y|z) is well defined and
positive. Thus, we have
r(Ye) < Nkje—1:0(gx) < 1.

0 < oo implies (B3). In parti-

Therefore, the condition supy., E|log (r(Yz))]
cular, when (Y}) is stationary i.e. when the initial distribution of the chain is
1o = 7 the stationary distribution, the condition is simply E |log (r(Yp))|'"* < cc.

Let us compute r(y) in some typical examples.

Example 1. Assume that Y, = X + &, with g, ~;;q4 N(0,1) and (X}) in-
dependent of (). The observation kernel is F(z,dy) = N (x,1). Choosing the
dominating measure x(dy) = \/LQ—Wdy,

f@mw=wp(—@‘$y)2rw>

where

Hog(r(y))] < 5 ((y — )% + (y— b)?)

N | —

Example 2. Assume that Yy = /Xep with e ~;5.4. N(0,1), (X},) independent
of (e;) and 0 < a < b. The observation kernel is F'(z,dy) = N(0, z). Note that

1 2 1 2 1
exp <_y_) < exp (_y_) < .
V27h 2a V2mx 2z V2ma
Taking x(dy) = \/%—ady, we get that

[ log(r(y)| < C+ -

Thus, assumption (B3) is a simple moment condition on the observations which
is evidently satisfied on these examples.

6.4.2 The case of a diffusion on a compact manifold

Consider the stochastic differential equation
dZt = b(Zt)dt + O'(Zt>th
with a one-dimensional observation process
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where W is a standard Brownian motion, (g;) is an i.i.d. sequence of N(0,1)
random variables, and b, ¢ are Lipschitz and g is smooth enough.

Assume that the diffusion process Z valued in a compact manifold M of
dimension m embedded in R?. Assume that b and o lead to a strictly elliptic
generator on M, with heat kernel G;(x,y). We refer to Atar and Zeitouni (1997)
and Davies (1989) for the following inequality

coe Mt < Gi(z,y) < cot M2,

where cg, ¢; and ¢, are numerical constants. Assume that t; =i, 6 >0, €N,
hence the observations are equally spaced in time. Then we obtain the inequality
for (A2) with p a probability distribution with positive density with respect to
Lebesgue measure on M, because the transition density of the hidden Markov
chain is bounded from below by a positive value. Due to the underlying diffusion
process, other assumptions on the chain are verified.

6.4.3 A toy-example

Consider two continuous densities u and v on (0, 1), a distribution 7 on (0, 1)

with a continuous density with respect to Lebesgue measure and a real « of (0, 1).
Define the Markov chain (X}) by

Xo~m, Xi+1 = Ix<aUk+1 + 1x,50 Vit (6.15)

where (Uy) and (V) are two independent sequences of i.i.d. random variables,
independent of X, with respective distributions u(z)dz and v(z)dz. Set p(z,2") =
1,cou(2’) + 1,54v(2) the transition kernel density. The transition kernel admits
an invariant distribution 7(x)dx with w(x) = Au(z) + (1 — A)v(z) and

o v(@)da |
[Lu(e)de + [ v(x)dz

For example, with

u(z) = 6z if x‘e [0, 31] and v(x) = 3z if x'e [0, 32]
=3z + 3 if x €3, 1] —6x +6 if z €3, 1]

the transition kernel @ of the chain (X}) satisfies (A2) (see Figure 6.1) with

pu(dr) =4(x N1 —2)dr and e = 1, €,

1 3 .
T 2

Ve e X, VB € B(X) e_u(B) <Q(x,B) < e u(B).
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FIGURE 6.1 — Densities involved in the toy-example. Functions u (solid), v
(bigdash dot) and %ﬁ (dash dot).

In Figure 6.1, the graph of u is plotted in solid line, the graph of v is plotted in
bigdash dotted line, and the density of u is plotted in dash dotted line.

For this example, the transition density, p(x,z’) is not bounded from below by
a positive constant. This shows that (A2) is strictly weaker than the assump-
tion of Theorem 5 in Chopin (2004). Although Assumption (AO) is not verified
on this example, the proof of the tightness still holds. Indeed, all the denomi-
nators involved in the computations of the upper bounds are well-defined and
positive. Assumption (A1) is clearly verified and the stationary distribution can
be explicitely computed, and the bounds in (A2) too.

6.5 Numerical simulations

6.5.1 Simulations based on the toy-example

We consider Example 6.4.3 with the observations Yy, = X} + ¢, where (g4 is
a sequence of i.i.d. N(0, (0.5)?) random variables. In figure 6.2, we have plotted
in plain line, with square marks, a trajectory of the hidden Markov chain, in
longdashed line, with diamond marks, the noisy observations. We have plotted in
dashed line, with plus marks, the result of the bootstrap particle filter associated
to these observations, with N = 500 particles and ¢(z) = x. We observe that the
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result of the particle filter is close to the hidden chain, uniformly in time.

12

T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

FIGURE 6.2 — Toy-example (o = 0.4). Hidden Markov chain (plain, [J marks).
Observations (longdashed line, diamond marks). Particle filter (dashed line, +
marks)

We propose a study of the variances based on Monte-Carlo simulations.

We simulate J = 50 trajectories (yéj), . ,yT ) for j =1...J and T = 200.
For each trajectory, we compute L = 50 realizations of the partlcular Monte-Carlo
method, named (Wk]“)m o) forl=1...Land k=0...T. Hence we set

N 1 i

(4) (4),N

Fk]|k0 =7 ( Wk\ko o) E : ”k]wco ©) ) : (6.16)
1 =1

=

(1),N r(1),N (1),N (1), N
F50|50:0(90) I‘100|100:0(90) F150]150:0(90) 1—‘200|200 o(¥)
N =100 | 6.95 x 1072 4.00 x 1072 4.14 x 1072 5.27 x 1072
N =250 591 x1072 4.01 x107? 3.35x 1072 4.27 x 1072

N =500 |6.46 x 1072 3.24 x 1072 3.69 x 1072 4.60 x 1072

TABLE 6.1 — Computation of (6.16) for different values of N and k.

In Table 6.1, the quantity (6.16) is computed for one trajectory, and different
values of the number of particules N and the number of observations k. We can
notice that the value remains stable.



162 CHAPITRE 6. ASYMPTOTIC VARIANCE

T T T T T T T w’—‘w d

FIGURE 6.3 — Histograms of the random variables (6.16) for k£ = 50 (top left),
100 (top right), 150 (bottom left), 200 (bottom right).

In Figure 6.3, the histograms of the distribution of the random variables
(D2 (9).5 = 1...J) for k € {50,100,150,200} are plotted. This confirms
the tightness property : the support remains within a small compact set and the

distributions are concentrated around an unique mode.
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Annexe C

Appendix

C.1 Bootstrap particle filter

The aim is to build a sequence of measures (771]:\[ k1.0 k> Where N is the number
of interacting particles, so that 77,];( k_1.0/ 18 @ good approximation of 7yx—1.0f for
f bounded. We assume that the distribution of X is known and we set it as
Mo = Noj—1:0- We assume that we are able to simulate random variables under 7

and under Q(x,dz").
Step 0 : Simulate (X7)i<j<y i.i.d. with distribution 7 and compute 77(])\(71:0 =
1 ZN 5o
N 24j=19x3"

Step 1-a : Simulate X" i.i.d. with distribution 7'('(])\'[0:0 =y 90(X3)

. i=1 zﬁlgo<xg>§Xé'

Step 1-b : Simulate N random variables (X7); independantly with X{ ~
QX dx). Set 7)o, = % Licy Ixy-

Step k-a : (updating) Suppose that n,ﬁk_lz() is known. Simulate (X7)i<j<n

i.i.d. with distribution nf,_,, and simulate X'} i.i.d.with distribution Y, =
N gr(X7) _
2= T e X0 X |
Step k-b : (prediction) Simulate X}Y, ; independantly with X;% | ~ Q(X"7, dx).

N _ 1NN .
Set Nesajro = ¥ 2j=1 5X,1+1'

C.2 Tightness lemma

The following lemma is proved (with é = 1) in Del Moral and Jacod (2001b).

165
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Lemme C.1 (Tightness lemma) Let o € (0,1) and consider two sequences (A; x)1<i<k
and (B;k)1<i<k of non negative random variables such that

supE(A, ;) +supE(BH°) = K < o0 (C.1)
then the sequence
k
Ti=) af A e (C.2)
i=1

18 tight.

Proof. Choose v > 1 such that ay < 1. Set €, = NZ/{|Bix| < (k —4)log}
for 1 < j < k. Set also ¢; = Zizj 21_1+5 Then, with the Markov inequality for B;
we have

c KG]
P(ij log’y 1+6 Z _ z 1+6 — (log ,y)1+6'

On 2, we have

??‘

k —j
E ak_’AivkeBivk = o ZA peBik 4 5 k- ZAM@B““

=1 i=k—j+1

<.
—_

e
.

IN

(ya)*= ZAl/mL Z k= iAi,keBivk

i=1 i=k—j+1

Finally, with the Markov inequality for A, we get for 1 < j <k

Ke; M
P Tk > M < J + —|— P keB’F’“ > —
( ) (logy)+o — M( 1 — av) ZJH 2])

k
i=k

With our assumption, the sequence (Ai,keBivk)lgigk is tight. For ¢ > 0 we first
choose 7 then M, hence the result. [J

C.3 The Gaussian case

In the context of the one-dimensional Kalman filter model, Assumptions
(A0)-(A1) (B1)-(B2) hold but not (A2). On the other hand, we are able to
study the expression (6.13) of Ayx_1.0(f) by explicit computations. In Del Moral
and Jacod (2001b), (6.13) is proved to be tight by direct computations too. We do
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the analogous calculus for (6.13) which is simpler. Recall the model : the hidden
Markov chain is a Gaussian AR(1) process

XO ~ N(070-92,)
Xir1 = aXp+ Uk

where (Uy,) is a sequence of N'(0, 1) independent random variables, independent
of Xy. The observations are given by

Yi = 0X). + 'V

where (V%) is a sequence of N'(0, 1) independent random variables, independent
of (X). We assume that |a| < 1 and 02 = % Hence, the process (X, Y}) is

1—a?"

stationary.

C.3.1 Preliminary computations

Denote by 7, ,2 the Gaussian distribution N'(m, 0?) and by ¢,, .2 its density.
Due to the identity

1 1 1o 245\ (B+a)
(@ —m)’+ S5 (x—u? = (—+—> (x—_ 1) — n

m?  u?
+ F + ﬁ 9
we get
1 (m — u)? )
m,o? (bu,vQ = CXP\|\ 573 7 = |- C.3
i ) 27 (02 + v2) ( 2(v2 + 02) (C.3)

The prediction operator Ly is given by Lg(z,.) = %gbyk »2 (2)N (azx, %). To com-
T

pute (6.13), following Del Moral and Jacod (2001b) we search the compound
operator L; ; = L; ... L; in the following form :

Lij(x,.) = Wi jPu, ;w, (@)N (05 g2 4 i, 0i5)-

After some technical computations, the parameters are recursively given by :

12
= ! = Yi = —ﬁ 0, = =0, 0,=/>
Uj; = g, Vii = 3, Wi; = b2 ii — A, Yig = Y, ii = B
Fori < j
o owignfig I S i S
0 = B fwit1, Yij = Vit T Oiv1 <ﬁ2+wi+1,j ’
2

Y 7’
3 (B wigy)tafrvis

12
(B2+wit1,5)+ 25 a2

S 2 Bwipry R
0ij = Oi1, + 9i+17j (/32+wi+1,j ’ Vij =
w, . = 82 B Hwi,

i, — B2 72

TP (B twig )+ a2

Y




168 ANNEXE C. APPENDIX

B Uiy, 1 (vipry—ay)?
Yig = oXP _5(@2+ , .)+ﬁ_’2 2 |-
\/27r <(52 + Wit1,5) + i—fa2> Witlj 2 ¢

It appears that the recursion for wj ; is driven by an autonomous algorithm, which
has a unique fixed point w defined as the solution of

p? Ftw
b2 (52‘1‘&)4‘%‘)@2'

w:

The downward recursions for all parameters can be solved by elementary but
extremely cumbersome computations. Since we just want to illustrate the way
tightness is obtained for (6.13), we do not proceed to the exact computations.
Instead, we introduce a stabilized operator

Ly(r, ) = 36 ()N ez, )

and compute the compound operator L; ; = L, ... L;. We denote by Ay _1.,(f)
the stabilized asymptotic variance, i.e. (6.13) computed with L,(.,.) instead of
the exact L.

C.3.2 Solving recursions for the stabilized operators

Define
L ;(x,.) = Ui jdu, ;w(®)N (052 + i, 0 ;) (C.4)

and set
w 6%+ w

Y T = / N
B +w B+ w+ 2a?

The recursions are as follows :

Gm = CLOéQi 1,55 rYi,j =% 1,j + (1 — oz)@l 17]'1}1'_5_1’3‘,
Y,
2 2 7

5,‘7]‘ = 6@ 1,5 + ﬁ Of@i 1,57 Vij =1 3 + aaw; 17]‘)

where the initial values are as previously, except that w; ; = w. Now the recursions
are easily solved. We get :

j—i—1

0;; = a(aa)’ ™", §i;=p(1+a Z (ac)® 1), (C.6)
1=0

—1

.

Sl

j—i—1
. Y
Vg = (1= a)a Y (aa)v;p vy = ( (ac)? le—l) + (aa)’ ?]

=1
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We finally obtain closed formulae for 7; ; and w; ;.
By (6.13) we must compute
Li,k—11(55) o Uo,i—1¢vo,i_1,w(x)

Jir—1(z) = — =
(=) Nifi—1:0L; g 11 oi—17iji—1:0(Pu, )

Hence the term ug;_; is compensated. Then, we obtain 7;;_1.0 = N (mg;_1, 5(2),i—1)
with

[\

UUO@ 1
mo,i-1 = Y0,i—1 + Ho,i—1 >

o.w
and 82 = (S() i—1 + 92 . 5 .
0,i—1 ) 0,i—1 9o
+ Vo,i—1 O +w

Finally

2 2 2
S0,i—1 (7 — Vip—1) (Mo,i1 — Vije—1)
fz‘Q,k—1($) = (1 + “w ) exp <—T> exp < o tw . (C.7)

Now we study

(Mhfr—1:f () — nklk—li()f)z '

The distributions 77k|k; 1; and npp_1.0 are Gaussian with variances respectively
given by &; x— and 5, _;. By (C.6), these variances belong to a compact interval
[k1, ko] C (0, +00). By Lemma C.2 of the Appendix, we have

Mkpe—1:0f () = Mrpe—1:0f| < KZig (C.8)
with
0200 k-1 o?wh?,
Zit = |0; xp—12—00 j— = ik—1— — O k—1— 00 k— —S_—’, C.9
k= 10ik—12—00 1 0_3+w+7,k 1—=Y0,k—1]+]6i k—1—00 k-1 7w l, (C.9)

and K is a constant depending on || f||o and ky, ks.
Notice that :

k—i—1 k—1
Yig—1 = Yop-1 = (1—a)a ( > (a0) veeyoip1 — Y (ac)! Ukll,kl)

1=0 1=0
k—1
k 1—1 —(k—1—1
= (1-a)a g D Vk1-th-1
l=k—1—1

and

=0

k—i—1 k—1
21+1 20+1
Oik—1—Oop—1 = E - E (ac)
k—
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s2 .
In addition, the quantity (1 + %) is uniformly bounded. We have

with
A =010 foe1 O M=, () = Mrr—10f)?)-
Now we use (C.3) and (C.7)-(C.9) and the above computations to get

K
Apporo(f) S M D alePir Ay
i=0

where M is a constant depending on || f|l« and A;y, B;x are random variables
depending on the observations Yp.;, through v; ; and ~; ;. Due to the stationarity,
one can see that

sup E|v; j|* < 0o and sup E|v;|* < oo
i<j 1<j

where the expectation is taken with respect to the Y, random variables. This
allows to prove sup,<; E(A?7, + B};) < co. We conclude the proof with Lemma
C.1 (see appendix). Analogously, we prove the tightness of I'y;;.,(f).

C.4 Simulations based on a Gaussian AR(1) mo-
del

Consider the observations given by
Y; = XZ +&;.

where (g;) is a sequence of i.i.d. N'(0,0.5?) random variables and X; = aX; ; +
BU; a = 0.5,0 = 0.5 . Figure C.1 presents in plain line with square marks
a trajectory of the hidden chain, in longdashed line, with diamond marks, the
observations. We have plotted in dashed line, with plus marks, the result of the
particle filter with N = 500 particles and f(z) = x. We also observe that the
result of the particle filter is close to the hidden chain, uniformly in time.

C.4.1 Inequality between Gaussian distributions

Lemme C.2 Let f a measurable function and C' > 0 such thatVz € R, |f(z)] <
C. Then for m,m’ € R and 0,0’ € [e, %] there is a constant K > 0 where K only
depends on C' and €, such that

(N (m,0*)(f) = N(m', o) ()] < K (jm —m'| + |0 = 0™]) .
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FIGURE C.1 — Kalman model. Hidden Markov chain (plain, square marks).
Observations (longdashed line, diamond marks). Particle filter (dashed line, plus
marks)

We start with the case 0 = o' :

[ H@)Gnanl) = G

SRIA

With the changing of variables © = o0z

/R
ﬂ+£
o 1

o V2T

T q 1 m 9 1 m. o
+ " \/_71' <exp( —(x — P 1)) — exp(—§(x — ;) )> dx

! m

where t = "= — ™ and we assumed m' > m. With m and o fixed, we consider

the former quantity as a function of ¢ : let g(¢t) = ¢1(¢t) + g2(t), where g¢1(t) =
Gi(t,2 + %), with Gy is defined by

Gitt) = [ = (enlglo = ) - expl 5o - 2 1))
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and with similar notations g»(t) = G2(t, 2 4 £). Then :

%(tm_i_f)—_( L
oy "o 2 oy o 2
and

, oGy, m t 100Gy, m t
91(t) = - . + -

Lt Y oLt =+ o).
3t<7 2) 28y<’0+2)
Differentiating the two members, it comes

m

g0 < [ o=~ tlen(g =2~ P

< /\x|\/_exp(—lx Ydx

where the last inequality holds for t € |0, mla—_m] By applying the mean value

theorem to g on [0, @] we have

(") - 0 < ([ 1a

N (m, 0*)(f) = N (', 0%)(f)] < Kclm —m|.

m —m

1 1,
exp(—=x*)dx
o= exp(— 5z )|

and then

Analogous computations work when m = m/. With s = % et s’ = (%, we have :

1 1 1
— (s exp(—=s*(z —m)?) — &’ exp(—=5?(x — m)2)) dz
27 2 2
< c/ o= (5 exp(— 252z —m)?) —  exp(—=5(x - m>2)) o
o R V21 2 2
< ¢ [ = |(semt- gty - stexp(- g ) ds

with t = 8;/, assuming s’ > s. The sign changes occur at :

2logt
s2(t2—1)
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Thus, we have

1 1 1
/\/—_ (sexp(—§s2x2)—stexp(—532t2x2)) dx
VA 22(1%gt1 Lo o Loo o
sexp(—ﬁs %) — stexp(—§$ t°x%) | dx
\/ 21%5&1) 1 2,2, 2 1 2,.2
stexp(—=s“t*z") — sexp(—=s"z")— | dx
210gt 2 2

2(t2

1 1455 1 545 5
- - — st —_s% dzr.
/\/ - NGr (sexp( 55T ) — stexp( 55t ) ) dz

2(2

Proceeding as above, we derive :
(N(m,0®)(f) = N(m,a?)(f)| < Kclo® — 0"

remarking that o,0% € [¢, 1] and |1 — L| < C(|o? — 0%
0






Conclusion et perspectives

Dans cette thése, plusieurs problémes d’estimation paramétrique pour une
diffusion (X;) discrétisée et bruitée ont été étudiés, dans des contextes asympto-
tiques différents. On a essentiellement considéré des observations de la forme

Yis = HX;s5 + peis

avec H = 1 dans le cas unidimensionnel, ou plus généralement H une forme
linéaire dans le cas d’observations partielles d’'une diffusion multidimensionnelle.

L’un des prolongements possibles de la deuxiéme partie est d’envisager une
structure des observations plus générale que celle du bruit additif : en considérant
une diffusion (X;) a valeurs dans un intervalle (I,7), un noyau F(z,dy) tel que
Y;s soit distribué conditionnellement & la trajectoire (X;) selon F(Xs,dz), avec
E(Ys|(X:)) = Xis, la méthode basée sur la construction de moyennes locales peut
permettre de traiter un modéle plus général, comme par exemple celui basé sur
la diffusion de Wright et Fisher décrit dans Chaleyat-Maurel and Genon-Catalot
(2009).

Une autre perspective envisageable est de construire un contraste pour ’esti-
mation des paramétres de la diffusion (X}), lorsque les observations sont données
par Zs = figﬂ)é dY;, ol

dY; = Xydt + pdV;
avec (V;) un mouvement brownien indépendant de (X;). Le cas ou p tend suffi-
samment vite vers 0 peut étre déja envisagé a 'aide des moyennes locales, et il
semble intéressant de pouvoir considérer d’autres formes de réduction du bruit,
comme la méthode de Zhang et al. (2005).
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