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Résumé de la These en Francais

Le but de cette these est de développer de nouvelles techniques pour I’analyse et le contréle
de systemes a grande échelle, en vue d’analyser et d’optimiser les performances d’un
systeme. Plus particulierement, nous nous intéressons a 1’étude de modeles stochastiques
de grande dimension.

Les premiers modeles stochastiques de performance ont été introduits au début du
XXieme gigele par Erlang [60] qui étudiait le trafic téléphonique. Grace & de nombreuses
campagnes de mesures, il proposa des modeles stochastiques simples mais tres proches
de la réalité. Cela donna notamment naissance aux formules d’Erlang [61] qui ont
été tres largement utilisés aux fils des ans pour le dimensionnement de nombreux
systemes informatiques. Avec la généralisation des réseaux informatiques, les systemes
informatiques deviennent de plus en plus complexes et notre volonté de réussir a analyser
les performances de tels systémes n’en est qu’accrue. Une des principale maniere d’analyser
un systeme est de construire un modele et d’analyser les performances de ce modele.

Les chaines de Markov sont le principal outil mathématique utilisé pour analyser
les performances d’un systeme. Le systeme a modéliser est représenté sous forme d’un
automate probabiliste. A un instant ¢ donné, le systéme est dans un certain état X (t).
L’état du systeme peut évoluer au cours du temps en fonction de son état mais aussi
d’événements extérieurs. La séquence d’événements extérieurs est modélisée par un
processus aléatoire dépendant de ’état du systeme. Prenons ’exemple simple d’un
serveur web qui regoit des demandes extérieures de clients. A chaque instant, le serveur
ne peut servir qu’un client a la fois et les autres clients sont mis en attente. L’état du
serveur X (t) est le nombre de clients en attente a 'instant ¢ et évolue en fonction des
arrivées ou des départs des clients. Par exemple si un client a été servi ou a quitté le
systeme, X (t) devient X (¢) — 1. Si on considere que les clients sont traités en moyenne
deux fois plus vite qu’ils n’arrivent, cela nous mene a la Figure 1 : siil y a x > 1 clients
a linstant ¢, & 'instant suivant, il y aura x 4+ 1 clients avec probabilité 2/3 et  — 1 avec
probabilité 1/3.

1/3 1/3 1/3 1/3 1/3
2/3
2/3 2/3 2/3 2/3 2/3

FIGURE 1. : Un modele de file d’attente.

Les intéréts des chalnes de Markov sont nombreux. Leur pouvoir d’expression est tres
grand et elles permettent de modéliser de nombreux systemes de maniere assez simple.
Elles permettent d’étudier de nombreuses propriétés du systeme, concernant le régime
transitoire ou le régime permanent. D’autre part, la notion de chaine de Markov se
généralise tres simplement pour modéliser des problemes d’optimisation, a 'aide de la
notion de processus de décision Markovien. Cette derniere fournit de nombreux outils
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Résumé de la These en Francais

permettant de calculer les meilleures politiques de controle a appliquer afin d’optimiser
les performances d’un systeme. Le Chapitre 1 présente les définitions rigoureuses de ses
différentes notions ainsi que quelque unes de leur principales propriétés.

Malgré toutes leurs bonnes propriétés, la modélisation par chaines de Markov souffre
d’un probleme majeur : le nombre d’états nécessaires pour décrire un systeme explose
deés que le systeme a décrire devient un peu complexe. Prenons par exemple un systeme
composé de N machines reliées en réseau. Si I'état de la machine i a 'instant ¢ est X;(¢),
létat global du systéme peut étre décrit par le vecteur (Xi(t)...Xn(¢)). Si on suppose
que chaque machine peut étre dans S = 20 états différents et qu’il y a N = 20 machines
en tout, le nombre d’états possibles pour le systeme est SV = 2020 ~ 10%6. Cela rend
impossible toute méthode qui devrait parcourir les SV états, méme pour un systeme de
taille réduite.

Dans la suite du document, nous explorons différentes solutions afin d’essayer de
contourner ce probléeme d’explosion combinatoire. En particulier, nous nous intéresserons
beaucoup aux modéles champ moyen, décrits au Chapitre 2 dans lesquels on s’intéresse
au comportement du systeme quand le nombre N d’objets qui composent le systeme
tend vers l'infini.

0.1. Organisation générale du document

Cette these est découpée en trois parties. La Partie I contient quatre chapitres qui
posent les fondations de ce travail. Les deux premiers chapitres présentent un bilan de la
littérature. Le Chapitre 1 rappelle quelques résultats concernant le controle stochastique
optimal en présentant la notion de processus de décision Markovien. Le Chapitre 2
s’intéresse aux modeles champ moyen et présente en particulier différents résultats de
convergence concernant le comportement asymptotique de ces modeles. Les deux derniers
chapitres de la partie se concentrent sur I’étude du vol de travail. Le premier des deux,
Chapitre 3, présente une étude du temps de complétion d’un groupe de taches a l'aide
d’une méthode de potentiel tandis que le Chapitre 4 utilise un modele champ moyen pour
faire une analyse en régime stationnaire. Ces deux chapitres sont basés sur les articles
[140, 70).

Dans la Partie II, nous nous intéressons au lien entre le controle stochastique et
les modeles champ moyen. Dans les Chapitres 5 et 6, nous montrons comment un
probleme d’optimisation stochastique peut se ramener a un probleme d’optimisation
déterministe lorsque le nombre d’objets composants le systeme devient grand. Le dernier
chapitre de cette partie, Chapitre 7 étend les résultats champ moyen classique a des
systemes dans lesquels la dynamique est discontinue. Cette partie est basée sur les articles
[ ) ) ’ ) ]

Dans la derniere partie de ce document, Partie III nous présentons deux problemes
de natures différentes. Dans le Chapitre 8, nous nous posons la question de comment
distribuer une infinité de taches sur un arbre infini de la maniére la plus réguliére possible.
Nous étudions la classe des arbres équilibrés. Enfin le dernier Chapitre 9 présente un
algorithme de contréle de puissance pour des réseaux sans fils dont le but est de trouver
un équilibre entre I'énergie consommée et le délai subi par les communications. Ces deux
chapitres sont basés sur [67, 68, 10].

La Figure 2 montre le lien entre les différents chapitres. Les Chapitres 1 et 2 peuvent
étre lus de manieres indépendante et chacun d’entre eux conduit a un coté de I’analyse
du vol de travail. La Partie II repose a la fois des Chapitres 1 et 2. Les deux derniers



1. Chapitres 3 et 4 : Analyse du vol de travail

Introduction =———

I
I
I
I
I
,,,,,,,,,,,,,,,,,,,,,,, Work stealing - _ _ 4

i i 3 : Makespan ’4 : Asymptotic‘

ffffffffffffffffffffffff Part 2 : Optimal Mean Field

Part 3 : Other Contributions: 4
’ 5 : Discrete Time ‘
3

’6 : Continuous Time‘

’ 7 : Non-smooth Systems‘

FIGURE 2. : Organisation générale du document

chapitres de la Partie III peuvent étre lus de fagon indépendante.

1. Chapitres 3 et 4 : Analyse du vol de travail

Actuellement, les ordinateurs deviennent de plus en plus des machines paralleles. Les
ordinateurs, méme personnels, disposent de deux voir quatre coeurs de calcul et ce chiffre
est amené a grossir vite dans un futur proche. Un probléeme majeur lors de 1'utilisation
de machines disposant de ressources paralleles est de réussir a répartir le travail sur les
différentes ressources disponibles afin d’utiliser au mieux toutes ces ressources.

Une facon simple et trés populaire de nos jours pour répartir la charge entre les
différentes ressources est le vol de travail. Le principe du vol de travail est tres simple.
Chaque ressource dispose d’une liste de taches a exécuter. Tant que cette liste est non
vide, la ressource travail a finir une de ses taches. Lorsque que sa liste de taches est vide,
la ressource choisit une autre ressource au hasard et lui vole une partie de ses taches.
Malgré son apparente simplicité, cette technique est tres efficace et est implémentée dans
de nombreuses librairies comme Cilk [66], Intel TBB [99] ou KAAPI [78].

Les Chapitres 3 et 4 présentent deux approches différentes pour analyser les perfor-
mances du vol de travail.

xi
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1.1. Temps de complétion total d’une application ordonnancée par vol de
travail

Dans le Chapitre 3, nous étudions le temps nécessaire pour exécuter un ensemble de taches
sur une architecture parallele utilisant le mécanisme de vol de travail. Nous considérons
une machine parallele composée de N processeurs. A l'instant ¢, w;(t) représente la
quantité de travail dont dispose le processeur i. Dans le modele le plus simple que nous
étudions dans la Partie 3.4, w;(t) est le nombre de taches dont dispose le processeur
i. Tant que w;(t) > 0, le processeur exécute une tache par unité de temps. Lorsque
w;(t) atteint 0, le processeur choisit un processeur cible j uniformément parmi les N — 1
processeurs restants et lui prend la moitié de ses taches. Si le processeur cible j a une
tache ou moins, le processeur 7 ne recoit rien et retente de voler tant qu’il n’a pas de
taches a exécuter.

L’état de la machine peut étre représenté par le vecteur w(t) o (wi1(t) ... wn(t)). Cet
état évolue de fagon déterministe tant qu’aucun des w;(t) n’est égal & 0. Dans ce cas
Pétat a linstant ¢ + 1 est w(t + 1) = (w;(t) — 1,...wn(t) — 1). Lorsqu’une ou plusieurs
coordonnées arrivent a 0, les processeurs correspondants tentent de voler quelqu’un
d’autre. A cause du caractére aléatoire du choix de la victime, ceci introduit du hasard
dans le processus.

Malgré la simplicité du modele, le nombre d’états pour décrire le systeme est de
Pordre de W, ott W est le travail total & Pinstant 0 : W = Y% w;(0). Ceci fait que
I’étude complete du processus w n’est pas envisageable. La Figure 3 montre un exemple
d’exécution de 2000 taches par un machine possédant N = 25 processeurs. On voit en
particulier sur cette figure que les instants pendant lesquelles les machines volent ne
présentent aucune régularité.

H

FIGURE 3. : Exemple d’une exécution de W = 2000 taches indépendantes par N = 25
processeurs utilisant le vol de travail. L’axe des abscisses représente le temps
et celui des ordonnées les différents processeurs. Une zone blanche indique
un processeur actif a I'instant ¢. Les zones grisées sont les moments ou
les processeurs sont inactifs (i.e. w;(t) = 0), qui sont aussi ceux ou les
processeurs font des requétes de vol.

Afin de simplifier ’étude du probléme, nous introduisons une fonction potentielle ®(¢)
définie par :

Cette fonction décroit en fonction des différentes taches exécutées mais surtout en fonction
du nombre de requétes de vols. En particulier, on peut montrer qu’il existe une fonction

xii



1. Chapitres 3 et 4 : Analyse du vol de travail

h(a) € (0;1) telle que s’il y a « processeurs actifs a 'instant ¢, on a :
E[®(t) — ®(t + 1)|P(t) = D, a(t) = a] > h(a) - P. (1)

Afin de finir 'analyse, il reste a étudier la séquence du nombre de processeurs actifs «(t).
Si ®(t) <1, il reste au maximum une tache dans le systeme et I'exécution des téches sera
finie & I'instant suivant. Cela nous conduit & introduire un adversaire qui peut choisir la
séquence «. Le but de cet adversaire est de maximiser le nombre de vols qui auront lieu
avant que ®(t) < 1, partant de ®(0) et sachant que ®(t) respecte I'Equation (1).

Cela nous permet d’obtenir des bornes sur le nombre de vols a la fois en moyenne mais
aussi sur la probabilité de s’écarter de cette moyenne a travers un théoreme générique
(Théoreme 3.1). En particulier, dans le cas des taches indépendantes, on peut montrer le
théoreme suivant :

Théoréme 1 (Théoreme 3.2). Soit Ciax le temps de complétion d’un groupe de W
taches indépendantes ordonnancées par vol de travail. On a :

w 2

(7;) E(Cmax) < ﬁ + m

-loga W 41

w 2 1
i Chax > — + ——————— - | loga W +log, — 1) <e
(11) P( N+1_10g2(1+%) (og2 +og2€>+ ) €

En particulier, cela montre que le temps nécessaire pour exécuter W taches sur N
processeurs est borné par W/N + 3.65log, W.

Dans le Chapitre 3, nous étendons ces résultats au cas de taches non indépendantes
(Théoreme 3.4) ainsi qu’au cas du vol coopératif ou plusieurs processeurs peuvent voler
en méme temps un processeur cible (Théoreme 3.5). De plus, nous comparons ces bornes
a des simulations (Figure 3.2) qui montrent que la perte de précision liée & 'introduction
de I'adversaire est de moins de 50%.

1.2. Un modele champ moyen du vol de travail sur grille de calcul

Le Chapitre 4 présente un modele de vol de travail dans une grille de calcul. Nous
montrons que quand la taille du systeme grandit, le systeme converge vers un systeme
d’équations différentielles qui permettent de calculer efficacement des indicateurs de
performances, a la fois en moyenne mais aussi les distributions de ces fonctions.

Nous considérons un systeme composé de N machines. Ces machines sont groupées en
C clusters et chaque cluster est composé d’un grand nombre de machines homogénes.
Chaque processeur du cluster ¢ recoit des taches & exécuter, & un taux A. et chaque
tache a une taille distribuée selon une loi exponentielle (de parametre 1) et est exécutée
a vitesse u.. Un processeur exécute les taches une par une et stocke les autres dans
un buffer. On note j,(¢) le nombre de taches dont le processeur n dispose a l'instant
t. Lorsque j,(t) = 0, le processeur choisit un cluster cible ¢ avec probabilité p.. et
choisit un processeur uniformément dans ce cluster. Un vol de ¢ & ¢ prend un temps
exponentiellement distribué de taux 7.

Encore une fois, le nombre d’états nécessaires pour décrire le systeme est trop gros
pour permettre une étude détaillée. Pour pallier a ce probleme, nous nous intéressons a
la proportion de processeurs dans chaque état. On note M g la proportion de machines
qui sont dans le cluster c et ayant j taches. M (fg . désigne la proportion de machines du

xiii



Résumé de la These en Francais

cluster ¢ ayant 0 tache et en train de voler un processeur du cluster ¢’. On peut montrer
(Proposition 4.1) que le processus M N d (M N MY

cj " c0c!
De plus, la séquence MY est un density dependent population process (DDPP), ce qui
veut dire que la transition d’un état m & un état m+£ se fait a un taux ,(m). En utilisant
des résultats sur les DDPP (voir Corollaire 4.2), on peut montrer que le comportement
de MY tend vers celui d’une équation différentielle quand N tend vers 'infini. Cette

équation différentielle peut s’écrire facilement depuis la description du systéme :

/)e,c’ec,jek est une chaine de Markov.

Merg + Mo

Meoer = _()\c + ’ch’)mt:Oc’ + UecMelPeer + Z Yee!” Mc0c!” Tpcc’ (2)
c// C//
Mel = _(/Lc + )\c)mcl + pheMeo + Z )\CmCOC/ (3)
c/

+ Z Vc’cmc’OcmCQ/mc + Z Yee! MMeOc! (mc’Z + mc’3)/mc’ (4)

c c
mcj = *(Mc + )\clj<K)mc,j + peMe j+1 + )\cmc,jfl (5)
+ Z ’Yc’cmc’Oc(mc,Qj + mc,2j—1)/mc (6)

C/

+ Z ’Vcc’m(:Oc’(mc’Qj + mc’,2j+1)/mc’ (7)

Cl

- Z fYc/cmc’Ocmcj/mm (8)

C/

Ce résultat permet une étude exhaustive de nombreux indicateurs de performance du
systeme. Nous présentons aussi un algorithme de simulation rapide, rappelé ci dessous, qui
permet de calculer la distribution de ces indicateurs. Si JV désigne I’état d’un processeur,
dans ce cas :

Théoréme 2 (Théoréme 4.3). Supposons que limy o JV(0) = j(0) et MY (0) — m(0).
Alors, (JV(t), MN(t)) converge faiblement vers un processus (J(t), m(t)) ou m(t) satisfait
I'ODE (2-8) et J(t) est un processus de saut non homogéne de noyau K(m(t)).

Nous nous intéressons d’abord au cas ou le systeme est homogene (composé d'un
seul cluster). En particulier, dans ce cas le régime stationnaire peut étre calculé par
un algorithme tres simple (Algorithme 4.1), ce qui permet de calculer rapidement de
nombreux indicateurs de performance. En particulier, nous montrons que les performances
du vol de travail sont trés bonnes, méme quand la latence est élevée. Par exemple, la
Figure 4 montre que méme lorsque que le temps de vol est de 'ordre de 3 fois inférieur
au temps nécessaire pour exécuter une tache, les performances sont déja grandement
améliorées par rapport a une situation sans vol.

De nombreux autres résultats sont analysés dans la Partie 4.4 du Chapitre 4. En
particulier, a ’aide de la simulation rapide, on peut s’apercevoir que le vol de travail
améliore de beaucoup les hauts percentiles (voir Figure 4.7). Nous nous intéressons aussi
a des systeme hétérogenes et nous étudions plusieurs stratégies de vol, montrant en
particulier que la stratégie de vol optimale dépend plus de la charge des différents clusters
que de la géométrie du systeme (Partie 4.5).
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2. Partie II : Modéles champ moyen optimaux

Average sojourn time

FIGURE 4. : Temps de séjour moyen en fonction du taux de vol moyen v pour différentes
valeurs de A (.3, .7 and .9).

2. Partie Il : Modeles champ moyen optimaux

La deuxieme partie de la these étudie le lien entre modeles champ moyen et controle
stochastique. Nous étudions le controle optimal dans les Chapitres 5 et 6 avant de passer
aux systemes controlés généraux dans le Chapitre 7.

Nous considérons des systemes composés de N objets, avec N grand (typiquement
plusieurs dizaines ou centaines). Le temps est discret et & chaque pas de temps, 1’état
XN(t) d’un objet n évolue en fonction d'un environnement commun et des états des

différents autres objets. L’état global du systéme est décrit par le couple (XN (¢), CN(t))

ou X(t) o (XN (t)... XN (t)) représente I'état des différents objets et CNV(¢) est I'état

du contexte — ou de ’environnement. Lorsque la dynamique du systeme est invariante
par permutation des objets, plutét que de considérer 1’état de chaque objet, on considere

la proportion d’objets dans chaque état, aussi appelée la mesure empirique a I'instant ¢,
MN(t) :

N
def 1
MN(t) = NZ(SX,L-N(t)a
i=1

De tels modeles sont appelés modeles champ moyen. L’intérét de ces modeles et que sous
des hypotheses assez faibles, lorsque le nombre d’objets N devient grand, la dynamique du
systeme converge vers une dynamique déterministe, permettant de grandement simplifier
I’étude du systeme cible, comme au Chapitre 4. Une présentation de différents résultats
de convergence est faite au Chapitre 2.

Dans cette partie, nous considérons des modeles champ moyen contralés. A chaque
pas de temps, un controleur centralisé choisit une action a dans un ensemble prédéfini
d’actions A, qui lui permet d’influer sur la dynamique du systéme. En particulier, dans
les Chapitres 5 et 6, nous considérons le controle optimal de tels systemes. Si le systeme
est dans I'état (MY (t), OV (t)) a I'instant ¢ et que le contréleur choisit une action a, il
regoit une récompense r(M™ (t), CN(t)). Le but du controleur est de trouver la meilleure
politique 7 afin d’optimiser sa récompense moyenne V. entre le temps 0 et T'. La quantité
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Résumé de la These en Francais
VN se définit par :

T-1
V(MY (0), 6N (0) = ( rt(Mi%),c;V(t))+rT(M7£V<T>,05<T>>>. (9)
t=0

Les Chapitres 5 et 6 étudient la convergence du systeme lorsque le controleur choisit la
politique qui maximise la récompense moyenne (9). En particulier, on s’intéresse a la
convergence de la récompense optimale V.V définie par :

VN (MM (0), N (0)) € sup VN (MY (0), ¢V (0)) (10)

ainsi qu’aux politiques optimales permettant d’atteindre cet optimal.

Le Chapitre 7 s’intéresse & la convergence de la dynamique du systeme MY (t) dans le
cas d’une dynamique non continue, ce qui est le cas en particulier lorsque 'on fixe la
politique.

2.1. Optimisation en temps discret

Le Chapitre 5 étudie un cas ou le probleme d’optimisation initial converge vers un
probleme d’optimisation en temps discret. Nous montrons aussi des résultats du second
ordre qui permettent d’étudier la vitesse de convergence. Les résultats du Chapitre 5
concernent trois types de systémes. Le coeur de ce chapitre est d’étudier la convergence
du systeme controlé lorsque qu’une politique est fixée. Cela nous permet ensuite d’en
déduire deux types de systémes : les systémes pour lesquels la séquence d’actions est fixée
(ce qui revient aux modeles champ moyen classiques) ainsi que les systémes controlés par
une politique optimale (aussi appelé champ moyen optimaux).

Le modele stochastique est le suivant. Le systéme est composé de N objets (X{V ... X ]]\\,f )
et d'un contexte CV. Le contexte évolue de facon déterministe en fonction du contexte
I'instant précédant CV(t), de I'action prise par le controleur et de la mesure empirique &
I'instant ¢ + 1.

OV (4 1) = g(C™ (8), MY (¢ 4 1), az),

L’évolution des objets est indépendante une fois le contexte C' et I'action a donnée.
Chaque objet évolue alors selon un noyau K (a,C). Pour un objet n donné, la probabilité
de passer d'un état 7 a un état j est :

P (XNt +1)=jIXN(t) =i,ap = a,CN(t) = C) = K j(a,C). (11)

Les hypotheses précises du modele sont décrites a la Partie 5.2.2. En plus de 1’évolution
du systeme ainsi décrite, elles imposent a 'ensemble d’actions d’étre compacte, aux
fonctions r, K, g d’étre continues et & la condition initiale (M (0), C™V(0)) de converger
vers une valeur (m(0),c(0)).

Pour une séquence d’actions a = (ay,aq,...), on définit un systéme déterministe
correspondant & la moyenne des transitions (11) par :

ma(t+1) = ma(t)K(a,cq(t))

ca(t+1) = glca(t),ma(t+1),a). (12)

Considérons une politique 7 fixée. A toute réalisation aléatoire du systeme AL est associée

une séquence d’actions AN () def (MY (t),CN(t)). La séquence AY est une séquence
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O o O @Pl procs
. a, ()Y (t) (i)
Y (t) S
—— | Broker | ZIZ___ :
tasks - - :
aa(t)Y (t) ———(la)
A on/off ~> Oy | = P;procs
sources

FIGURE 5. : Le probleme d’allocation de ressources.

d’action aléatoire admissible, c’est a dire qui ne dépend pas du futur. Utilisant la définition
de AY et la définition de '’équation (12), on définit une approximation du systéme initial
(man (t),can (). Plusieurs théoremes (Théoréme 5.1, Proposition 5.6) bornent 'écart
entre le systéme stochastique et son approximation, montrant en particulier que 1’écart
entre (MY (t), CN(t)) et (man(t),can(t)) tend vers 0 & vitesse 1/v/N quand N tend vers
0. Une conséquence directe pour le controle optimal est de montrer que la récompense
optimale du systeme initial V.V converge vers la récompense optimale du systeme limite
v, définie par :

T
sup {va(1m(0), ¢(0))} < sup {Z ry(ma(t), ca<t>>} :

t=1

La Proposition 5.4 et le Théoreme 5.7 précisent ces résultats en montrant de plus que
I’écart est d’ordre 1/\/N

D’un point de vue pratique, les résultats permettent de résoudre de fagon asymptotique
des problemes d’optimisation stochastique jusque la impossibles a résoudre. En particulier,
ceci est illustré par un probleme d’allocation de ressources, présenté a la Figure 5. Dans
ce cas, le probleme d’optimisation déterministe peut étre résolu a ’aide d’un algorithme
glouton. La performance de la politique optimale de la limite appliquée au systeme initial
est comparée avec plusieurs politiques classiques a la Figure 5.2. Nous mesurons le gain
asymptotique, ainsi que le seuil a partir duquel elle surpasse les politiques classiques.

Plusieurs extensions sont aussi présentées dans la Partie 5.5. Dans le cas d’un horizon
infini et d’un cotlit actualisé, nous montrons un théoréme de convergence au premier ordre
ainsi qu’un théoreme du second ordre si le facteur d’actualisation est suffisamment petit
(Théoreme 5.11 et Proposition 5.12). Dans le cas d’un horizon infini et d’un cott non
actualisé, nous présentons plusieurs exemples et contre-exemples qui montrent que la
convergence n’a pas toujours lieu, voir Partie 5.5.3.

2.2. D’un probleme optimisation stochastique discret a un probleme continu

Dans le chapitre précédant, nous avons considéré un modele dans lequel la probabilité
pour un objet donné de changer d’état ne dépend pas de N. Dans le Chapitre 6, nous
nous intéressons au cas ou la probabilité pour un objet de changer d’état dépend de N et
tend vers 0 lorsque N tend vers l'infini. Alors que dans le cas précédant le systeme limite
restait en temps discret, ici le systeme limite devient un systéme en temps continu.
Nous considérons un systeme composé de N objets dans lequel la dynamique est
invariante par permutation des objets. Le temps est discret et est noté k. L’espérance de
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la différence entre MY (k + 1) et MY (k) sachant que le systeme était dans I’état m et
que Paction prise est a est appelée le drift et notée F™N(m, a) :

FN (m,a) € E (MY (k+1) — MY (k)| MN (k) = m, AN (k) = a) .

Alors que dans le chapitre précédant, ce drift était invariant en fonction de N, nous sup-
posons qu'il existe une fonction I(N) et une fonction f(m,a) telles que limy_,oc I(IN) =0
et limpy oo ﬁFN(m, a) — f(m, a)‘ = 0. Les principales hypotheses de ce modele sont
d’imposer au drift f d’étre continue (plus précisément, une le drift doit étre une fonction
lipschitzienne) et que le nombre d’objets qui fait une transition par unité de temps est
borné par NIy(N) ou Ip(N) tend vers 0 lorsque N grandit, voir Partie 6.2.5 pour plus
de détails.

En pratique, cela veut dire que ’espérance du changement entre deux pas de temps
tend vers 0 quand N tend vers l'infini. Cela conduit a considérer un processus dans

lequel le temps a été accéléré. On définit <M N (t)) . le processus qui est une fonction
teR

affine prenant la valeur M (k) en kI(N). Une fonction d’action « : [0; 7] — A est une
fonction Lipschitz par morceau qui a ¢ associe une action «(t). De fagon similaire & la
partie précédente, on définie I’approximation champ moyen de M™ (¢) par :

m(t) - m(0) = /0 f(m(s), a(s))ds. (13)

Le but du chapitre est de montrer ’équivalence entre le probléme d’optimisation stochas-
tique entre 0 et T'/I(N) (10) et le probleme d’optimisation déterministe sur une équation
différentielle suivant :

T
sup ve,(mo) of sup/ r (¢s(mo, ), (s)) ds. (14)
a Jo

«

ou ¢4(0, ) désigne 'unique solution de ’équation différentielle (13).

De fagon similaire au chapitre précédant, nous introduisons dans la Partie 6.3 la fonction
d’action AY qui est une fonction en escalier prenant la valeur 7, (MY (k)) & l'instant
kI(N). Sous les hypotheses décrites a la Partie 6.2.5, on peut démontrer (Théoreme 6.1)
que ’écart entre M,{V (t) et ¢¢(mo, AY) tend vers 0. Cela permet en particulier de prouver
le Théoréme 6.4 qui montre la convergence du probléeme d’optimisation stochastique vers
son équivalent déterministe :

lim VN (M™(0)) = vs (mo) .

N—oo

Ces résultats sont illustrés Partie 6.4 par trois exemples qui concernent respectivement
des stratégies d’investissement, un controle d’épidémie ainsi qu'un probleme d’allocation
de ressources. En particulier, le premier exemple présente un cas simple ou le probleme
déterministe peut étre résolu entierement. Le deuxiéme considere un probléme de propa-
gation de virus. Alors que plusieurs papiers s’intéressent directement & 1’optimisation sur
le modele continu, notre approche permet de justifier 'approximation ainsi faite. Enfin le
dernier exemple illustre comment notre technique permet de réduire ’espace d’état a
explorer en vue d’une résolution numérique.
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2. Partie II : Modéles champ moyen optimaux

2.3. Modeles champ moyen non réguliers et inclusions différentielles

Dans les Chapitres 5 et 6, nous avons toujours considéré que la dynamique d’évolution du
probleme de départ était continue. Typiquement, dans le Chapitre 6, f(m) est supposée
lipschitzienne. Cette hypothese est centrale dans la plupart des modéles champ moyen.
Le but du Chapitre 7 est d’étudier des cas ou la dynamique du systeme présente des
discontinuités. Nous montrons que quitte a remplacer I’équation différentielle par une
inclusion différentielle, les résultats de convergence restent valables.

Considérons par exemple le modele simple de file d’attente avec priorité présenté a
la Figure 6(a). Des paquets prioritaires arrivent avec un taux A dans le systéme et des
paquets de priorité normale arrivent aussi avec un taux A. Notons C(t) le nombre de
clients prioritaires a 'instant ¢ et C2(t) le nombre de clients normaux. Un serveur sert
les paquets avec un taux 3\. Si C(t) > 0, le serveur sert uniquement les clients 1. Il ne
sert les clients 2 que si C(t) = 0.

\
~__
~_
~__ ~__
(a) Une file d’attente avec
priorité

- |
Taille de la file 2 : CJ(t)

Taille de la file 1 : O (t)
(b) Drift du systéme

FIGURE 6. : La file d’attente avec priorité et le drift correspondant

Notons f le drift du systeme, autrement dit, ’espérance de changement entre t et
t+dt:

def .. 1

fler,e2) € lim —E ((cq(t 4 dt), ca(t + dt)) — (c1(t), ca(t))|c1(t) = c1, ca(t) = ca).
dt—0 dt

Un calcul direct montre que f est le champ de vecteurs représenté par la Figure 6(b),

c’est-a-dire défini par :

(=20, 0)  siCi(t) >0

flerer) = { (L =2\ siCi(t) = 0. (15)

En suivant la méthode classique utilisée notamment au chapitre précédant, on peut
penser que la dynamique du systeme est proche de celle de 1’équation différentielle
¢(t) = f(c(t)). Malheureusement, a cause de la discontinuité de f quand ¢; = 0, cette
équation différentielle n’a pas de solution. Ceci vient du fait que la notion d’équation
différentielle n’est pas adaptée a 1’étude de systeme présentant des discontinuités et que
la notion d’inclusion différentielle est mieux adaptée a ce cas.

Une inclusion différentielle est similaire a une équation différentielle dans laquelle
Pégalité y(t) = f(y(t)) est remplacée par I'inclusion :

y(t) € F(y(t)), (16)
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ol F' est une fonction & valeur dans les parties de R%. Une solution de l'inclusion
différentielle (16) est une fonction absolument continue telle que (16) est vérifiée presque
partout. Une inclusion différentielle peut éventuellement avoir plusieurs solutions.

Il existe une méthode systématique pour passer d’une équation différentielle non
continue, comme (15) & une inclusions différentielle en définissant F'(y) par :

N VA
Py = I}gnmNgKm{M Ne-ull<e}. (1)

e>0

ou conv désigne la fermeture de I’enveloppe convexe d’un ensemble.

Le Chapitre 7 étudie la relation entre les modeles champ moyen non continus et l'inclu-
sion différentielle définie par (17). De fagon analogue au cas précédant, nous considérons
un systeme composé de N objets et d’une ressource CV qui évolue en temps discret. Si
MN (k) désigne la mesure empirique & I'instant &, on note YV (k) e (MM (k), CN(E))g,
I’état du systeme a l'instant k. Comme dans le chapitre précédant, le drift du systeme est
noté fV et est défini par fV(y) R (YN(k+1) — YN(k)|YN(k) = y) et on suppose que
le drift normalisé par I'intensité converge vers une fonction f : ||/ (y)/I(N) — f(y)|| — 0.
Contrairement au chapitre précédent, aucune condition de régularité sur f n’est imposée.

Le principal résultat de ce chapitre est le Théoreme 7.5 qui montre que le systeme
stochastique YV (¢) converge vers I’'ensemble des solutions de I'inclusion différentielle ot
F est définie par (17). Si .7(yo) désigne les solutions de l'inclusion différentielle (16)
telle que y(0) = yo, alors :

Théoréme 3 (Théoreme 7.5). Si le drift satisfait (7.7) et que :

o F'is semi continue supérieurement et il existe ¢ > 0 telle que ||F(y)|| < c(1+ |ly|),

o YNWO0) D yp.
Alors, quel que soit T >0 :

inf sup HYN(t) - y(t)” 0.

yeSr(Yo) 0<t<T

En particulier, dans le cas ou l'inclusion différentielle a une unique solution y(.),
cela montre que pour tout ¢ : YV (¢) converge vers y(t). Ce résultat peut étre appliqué
directement pour calculer la limite fluide de I’exemple de la file avec priorité de la Figure 6.
Un calcul direct montre que le drift défini par (17) est égal a F(c1,c2) = (—2A, ) si
c1(t) > 0 et égal a I'enveloppe convexe de (—2A, ) et (A, —2X) lorsque ¢ (t) = 0, voir
Figure 7(a). L’inclusion différentielle ainsi définie a une unique solution, représentée
Figure 7(b). Le Théoréme 7.5 montre que la dynamique du systéme stochastique converge
bien vers celle du systeme décrit a la Figure 7(b).

Ce théoreme peut étre affiné lorsque 'inclusion différentielle vérifie une propriété de
one-sided Lipschitz (voir Equation (7.9) et Théoréme 7.7) en montrant une convergence
en probabilité avec des bornes explicites. De plus, nous présentons aussi une version en
temps continu du théoreme au Théoreme 7.8.

Ces résultats permettent d’étendre I'applicabilité des techniques de champ moyen a des
systemes présentant des dynamiques a seuil ou d’autres formes de discontinuité. Nous
présentons plusieurs exemples pour illustrer ces résultats a la Section 7.5. Nos exemples
concernent des modeles de systemes de calcul volontaire, des modeles en théorie des jeux
ou encore un modele de calcul auto-adaptatif.
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Zn
Qo
S N\ — .
= \
=
s [\~
L W
c1=0 é?s

3 . N
(a) L’ensemble des valeurs Taille de la file 1 : ¢} (t)

du drift est ’ensemble des (b) Unique solution de I'inclusion différentielle.
vecteurs en pointillés.

FIGURE 7. : Enveloppe convexe du drift en ¢;=0 et 'unique solution de l’inclusion
différentielle.

3. Partie |l : autres contributions

La derniere partie du document est consacrée a 1’étude de deux problemes distincts. Le
Chapitre 8 s’intéresse aux propriétés des arbres infinis équilibrés tandis que le Chapitre 9
étudie un algorithme de controle de puissance dans les réseaux sans fils.

3.1. Arbres équilibrés

Dans ce chapitre, nous étudions des classes d’arbres non orientés étiquetés par {0,1}. Nous
introduisons les notions d’arbres rationnels et sturmiens ainsi que les définitions d’arbres
(fortement) équilibrés et étudions les relations entre ces différentes classes. Cette notion
généralise la notion de mots sturmiens, qui ont d’importantes propriétés d’optimalité
[77].

Contrairement & d’autres papiers qui considérent des arbres ordonnés (voir Partie 8.2.1),
ce chapitre s’intéresse aux propriétés des arbres non orientés. Un arbre est un graphe
infini orienté dont chaque noeud a un degré entrant 1 et un degré sortant d > 2 sauf un
noeud qui a un degré entrant 0, appelé la racine. Chaque noeud est étiqueté par la lettre
0 ou 1. Le but de ce chapitre est d’étudier comment répartir les 0 et les 1 sur cet arbre et
en particulier, comment répartir les 1 de maniere aussi uniforme que possible.

Olo:0:0:0:08

FIGURE 8. : L’arbre de Dyck et son graphe minimal. Les noeud en gras représentent les
noeuds étiquetés par 1.
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Nous introduisons la notion de graphe minimal associé a un arbre. Le graphe minimal
d’un arbre est un multi-graphe fini ou infini. Chaque noeud est étiqueté par 0 ou 1 et
possede un degré sortant égal a d mais aucune contrainte n’est imposé sur le degré entrant.
A chaque multi-graphe est associé un arbre qui s’obtient en “développant” le graphe.
Respectivement, on peut associer a chaque arbre un multi-graphe minimal unique. La
Figure 8 donne un exemple d’arbre et de son multi-graphe minimal.

Pour un noeud v et une hauteur n > 1, on note h,(n) le nombre de noeuds étiquetés
par 1 dans le sous arbre complet de racine v et de hauteur n. La proportion de 1 dans ce
sous arbre est dy,(n) = hy(n)(d —1)/(d™ — 1). La densité d’un arbre est la limite (quand
n tend vers 'infini) de d,(n). Si cette limite dépend de v, I’arbre est dit avoir une densité
enracinée. Si cette limite n’existe pas mais que lim,,_,oc k™1 ZZ:1 dy (k) existe, la densité
est dite moyennée.

Nous étudions premierement la notion d’arbres rationnels qui sont les arbres dont le
multi-graphe minimal est fini, en montrant en particulier qu’ils ont tous une densité
moyennée enracinée. L’irréductibilité de leur graphe minimal assure que la densité n’est
pas enracinée tandis que ’apériodicité de celui-ci implique que la densité n’a pas besoin
d’étre moyennée (Théoreme 8.3).

Le coeur du chapitre concerne la notion d’arbres équilibrés et fortement équilibrés,
présentée dans la Partie 8.4. Les arbres équilibrés sont des arbres pour lesquels les noeuds
étiquetés par 1 sont dispersés de fagon aussi réguliere que possible. Un arbre est équilibré
si pour tous noeuds v et v/ et toute hauteur n, le nombre de 1 dans deux sous arbres de
hauteur n different d’au plus 1 : |hy(n) — hy(n)] < 1. Il est dit fortement équilibré si pour
tout v, v’ n, k : |hy(n) — hy(k) = (hy (n) — hy (k)| < 1. Nous montrons existence de ces
arbres et les caractérisons en montrant qu’ils coincident avec la notion d’arbres mécaniques
(Théoreme 8.9). Cela permet d’une part de les construire par un procédé algorithmique
et de les caractériser. Cela nous permet aussi de décrire la forme du graphe minimal
d’un arbre fortement équilibré rationnel (Théoréme 8.16) et de construire un algorithme
permettant de tester si un arbre rationnel est équilibré ou non (Algorithme 8.1).

/Balanced Trees

Irreducible

Reducible

Rationz;ﬂ Trees
S99I], URTULINGG

FIGURE 9. : Relation d’inclusion entre les différentes notions d’arbres. La numération
des zones sur la figure indique un des exemples détaillés a la Partie 8.6.
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Tous ces résultats sont illustrés par de nombreux exemples et résumés a la Figure 9.
La Partie 8.6 contient de nombreux exemples qui montrent les inclusions strictes qu’il
peut y avoir entre ces différentes classes. La numération des zones sur la figure indique
un des exemples détaillés a la Partie 8.6. Par exemple, la zone 9 correspond a ’ensemble
des arbre rationnels, irréductibles, équilibrés mais qui ne sont ni fortement équilibrés,
ni mécaniques, ni sturmiens. L’exemple correspondant a tous ces criteres est donné par
I’arbre de la Figure 10 et détaillé au point 9 de la Partie 9.

¥ (2)
O==0

FI1GURE 10. : Un arbre rationnel équilibré qui n’est pas fortement équilibré : le graphe
minimal de 'arbre a gauche et les quelques premiers étages de I’arbre a
droite.

3.2. Algorithme de contrdle de puissance dans les réseaux sans fils

Dans le Chapitre 9, nous présentons un algorithme de contréle de puissance pour les
réseaux sans fils. Ce mécanisme est un algorithme distribué dans lequel chaque émetteur
essaie de trouver un équilibre entre la puissance consommeée et le délai subi par les
communications. Nous étudions la convergence de I'algorithme ainsi les propriétés de
I’équilibre vers lequel il converge.

Nous considérons un modele de réseaux sans fils composés de L liens de communications
se partageant un méme canal de communication. Chaque lien est composé d’un récepteur
et d’'un émetteur qui peut choisir sa puissance d’émission. La géométrie du systeme est
modélisée par une matrice de gain G : si I’émetteur du lien j émet a puissance P;, la
puissance du signal recu par le récepteur ¢ est G;;P;. Chacun de ces termes contribue
aux interférences recgues par le lien 1. A cela s’ajoute un bruit thermique N;. Ainsi, le
rapport signal sur bruit regu par le récepteur 7 est :

_ Gii P;
Ni+ 30, Gii Py

i

Pour un rapport signal sur bruit de ~;, le débit estimé par le noeud i est S;(7;).
S; représente typiquement la probabilité qu'un paquet soit transmis avec succes, par
exemple S;(z) = 1 — exp(—c - x), mais peut aussi étre une fonction plus générale, comme
Si(x) =log(1+c-x). Chaque émetteur essaie d’optimiser un compromis entre la puissance
dépensée par paquet P/S(7) et le délai estimé de ces paquets 1/5(7). A chaque pas de
temps, chaque émetteur met & jour sa puissance en minimisant la quantité /S (v)+P/S(7)
ou « est facteur de son choix représentant a quel point il accorde plus d’importance au
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Résumé de la These en Francais

délai ou a la puissance :

P = @;(bl) = argmin i + P . 18
’ ) = o Si(f)  SilE) (18)

ou bt = N;/Gy; + Z#i Gi;Pj/Gy;i. Nous nous intéressons a la généralisation de (18) en
incorporant des arrivées de paquets et ou le délais est remplacé par 1/(S(vy) — A), voir
Partie 9.3.1.

Le Chapitre 9 étudie l'algorithme DPC, défini par (18). La premiere propriété établie
(Théoreme 9.12) est de montrer que sous des hypotheses faibles sur la fonction S décrites
Partie 9.4.1 et si les contraintes sur le délai A sont faisables (ce qui est le cas en particulier
lorsque A = 0, comme dans I’Equation (18)), alors DPC converge vers une assignation
de puissance P*" indépendante du point de départ. Ce théoréme se démontre par des
arguments de topologie, en montrant certaines propriétés vérifiées par la fonction ® de
I’Equation (18), voir Partie 9.4.2.

Nous étudions le point d’équilibre P® et les rapports v*~ correspondant, en mon-
trant des propriétés de monotonie (Proposition 9.16) en fonction des parameétres ainsi
que des propriétés d’échelles lorsque les parametres sont multipliés par une constante
(Proposition 9.17). De plus, nous montrons que la fonction o +— y* est une bijection
de ’ensemble des parametres dans ’ensemble des rapports signal sur bruit atteignables.
En se basant sur DPC et sur le mécanisme de [(4], nous développons en Partie 9.5 deux
protocoles dont le but est d’adapter les parametres .

4. Conclusion

Dans ce document, nous avons vu plusieurs approches pour le controle et I’optimisation
de grands systemes a travers I’étude de modeles stochastiques. Un des principal probleme
étudié est de combattre I’explosion combinatoire liée au trop grand nombre d’états de
ces modeles.

Une premiere solution, présentée au Chapitre 3, est d’agréger 'information conte-
nue dans ’état du systéme en une seule variable, appelée potentiel du systeme. Cette
méthodologie est générique. Elle est prouvée étre tres précise a travers ’étude du temps
de complétion d’un groupe de taches ordonnancées par vol de travail. L’autre approche
présentée est ’étude des modeles champ moyen, présentés au Chapitre 2, et dont nous
montrons un exemple d’application au vol de travail dans le Chapitre 4. Partant d’un
modele d’objets interagissant, il est souvent facile de construire des équations déterministes
décrivant le systeme permettant une étude rapide du comportement du systeme.

Une des principales avancées de ce document est le lien établi entre les modéles champ
moyen et le controle stochastique, présenté a la Partie II et résumé Figure 11. Nous
montrons comment la résolution d’un probléme de controle optimal stochastique peut se
ramener a la résolution d’un probleme d’optimisation déterministe lorsque la taille du
systeme grandit. Ces résultats permettent a la fois de résoudre de nouveaux problémes,
comme a la Partie 5.4 ou de donner des intuitions sur les politiques asymptotiquement
optimales, comme a la Partie 6.4.3. Malheureusement, d’un point de vue pratique, la
résolution du probleme déterministe reste souvent un probleme compliqué et les méthodes
numériques “brute-force” sont souvent difficiles & mettre en place. Nous pensons que les
résultats sur les modeles champ moyen discontinus du Chapitre 7 peuvent nous aider
dans le cas ou l'on s’intéresse a I'optimalité dans une classe réduite de politiques.
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4. Conclusion

Systéme stochastique N = oo
a grande échelle

){ Limite champ moyen ‘

Optimisation déterministe
Systeme stochastique Résultats de la l :
h 1
optimal Partie 11 Champ moyen optima ‘

FIGURE 11. : Méthodologie générale concernant les champ moyen optimaux de la Partie I1.
Les fleches bleues représentent des taches faciles a faire tandis que la fleche
rouge indique un probléme algorithmique.

Une généralisation de ces travaux serait de considérer le cas de cotts non additifs.
Prenons par exemple un probleme d’allocation de ressources ol des taches arrivent dans
un systeme. Si X (¢) est le nombre de taches présentes dans le systeme a l'instant ¢, la
formule de Little nous montre qu’optimiser le temps de complétion moyen de chaque
tache revient & minimiser ), X(¢). Néanmoins, dans le cas d’applications paralleles,
les taches arrivent dans le systéme par paquets de 100 ou plus et le vrai probleme
est d’optimiser le temps de complétion de chaque groupe de taches et non de chaque
taches indépendamment. Un probleme similaire mais sans arrivée de taches est étudié
au Chapitre 3, il serait intéressant de regarder une généralisation de ce probléme en
considérant un processus d’arrivée de groupe de taches et d’étudier des mécanismes
(distribués) afin d’adapter les ressources aux différentes applications en cours.

Une autre question serait d’étudier le cas d’optimisations multicriteres. Dans tous
les problémes considérés, la mesure de performance a toujours été 'optimisation d’un
objectif & valeur réelles, comme le temps de réponse moyen. De nos jours, I’énergie devient
un enjeu capital et I'on est souvent confronté a trouver un compromis entre réactivité
du systeme et puissance consommeée. Cela amene a considérer des objectifs de la forme
(D, E) : délais et énergie. Malheureusement, décider qu'un couple (D, E) est meilleur
qu'un autre (D', E’) n’est pas possible si D < D' et E > E’. On est alors amené a étudier
I’ensemble des points Pareto optimaux, c’est & dire I’ensemble des points (D, E) tels qu'’il
n’existe pas de points (D', E') avec D’ < D et E’ < E. Malheureusement, décider lequel
des points de Pareto choisir n’est pas quelque chose de facile.

Dans le Chapitre 9, ce probléme est résolu en choisissant un parameétre « et en essayant
de minimiser aD + E. Néanmoins, les quantités D et E étant difficilement comparable,
le choix du parametre « devient un probleme en soit. Pour I'instant, il n’existe pas de
bonne solution a ce probleme et cela est sirement quelque chose a développer dans le
futur.
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Introduction

While users, administrators or developers are all interested by performance evaluation
of systems, they all have different motivations. Users want to obtain a solution that
provide the best performance at the lower cost. A user may have the choice between
different alternatives and she wants to be able to quantify what are the gains or the
losses of each solution: having the choice between a cheap solution and an expensive one
would like to know how better is the expensive one. The motivation for administrators
is often the dimensioning of computing systems: knowing roughly how many users will
consult her website, an administrator wants to buy the smallest number of servers to
satisfy this demand. The designer of a new system will try to identify the critical factors
that will impact the application. In particular, knowing which piece is the bottleneck for
performance is very important for someone who wants to improve the performance at a
lower cost.

Model of performance started with the work of Erlang at the beginning of the twenties
century who studied telephone traffic [60]. Based on measurement of the characteristics
of telephone traffic and simple stochastic models, he came up with the Erlang’s formula
[61] that have been widely used for the dimensioning of many communication systems.
Throughout the years, the systems that we want to study became more and more complex.
Modern systems are now widely interconnected and one cannot neglect the interactions
between. This leads to consider large stochastic networks.

The performance evaluation of a system relies on two things: the objectives and the
methods. The objectives are quantified in term of performance metrics. A performance
metric is a quantity that captures an interesting property of the system, concerning
for example the average behavior or the probability of a particular event to appear. A
precise definition of the metric depends on the problem considered. Based on this metric,
the objective might either be to evaluate this particular performance metric — which
is called performance prediction — or to find a control policy of this system in order to
optimize this performance metric — in that case, we talk about optimal control.

The methods that can be used to achieve the objectives can be decomposed into
three categories: measurement, simulation or analytical modeling. Each of these three
approaches has its own advantages and drawbacks, illustrated in particular by the trade-
off between the precision and the complexity needed to implement it, illustrated in
Figure 1. The combination of the three is necessary in order to understand fully the
behavior of a system.

Measurement is not an easy thing to do. It is often hard to measure a system without
disturbing it and sometimes not possible, for example if the system does not exist yet.
It might be hard to avoid the bias of the measuring technique [51] and measurement
without modeling may lead to mistakes. Simulation is probably the most commonly used
method to study a system. It is often much cheaper and faster to build a simulator than
to build a real system. Moreover, the computation time to run a simulation is generally
some orders of magnitude faster than the one to run the real application. However,
the more complex is this model, the more time will be needed to build and to run the
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Figure 1.: The trade-off between complexity and precision for the three methods of
performance evaluation illustrated by some advantages and drawbacks.

simulator. Interpreting the results of simulations raises several problems. It is often hard
to distinguish if what we observe is representative of the average behavior or if it is one
of many very different samplings.

The last aspect of performance evaluation and the focus of this thesis is the analytical
study of mathematical models. Studying a model analytically allows one to capture
structural properties of the system that cannot be measured via simulation, even if the
exact resolution of the model is impossible. The main problem with model analysis is the
complexity of its analysis. Without the appropriate tools, one needs wild assumptions or
a dramatic simplification of the model in order to be able to say something about the
model. This emphasizes the need for specific tools to study large stochastic models.

Stochastic models: the dimensionality issue

The purpose of this thesis is to develop new methods for the analysis and control of large
stochastic models. In most computing systems, randomness is not inherent in the model.
A software or a hardware device is totally deterministic (it is impossible to implement
real randomness on a computer) but reacts to external events. The randomness will
be introduced to represent the external environment in which the system evolves, as
shown in Figure 2(a). For example, let us consider a simple model of a server that serves
jobs sent by some customers (think about an Internet router for example). When the
server has more than one job to serve, they are stored in a buffer. The quantity we are
interested in is the number of jobs stored in the buffer. The possible events than can
happen to this buffer are either an arrival of job in the system (denoted A) or a departure
of job (denoted D) when the server has finished to serve a job. Given a sequence of events
A A DA D, AD, D, A, D A A A A, D, D ... and if the initial state of the system is
given, it is straightforward to compute what will be the state of the system at each time.

However, when one wants to study such a system, she has to know the sequence of
events that occurred. This could be done by measurements on a real system and applying
this sequence on our model. However, the main problem of this (apart from the difficulty
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Figure 2.: Deterministic systems embedded in a random environment lead to Markov
chains.

of measurement) is that by doing so, one only captures one trajectory and looses a general
comprehension. Instead of considering one particular sequence of events, we consider that
each event occurs with some probability. This probability may depend on the current
state of the system. Going back to our server model, if the arrivals occur twice more
slowly than the departures, this can be represented by saying that if the number of jobs
in the buffer is non zero, the next event will be a departure with probability 2/3 and an
arrival with probability 1/3. If the buffer is empty, the next event is always an arrival
(i.e. with probability 1). This leads to the graph of Figure 2(b).

The type of mathematical object represented in Figure 2(b) is called a Markov chain.
A precise definition of what a Markov chain is and some of its properties is recalled in
Chapter 1. Informally, a Markov chain can be seen as a graph of states. The edges of
the graph represent the probability of going from one state to another. The interest of
Markov chains is twofold: it is generally simple to study and has a great expressive power.
Given the model of Figure 2(b), it is rather easy to study the steady-state behavior and
answer questions like what will be the average waiting time of customers entering in the
system? or what is the probability for someone to wait more than x seconds? It is also
easy to compute quantities pertaining to the transient behavior, like the average time to
empty the buffer starting from 10 jobs.

Yet another application of this stochastic modeling is to consider its controlled behavior.
Let us again consider the simple model of a server but this time, the router might decide
to accept or refuse incoming jobs. The more an accepted customer waits, the more it
gets frustrated. After some point, the customer would have been less frustrated if it had
not been accepted at all. Mixing stochastic models with controlled dynamics leads to the
theory of Markov Decision Processes (MDP) that we will describe in Chapter 1. In this
framework, the frustration of users is represented by a negative value (also called the
cost) and the goal of the controller is to minimize the average frustration. In particular,
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using this theory, one can show that under very general conditions, the acceptation policy
that minimizes the average frustration has a threshold j*: if there are less than j* jobs
in the buffer, everyone is accepted, if there are more, everyone is rejected.

The curse of dimensionality

Let us consider a situation similar to the one of Figure 2(b) but with IV servers instead
of one. We consider that jobs arrive in the system at rate A and are routed to one of the
servers according to some rule, also called a policy. All servers run independently and a
job routed to a server cannot be moved after to another server. If X;(t) is the size of the

queue 7 at time ¢, the state of the system is the variable X (¢) - (X1(t)... Xn(2)). If
the routing rule is very simple, like routing a job to the queue ¢ with some probability p;,
the behavior of X (¢) can be studied analytically. However, as soon as the decision rule
becomes more complex, the process X becomes more and more complex and analytical
methods become intractable.

A first solution to overcome this problem is to use numerical methods to solve opti-
mization problems or compute the stationary regime. However, in general, numerical
methods need at least to enumerate all of the number of possible states of the system. If
there are 20 servers and if each server has S = 20 possible states, the possible states for
the whole system is S = 202 ~ 10%6. If we could enumerate 10° states per second on
a single computer, it would still take more than 3500 years for a single enumeration of
all the states with 109 computers. This makes numerical methods impossible to use for
large systems and emphasizes the need for specific tools for studying large systems.

Their are multiple methods to study large systems, analytically or numerically, de-
pending on the number N of objects.

o (losed-form solutions: N = 3,4, or product-form systems — when the size of
the system is very small or in particular cases, it is generally possible to obtain
close-form solutions for most indicators. This is the best way to have insight on the
behavior of a system but either this needs a very small system or specific properties
leading to product form solutions (see [1 18] Chapter 10.6 for example).

o Numerical methods, N ~ 10 — when the state space is reasonably small, closed form
solutions are no more an easy way out and one has to consider numerical methods
that require to enumerate all states, also called brute-force algorithms.

e Ad-hoc methods, N = 30 — when the state space grows, brute-force solutions become
intractable and one has to focus on specific solutions that use special properties of
the systems. Among these methods are the two following ones:

— Perfect simulation — introduced in [122] by Propp and Wilson, the perfect
simulation technique provides a way to sample the steady state of a system
without computing its steady-state distribution, see [93] for more details. In
some cases where the system can be described by a monotone mapping, this
method can be made very efficient [117]. The advantage of this approach is
to give samples distributed exactly according to the stationary distribution
without having to enumerate the whole state space.

— Stochastic automata networks — when a system can be described by many
objects with little interactions among them, it is often interesting to represent
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the system by a stochastic automata network. The state space explosion is
handled by a decomposition technique that reduces the complexity of their
study. Specific numerical methods to study these objects are implemented for
example in the PEPS software [23].

— Decoupling assumption and fized-point method — systems composed of many
interacting objects are hard to study because of the dependency between
objects induced by the interactions. This issue can be overpass by assuming
that the objects are statistically independent, like in [134, 37]. The mean
number of objects in each state is given by the fixed point of an ordinary
differential equation that greatly simplifies the resolution of the system. This
decoupling effect can be justify as the number of objects grows large using
mean field theory (see [11] and Chapter 2) but has to be handle with care:
the fact that the ODE has a unique fixed point does not guaranty the validity
of the method [53].

o Forward simulation: N > 50 — when all other techniques fail, the last solution is to
build a simulator of the model with all its drawbacks and advantages described
earlier.

Throughout this document, we will mainly focus on another method. Instead of
considering a system with N = 10, 20 or 50 objects and keeping track of who is in which
state, we let the number of objects goes to infinity and consider the limiting behavior
of this system. This technique, called mean field, is presented in Chapter 2. The ideas
behind the mean field approach is to consider a system with a large number of objects
evolving in a common environment. The behavior of these objects are not independent
but are in general weakly correlated, for example at each time step, an object meets with
another one at random and performs an action during this encounter. In many cases, one
can show that as N grows, the behavior of the system greatly simplifies: the behavior of
the system becomes deterministic and the objects become independent.

The first purpose of mean field theory is to study the behavior of such a population.
We present different mean field models and the main convergence results in Chapter 2.
Then these results are used to perform a study of the load balancing technique named
work-stealing in Chapter 4. A large part of this thesis is devoted to the study of the
relationship between mean field models and optimal control. These results are presented
in Part II. We consider a mean field interaction system controlled by a central controller
and study the limit of this controlled dynamics. There are two main questions addressed
in this part. The first one pertains to the dynamics of a controlled system: given a policy,
what is the limiting behavior of this controlled system. The other question is to study
the limiting dynamics of the optimal controlled system: given a set of policy that can be
applied, is the optimal policy of the limit also asymptotically optimal for the stochastic
system? These questions are addressed in Chapters 5 to 7

Organization of the Document
This document is organized in three main parts. Part I contains the foundations of this

work. The first two chapters provide an overview of the classical results that will be
useful in the rest of the document. Chapter 1 presents the notion of Markov Chains and
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Figure 3.: Organization of the document

Markov Decision Processes and some related results. Chapter 2 is a survey on mean field
models. The contributions of this thesis start with Chapters 3 and 4 in which we study a
load balancing technique, namely work stealing. Chapter 3 is based on [140] and presents
an adversary-potential method to study its transient behavior while Chapter 4, based on
[70], presents a steady-state analysis.

The second part of this document focus on what we call the optimal mean field.
We study the relationships between the optimal control of large scale systems and the
optimization of deterministic systems. In Chapter 5 and Chapter 6, we show how a
complicated stochastic optimization problem can be solved using its mean field limit.
These two chapters are based on [09, 71, 74]. In Chapter 7, we extend the classical
mean field results to systems that have some sort of discontinuity, introducing differential
inclusions. This shows in particular that the behavior of any controlled system converges
to its mean field controlled limit. This chapter is based on [73, 72].

Finally, Part III contains two unrelated contributions. In Chapter 8, we study how to
distribute an infinite number of zeros and ones on an infinite tree as evenly as possible.
We show the existence of such trees, called balanced trees and state their main properties.
These results generalize the notion of Sturmian words that have been proved to have some
optimality properties in [77, 4]. This chapter is based on [67, (68]. The last Chapter 9
presents a distributed power-control algorithm for wireless networks. We study a scenario
in which each link tries to balance its delay and the power spent per packet. This work
is based on [10].

Figure 3 summarizes the organization of the document and the relationship between
the different chapters and provide a guide for the reader. Chapters 1 and 2 are mostly
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independent. Each of these chapters leads to one side of the analysis of work-stealing.
Part II depends on Chapters 1 and 2. The two chapters of Part III can be read
independently.

Outline of the Document and Contributions

Chapters 1 and 2: related work

The goal of Chapters 1 and 2 is to give an overview of the mathematical background
needed to read the rest of the document. The first chapter presents the concept of
optimal control of Markov chains by introducing the notion of Markov decision processes
(MDP). The theory of MDP gives the theoretical basis to study optimal control with
respect to different criteria, such as expected reward over different horizons of time. We
show in this chapter the main properties of optimal policies for such criteria, showing in
particular that memoryless policies are dominant.

Chapter 2 contains a survey on mean field models and in particular of the different
methods used to prove convergence to the mean field regime. The purpose of mean field
models is to study systems composed by a large number N of interacting objects. In
particular, we are interested in the limiting regime when the number N of objects goes to
infinity. We review two different approaches. The first approach is to study the evolution
of the proportion of objects in each state, which leads to systems of differential equations
or discrete time dynamical system. The second approach is to study the proportion of
objects that follows one or another trajectory.

Chapters 3 and 4 : performance of work stealing

A main issue when dealing with large computing systems is to distribute the load among
the different resources. Work stealing is a very popular load balancing technique, based
on the principle that when a processor has no task to execute, it steals some work from
an other processors. The goal of Chapters 3 and 4 is to present two different approaches
to study the performance of a system that uses work stealing.

In Chapter 3, we analyse the total completion time to execute a set of tasks when using
work stealing by introducing a generic method based on an adversary-potential function.
We compute an upper bound on the expected completion time as well as bounds on the
deviation from the mean on a generic model (Theorem 3.1) and then apply this technique
on various models (Sections 3.4 to 3.6). In particular, this technique shows that the
expected completion time for executing W unit independent tasks on N processors is
bounded by W/N units of time plus an additional term in 3.65log, W. Simulations
reported in Section 3.7 indicate that this bound is less than 50% greater than the actual
bound.

The next Chapter 4 presents a generic model of work stealing in computational grids.
Using mean field theory, we show that the analysis of its performance can be greatly
simplified by considering the limiting behavior when the size of the system grows. This
allows one to compute the expectation of performance functions using Corollary 4.2 as
well as the distributions of these functions using a fast simulation algorithm, Theorem 4.3.
Then we focus on the case where all resources are homogeneous in Section 4.4, showing
in particular that work stealing is very efficient, even when the latency of steals is large.
We also consider an heterogeneous case in Section 4.5: the system is made of several
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clusters, and stealing within one cluster is faster than stealing between clusters. We
compare different work stealing policies, showing in particular that the optimal stealing
policy depends more on the load than on the geometry of the system.

Part II: mean field limits of (optimally) controlled systems.

In Chapter 2, we introduced mean field models and in Chapter 4, we have shown how
these models can be used to simplify the performance evaluation of systems. In fact, in
most of literature, mean field models have only been used to study the behavior of a
system. The second part of this thesis aims at filling the gap between Chapters 1 and 2
by studying the relationships between mean field models and optimal control.

In Chapters 5 and 6, we investigate the limit behavior of Markov decision processes
made of independent objects evolving in a common environment, when the number of
objects N goes to infinity. We show that when the number of objects becomes large,
the original stochastic optimization problem converges to a deterministic optimization
problem in discrete or continuous time. The nature of the limiting regime depends on
the intensity of the model I(N) which is the probability for an object to change state
at each time. If I(N) = O(1), the limiting dynamics is in discrete time and this case is
studied in Chapter 5. If limy_,oo I(INV) = 0, the limiting regime is in continuous time.
This is the focus of Chapter 6.

In both cases, we show that when focusing on finite-horizon reward, the optimal
cost of the system converges when N grows to the optimal cost of a discrete time
system that is deterministic (Theorems 5.5 and 6.4). For the discrete time limit, we
further provide bounds on the speed of convergence by proving second order results
that resemble central limit theorems for the cost and the state of the Markov decision
process, Theorem 5.7 and 5.8. These bounds (of order 1/4/N) are proven to be tight in
a numerical example, Section 5.4. One can even go further and get convergence of order
V1og N/N for a stochastic system made of the mean field limit and a Gaussian term. In
the continuous time, speed of convergence is insured by the explicit probability bounds
of Theorem 6.1. These methods are illustrated by different examples in Sections 5.4 and
6.4, like brokering problem in grid computing, investment strategies or epidemic control.
For the brokering problem, several simulations with growing numbers of processors are
reported in Section 5.4. They compare the performance of the optimal policy of the limit
system used in the finite case with classical policies by measuring its asymptotic gain.

In the two first chapters of this part, we focus on optimal control of mean field systems.
In both cases, we have shown that the optimal cost of the stochastic system converges
to the optimal cost of its deterministic counterpart. However, these results do not give
any insight on the convergence of the controlled stochastic system to its deterministic
controlled limit. This is due to the fact that a controlled policy often shows some
discontinuity and classical results on mean field convergence assume that the limiting
dynamics has some regularity properties (typically a Lipschitz condition). In Chapter 7,
we show that these conditions are not necessary to prove convergence to a deterministic
system.

The price to pay for such general results is to introduce the notion of differential
inclusion, that we recall in Section 7.2.1. Then, we show that under mild assumptions
and without any condition on the smoothness of the limiting regime, the stochastic
system converges to the set of solutions of a differential inclusion (Theorem 7.5). When
this differential inclusion satisfies a one-sided Lipschitz condition, there exists a unique
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solution of this differential inclusion and we show convergence in probability with explicit
bounds (Theorem 7.7). This extends the applicability of mean field techniques to systems
exhibiting threshold dynamics such as queuing systems with boundary conditions or
controlled systems. These results are illustrated by several examples in Section 7.5. They
also provide an easy proof for classical fluid limit regimes, as shown in Section 7.5.1.

Part 1l1: distributing labels on trees and power-control algorithms

The last part of this document concerns two different problems.

In Chapter 8, we consider the question of how distribute an infinite number of jobs
as evenly as possible on an infinite tree. The original motivation of this question was
to extend Sturmian words in a multidimensional setting. Sturmian words are infinite
words on a binary alphabet {0, 1} such that the ones (and the zeros) are distributed as
evenly as possible. Sturmian words are important for optimization purposes since they
have been proved to have some optimality properties in [77, 4]. They have been proved
to be the optimal routing sequence for a broker that can route the jobs to two servers
without knowing their state [77]. These results have been extended to a situation with an
arbitrary number of processors: they are no more optimal but they significantly improved
classical policies [7, ]. Chapter 8 studies an extension of Sturmian words to infinite
trees with nodes labeled by {0,1}. We introduce the notions of rational and Sturmian
trees along with the definitions of (strongly) balanced trees and mechanical trees, and
study the relations among them. Section 8.4 shows the existence of (strongly) balanced
trees and that their coincide with mechanical trees in the irrational case (Proposition 8.8
and Theorem 8.9). Such trees also have a minimal factor complexity, hence are Sturmian
(Theorem 8.15). We also give several examples illustrating the inclusion relations between
these classes of trees that are summarized in Figure 8.10.

The next Chapter 9 introduces a Delay-Power Control (DPC) algorithm for wireless
networking, that tries to balance out communication delay against transmitter power on
each wireless link. The DPC algorithm is scalable, as each link autonomously updates
its power based on the interference observed at the receiver; no cross-link communication
is required. It is shown in Theorem 9.12 that DPC converges to a unique equilibrium
power and some key properties are established in Section 9.4.2, concerning the nature of
channel bandwidth sharing achieved by the links. Based on the DPC and FM algorithms,
two protocols are developed in Section 9.5, which leverage adaptive tuning of DPC
parameters. One of them is inspired by TCP and exhibits analogous behavior. The
chapter primarily focuses on the theoretical underpinnings of the DPC algorithm and
their practical implications for efficient protocol design. The DPC dynamics are also
investigated numerically.
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List of Notations

We recall here a list of notations that are used throughout the document.

General notations

i () e Define a new notation
NyR Z e set of natural numbers, real numbers, integers
7 Classical inner product on R%: (z,y) = Zle Tili
|l oo Norm of z. May be Lj, Ly or L depending on the context
2 Absolute value of z € R
272 Largest integer not greater than x € R
2 Smallest integer not less than x
P ) et Probability of an event
PEY) oo Probability of an event x given y
DS e Set of probability measures on a set S
B (X ) e Expectation of a variable X
E(X |Y) Expectation of a variable X given Y’
Var X Variance of X
XN XN converges in law to
XN XN converges almost surely to
XN D XN converges in probability to z
G+ e e e Dirac measure (gives probability 1 to x)
Lok o Function equal to 1 if z > k and 0 otherwise

N Number of objects
S e State space of an object
1720 Time. ¢t might be discrete, t € N, or continuous, t € R
XN@Y oo XN(t) € S - state of the object n at time ¢.
XN@y. oo State of the system of size N at time t: X (¢) &f (XN (@)... XN @)
(Ol () P Context for the system of size N
MN(@) Empirical measure: M™ (t) dof + iLV:1 OxN (1)
PN () e Set of possible values for MM (¢)
I ) Drift of stochastic system of size N
) Limit of the drift
N Set-valued limit of the drift
ML) e (Deterministic) limit of M () when N grows
ClE) e (Deterministic) limit of CV(¢) when N grows

A Action set
T e e e e e Policy: associates an action a € A to each t, M
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Qe e e e Action function « : [0;7] — A
T Optimal policy for the system of size NV
Ol e e e e e e e e Optimal action function for the deterministic limit
re(m, ) or T (M, € Q) v Instantaneous reward at time ¢
Em (X Expectation of X when the policy 7 is applied
A T Probability of x when 7 is applied
7 PP Finite time horizon
V.N(.) Expected reward between time 0 and T for the stochastic system under policy 7
VN o Optimal expected reward: VNV (.) = sup, VN () = VY
V() e Reward of the deterministic limit under action function o
Vi) o Optimal reward of the deterministic limit: v,(.) = sup, va(.) = Vo=
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Chapter 1.

Markov Chains and Markov Decision
Processes

Abstract of this chapter — This chapter gives some basic definitions
on Markov Chains and Markov Decision Processes. We also recall classical
properties needed in the rest of the document.

We introduce the notions of discrete and continuous time Markov chains.
We give classical representation and state some of their properties.

The rest of the chapter studies optimal control of Markov chains by intro-
ducing the notion of Markov decision processes. We define different objective
functions and study the properties of optimal policies for such criteria, showing
in particular that memoryless policies are dominant.

Résumé du chapitre — Ce chapitre contient une rapide présentation
des notions de chaine de Markov et de processus de décision Markovien. Nous
rappelons quelques propriétés qui forment les prérequis nécessaires pour lire la
suite du document.

Dans une premiere partie, nous rappelons brievement la notion de chaine
de Markov, en temps continu ou discret ainsi que quelques propriétés comme
leur comportement asymptotique.

Puis nous nous attardons plus longuement sur la notion de contréle optimal
de processus de Markov, a travers la notion de processus de décision Markovien.
Nous étudions plusieurs objectifs. Nous nous intéressons aux propriétés des poli-
tiques optimale, et en particulier & montrer qu’il existe des politiques optimales
sans mémoire pour tous ces objectifs.
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1.1. Markov Processes

In all that follows, S will designate a set, called the state space. S may be either finite or
countable. Unless specified, if S is finite, its elements will be denoted {1...S}. We will
consider random processes that takes value in S.

1.1.1. Basic Definition

A discrete time Markov chain on a set S is a random process taking values in S such that
its position at the next time step only depends on the position of the current time step.
More formally, a time-homogeneous Markov chain is a random sequence (Xg, X;...)
such that for all time ¢ € N and all states x,y € S:

P (XtJrl = y|X0,X1, .. .Xt = J}) = P (Xt+1 = y‘Xt = $) = Px,y-

P, , denotes the (z,y) element of a matrix P — a .S x S matrix if P is finite, an infinite
matrix otherwise. P is called the transition matriz — or transition kernel — of the chain.
The initial state X of the chain and the matrix P characterize the Markov chain.

Indeed, if the probability for the chain to be in state x at time ¢ is denoted u:(z) =
P (X = z). Conditioning on the predecessors of a state y € S, we have that

fieg1 = peP = po P
A matrix P is a stochastic matriz if
1. forallz € S: P,y > 0.
2. forallz,y €S 3 csPoy =1

A transition matrix of a Markov chain is a stochastic matrix. Reciprocally, any stochastic
matrix is a transition matrix of some Markov chain.

In the following, when we talk about a Markov chain, we will only be interested
in the law of the process (i.e. the law of (X;);>0 and not a particular representation
((Xy)¢ itself). Again, this law is uniquely determined by the initial distribution and the
transition matrix.

1.1.2. Representation

There exist multiple ways to represent Markov chains. We present here two possible
representations: random mapping and stochastic automata.

A random mapping representation of a transition matrix P is a function f: Sx A — S
along with a sequence of i.i.d. random variables Z such that:

P (f(x, Zi) = y) = Pry.
If X, has distribution pg, then the sequence (Xo, X ...) is defined by
X1 = f(Xt, Zt)

is a Markov Chain with transition matrix P. It should be clear that every transition
matrix P has a random mapping representation. As S is at most countable, it can be
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numbered S = {1,2,3...}. Let Z; be i.i.d. random variable uniformly distributed on
[0;1]. For any z,y € S and w € [}, Pazi Y.<, Puz], We define

f(x7u) =Y.

It should be clear that P (Xiy1 = y|Xo, X1,... Xy =2) = P (X1 =y| Xy =) = Ppy
and that (f,Z) is a random mapping representation of the Markov chain X.

Unlike transition matrices, this representation is not unique. In some cases, choosing
the best random mapping representation is very important and often non trivial (e.g. for
perfect simulation [117]). Random mapping are crucial for simulation but can also be a
convenient way to represent the chain itself.

1/3 1/3 1/3 1/3 1/3
2/3
2/3 2/3 2/3 2/3 2/3

Figure 1.1.: The transition graph of a Markov chain. Vertices are labeled by the states
S. An edges (z,y) is labeled by probability p,.

Yet an other way to represent a Markov chain is to consider its transition graph. If S
is the state space of the Markov chain, we consider a graph whose vertices are labeled
by S. There exists a edge between two vertices x and y if P,, > 0. In that case, the
edge (z,y) is labeled by P, ,. The graph representation is often the most simple way to
represent a Markov chain. An example is drawn on Figure 1.1. It is also used to define
some basic properties of Markov chains like irreducibility or aperiodicity.

1.1.3. Irreducibility, Aperiodicity and Stationary Distributions

A Markov chain with transition matrix P is said to be irreducible if for any two states
z,y € S, there exists ¢ such that Pfﬁ’y > (0. This is equivalent to say that the graph of the
Markov chain is strongly connected: for any states x,y, there exists a path with positive
probability from z to y.

For a state x, we define T'(z) = {t/P., > 0}. On the graph, T'(x) is the set of the
cycle lengths starting in z. If the chain is irreducible, then for all x,y, the greatest
common divisor (ged) of T'(z) and T'(y) is the same. We call it the period of the chain:
P def ged(T(x)) = ged(T'(y)). If the period of the chain is 1, the chain is said to be
aperiodic.

A measure 7 is said to be an invariant measure of a chain P if for all i: m; > 0 and

P =T. (1.1)

If ) csm(x) =1, m is a probability distribution and is called a stationary distribution.
Irreducibility and aperiodicity plays a central role when studying the asymptotic behavior
of Markov chains, as expressed the following (classical) result on Markov chain.

Theorem 1.1 (see e.g. [130] Section 9.8). If S is finite and P is irreducible, there exists
a unique stationary distribution m which is the unique solution of (1.1) such that for all
i m >0 and Ziﬂi =1.
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If § is infinite and P is irreducible, there exists a unique invariant measure ™ up to a
multiplicative factor. Moreover, if there exists a solution of (1.1) such that ), m; < 0o,
then there exists a unique stationary distribution.

If P is irreducible and admits a stationary distribution, then for any initial distribution

Ko

T
.1 "
Tlgrolo T tE_l uoP* = . (1.2)
Moreover, if P is aperiodic, then:
lim po P* = 7. (1.3)

Because of the convergence results (1.2) and (1.3), a Markov chain that admits a
stationary distribution is said to be stable. In particular, if the state space S is finite,
the system is always stable.

1.1.4. Continuous Time Markov Chains

When representing a real system, it is often more realistic to consider continuous time
model rather than discrete time. For this, a standard tool is to consider continuous time
Markov chains. Continuous time Markov chains combine both the advantages of having
a large expressive power as well as being simple to study.

We consider random processes (X¢):>0 taking values in a discrete space S with ¢ € [0; 00).
A process (X¢)¢>0 is called a homogeneous continuous time Markov chain if for all ¢, all
r#yeSandallt; <to<- - <t,<tand xy...x, €S,

P(Xepn =yl Xy =2,Vi: Xy, = 23) =P (Xegn = y| Xt = ) = guyh + 0(h) (1.4)

where o(h) is a function such that limy_,o o(h)/h = 0. Since (1.4) represents a probability,
this is positive and g, > 0.

If we define g, def _ Zyﬁc ay, then:
P (Xt+h = .CU‘Xt = 33) =1+ qiih + O(h)

The matrix  which (z,y) coordinate is equal to g,y is called the transition rate matriz
or infinitesimal generator. For x # y, qzy is called the transition rate from x to y. As in
the discrete time case, the transition rate matrix and the initial distribution uniquely
determine the law of the process (X¢)¢>0.

An equivalent construction of a continuous time Markov chain is by studying the
sequence of jumps of the Markov chain. Let us define by induction a sequence of random
time Ji by Jy 4t ) and Jrt1 def min{t > 0: Xy, 4+ # Xy, }. Ji is the time between of
the k — 1th and the kth jump of (X;). We recall the following characterization:

Theorem 1.2. Let (X¢)i>0 be a continuous time Markov process with transition rate

Q and let assume that sup, , Qzy < 00. Let us denote by Ji its sequence of jumps and

Ve @ X (Jo+ J1 4+ Ji), then

1. Yy is a discrete time Markov chain of transition probability

Pary = —%ifx;ﬁ Y3
P, 0.
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2. Given Yy = x, Jyy1 is exponentially distributed of parameter q, def —Qzz > 0 and
is independent of Yo...Yr_1 and Jy ... Jg.

As for the discrete time case, it is often convenient to represent a continuous time
Markov chain by its transition graph. The set of vertices is S and there is an edge labeled
by guy between two vertices x # y € S if gy > 0. There are no loops (i.e., edges between
a vertex x and itself). The Markov chain is irreducible if its graph is strongly connected.
There is no concept of periodicity for continuous time Markov chains.

In the discrete case, a distribution is stationary of the Markov chain is a probability
vector 7 solution of the equation 7P = 7. In the continuous case, this equation is
replaced by 7@ = 0. It is rather straightforward to show that a solution of 7() = 0 is
indeed a stationary distribution (i.e., if X has law 7 then X; has law 7 for all ¢ > 0).

A basic yet fundamental example of continuous time Markov process is given by birth

and death processes. The state space of a birth and death process is & o {0,1...}.
If the chain is in state k, it goes with rate Ay in k 4+ 1 and with rate ux in k — 1. Its
transition graph is given by Figure 1.2.

/\0 )\1 )\2 /\3 )\4
251 2 M3 Ha H5
Figure 1.2.: The transition graph of a birth and death process.

Birth and death process are commonly used in queuing theory, X; € S representing
the number of jobs in the system at time t. If for all £, Ay = X\ and g = p the process
model an M/M/1 queue: jobs arrive following a Poisson process and the service time
of a job is exponentially distributed of parameter u. In that case, the system is stable
(i.e. has a stationary distribution) iff u < A. Queuing system based on birth and death
processes have been intensively studied in the literature, see [95, 96, 11] for example. If
all pi = 0, (Xy) is increasing in t and is called a pure birth process. Pure-birth process
are used in particular to model the traffic arriving in a system. In particular, if for all k,
Ak = A, (X¢) is a Poisson process of intensity .

1.2. Markov Decision Processes: Basic Concepts

Markov processes are a simple and elegant way to represent the evolution of a complicated
systems. However, in many situations, one not only wants to study the behavior of the
system but also to control the system in order to improve its performance. The goal of
this part on Markov decision processes is to formalize these notions from a mathematical
point of view.

1.2.1. Definition

A discrete time Markov decision process is described by four elements: states, actions,
transition probabilities and reward. A decision maker (also called a controller) is faced
with the problem of influencing the dynamics of the stochastic system. The goal of the
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decision maker is to choose a sequence of actions in order to optimize some predefined
performance criterion.

At time step t, the state of the system at time ¢ is denoted by X; € S§. If at time ¢
the system is in state x € S, the decision maker chooses an action from a set A,. Let
A= U,ecs Az. S is called the state space and A is called the action set. In general, S
and A can be arbitrary sets.

Suppose that at time ¢, the system is in state « and the decision maker chooses action
a. Then the following events occur:

1. The decision maker receives a reward r¢(z, a).
2. The state of the system at time ¢ + 1 becomes y € S with probability P, 4.

r¢(x,a) is a real-valued function defined for x € S and a € A,. r¢(z,a) may be positive
or negative. When r(z,a) is negative, r¢(z,a) is often called a cost. For an action a,
we denote by F, the matrix composed by all values P, ;,. P, is a stochastic matrix.
Therefore, a Markov decision process may be viewed as a family of transition kernels P,
along with a reward function.

1.2.2. Decision Rules and Policies

A decision rule is a procedure that specifies the action to be selected at each time step.
The decision taken at time ¢ can not depend on the future of the process. A decision
rule may depend on all the history of the process but we may also consider decision rules
that only depend on the current state of the process.

Let m; be the decision rule for the time step ¢. A decision rule is said to be deterministic
if m; is a deterministic function: it specifies exactly one action to be taken. It is said to
be randomized if 7; specifies a distribution of probabilities on all possible actions. m; is
said to be Markovian if it only depends to the current state of the process (i.e. the value
of X;) and history-dependent if it depends on all the history of the process (i.e. the
values of Xj...X;). A decision rule that is deterministic and Markovian is a function
S — A

Deterministic Markovian decision rules are the simplest decision rules to consider.
Therefore a fundamental question in the Markov decision process theory is to determine
whether deterministic Markovian policies are dominant' for a given performance criterion.

A policy is a sequence of decision rules: m = (71,72 ...) that specifies the decision
rules to be applied at each time step. In the case where all decision rules are equal: for
all t: my = mq, this policy is called stationary. Stationary policies are fundamental when
considering infinite horizon criteria.

1.2.3. Objectives

There are multiple objectives that can be considered. A first issue is to choose the
time horizon. For example, we may want to optimize the total reward over a finite
horizon, the total reward over an infinite horizon, the average reward over an infinite
horizon,. .. A second and big issue when choosing a reward criterion is that given some
policy, the reward obtained by the decision maker is a random function that depends on

LA set of policies 7 is dominant on all policies if for every policies, there exists a policy of 7 that
outperforms it.
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the stochastic evolution of the process. Therefore, to compare two policies, one needs to
decide a method to compare the two rewards: for example, is it better to compare the
expectation or the probability to exceed some threshold?

In the following, we will focus on three reward criteria:

1. Finite-horizon expected reward — the decision maker wants to maximize the expected
reward over an interval [0; 7. If X; designates the state of the system at time ¢ and
A; the action taken by the decision maker, the expected reward of a policy 7 is:

T—1
vH(@) =E™ | > ri(Xe, Ar) + ro(X7)| Xy = 2|
t=1

where the expectation is taken over all values of X; and A; with X; = x and under
policy 7. The goal of the controller is to find 7* such that vz« (x) = sup, vr(x) or
at least to get as close as possible to this supremum.

2. Discounted expected reward — in this situation, § designates a discount factor,
0 < 6§ < 1. The reward at time t is multiplied by §*. The discount factor §
represents the deprecation of the value: an euro of today is worth more than an
euro of tomorrow. In that case, we assume that the reward and the probability of
transition are invariant over time and that the reward is bounded. The expected
discounted of a policy 7 is:

W (z) =E7 | > 6 (X, A Xy =2

™
t=1
Again, the goal of the controller is to find a policy maximizing this reward.

3. Awerage reward — For a policy 7, and using the notation v (z) to denote the reward

of policy 7 over horizon [O;T], the average reward starting from z is

N S
r) = lim —v_(z).
ge(r) = Jim 0T (2)
The average reward criterion is often more complicated to study than the two
previous criteria. A first issue is that the limit of its definition may not exist. In
that case, one can also consider lim sup or liminf.

1.3. Optimal policies

In this section, we state several theorems that characterize the optimal policies for the
three criteria presented before. These theorems are often constructive and provide ways
to compute optimal policies. The beginning of this section shows that memoryless policies
(also called Markovian policies) are dominant. Then some results for the three criteria
above are presented.

1.3.1. Optimality of Markovian policies

In this section, we recall that for any history-dependent policy m and each initial state s,
there exists an equivalent Markovian policy.
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Let IT = (my,m9,...) be a history-dependent policy. A Markov decision process can
be described by two variables (Xy, A;) where X; denotes the state at time ¢ and A; the
action taken by the controller at time ¢.

Theorem 1.3 (Theorem 5.5.1 of [123]). Let II be a history-dependent policy. For each
state x € S, there exists a Markovian policy II' such that

PUX, =, A =a| X, =2) =PV (X, = j, A = a| X, = 2), (1.5)
where P denotes the probability when applying policy II.

This theorem is fundamental in the theory of Markov decision processes since it allows
to restrict the class of interesting policies to the class of Markov policies, see Sections 5.2.1
and 6.2.2). Because of the elementary nature of the proof and the importance of this
results, we give a proof of the theorem, following the one of Theorem 5.5.1 of [123].

Proof. For each y € S and each a € A, we define ¢, by:
q;a =Pl (4 =a|X; =y, X1 =12).

We define a randomized Markovian policy II' = (7], ...). At time step ¢, the probability
of choosing action a if the state is y is PV (4; = a|X; =) = 4} .- We show (1.5) by
induction on ¢. It clearly holds for ¢ = 1. Assume that (1.5) holds for ¢ < ¢t. Then:

P X, =yl Xy =2) = Z Z PY (X1 =2, A1 = a|X1=5) Py y
z€S a€A

= Z Z PH/ (Xt—l =2z, A1 = G|X1 = 5) Pa,z,y

z€S acA
= PH/ (Xy =y|lX1 =2).

where the second inequality comes from the induction hypothesis. It follows that
P X, =y, Ar=alX1=5) = PH (A =a|X; =y, X1 =5) P (X, =y| X =5)
= ¢ P"(X; =y[X1 =)
= plr (Xt =y, A = a|X1 = 53).
O

In particular, this shows that for any value of X7, and any history-dependent policy II,
there exists a randomized Markovian policy IT’ such that

PH/@Kt::xrAt::a):¥PH(X}::x,A¢::a)
In particular, the expected reward gained at time ¢ is the same for IT and IT'.
B [r(Xe, Ar)] = B [r(X, Ar)].-

Theorem 1.4 (Theorem 5.5.3 of [123]). For each initial state x and each history-
dependent policy 11, there ewists a Markovian policy I such that

o vr(x) = vy (@),

o V()= vfr,(:v),

s

® gr(z) = gn ().

10
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1.3.2. Finite-horizon reward

In this section, we focus on finite-horizon reward. We give some basic properties of
optimal policies in that case. In particular, we give an algorithm to compute an optimal
deterministic Markovian policy. For a more complete description, we refer to [123],
Chapter 4.

Recall that the reward of a policy 7 starting from X; = x is

T—1
vE(@) =B | > ri(Xe, Ar) + rp(Xp)| Xy = 2|
t=1

where r7(.) is a final cost that depends on where the state of the process at the end of
the time-horizon.

The goal of the decision maker is to find the best history-dependent policy to maximize
its reward. As we have just seen in the previous part, we may restrict to Markovian
policies. The first question that arises is the evaluation of such a policy.

Let m = (mmg...) be a (randomized) Markovian policy. For a state z and an action a,
we denote by m(z, a) the probability for the controller to take action a knowing that the

state is z. Let us call ul-7(x) the expected reward starting from X; = x:

T
ub-T(x) = E™ [Z rs(Xs, As) + ro(X7)| Xy = x] )

By linearity of the expectation, u’~7(z) can be decomposed in:

T
arT(z) = B (X, A Xy = 2] + BT | 3 m(X, Ag) +rr(Xr)|X =w]

s=t+1

= Zrt(x,a)P (Ay =a)+E"

a

T
Z rs(Xs, As) + r7(X7)|[ X1 = ?/]
s=t+1

P (Xt—l-l = y‘Xt = :L',At = a) P (At = a]Xt = 1’)
= Z ’I"t(fL', a)ﬂ—t(m7 CL) + Z Z u?—lmT(y)ﬂ-t(:Ua a)Pa,:vy' (16)

acA acAyeS

This provides a backward method to compute the expected reward of a policy ,
implemented by Algorithm 1.1.

Require: Description of the MDP, Markovian policy , initial state x; € S.
Ensure: v27(z1) = vl (z1).
For all x € S, set ul (z) = rp(x).
fort=T—-1to1ldo
for z € S do
u?rT(‘r) — ZaGA Tt(x’ a)ﬂ.t(x7 CL) + ZaeA Zyes ufrJrlmT(y)ﬂ-t(wa a)Pa,xy~
end for
end for

1.T
return u; " (

:El).

Algorithm 1.1: Finite-horizon policy evaluation

11
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This backward induction is the key of the resolution of finite-horizon Markov decision
processes. It provides a way to compute the optimal reward as well as the optimal policy.
Indeed, let ulT(x) = sup, ut:+T(z). By Equation (1.6), we have:

W) = supute ()
™

= sup Z ri(z, a)m(z,a) + Z Z ul T (y) (@, @) Py gy

acA acAyeS

= sup | r(z, a)m(x,a) + Z Z sup  ultT(y)my(2, a) Py gy
a€Ayes T LT

= sup | re(z, a)me(z, a) + Z Zuiﬂ'”T(y)m(x,a)Pa,w
acAyeS

= sup [ ri(z,a) + > ultT(y) Pogy (1.7)
yeS

Equation (1.7) is often referred as the optimality equation. It provide an efficient
algorithm to compute by a backward induction the optimal reward as well as the optimal
policy of the system. In particular, if the state space and action space are finite (of
cardinal S and A), then Algorithm 1.2 computes an optimal policy and an optimal cost
in time O(S - A-T). Using this equation, we directly have the following result.

Theorem 1.5. (i) For any € > 0, the exists an e-optimal policy that is deterministic
and Markovian.

(i) If for all s,t, there exists a € A such that the supremum in (1.7) is attained for a.
Then, there exists an optimal policy that is deterministic and Markovian.

(iii) In particular, if S is finite or countable and A is compact, there exists a deterministic
Markovian policy, computed by Algorithm 1.2.

The proof of this proposition is straightforward from Equation (1.7). For more details,
see [123], Sections 4.4 and 4.6.

Ensure: ul~"(z) = sup, vl (z) = UZ;* (z).

For all x € S, set ul (z) = rp(x).
fort=T—-1to1do
for x € S do

UiT($) < MaXge A (Tt(wv (L) + Zyes ui«#l...T(y)Pa@y) .

i (z) < argmax, ¢ 4 (rt(x, a) + 3 yes uffl”'T(y)Pa@y) )
end for
end for
return ul-T(z1), 7.

Algorithm 1.2: Finite-horizon optimal policy

12
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1.3.3. Discounted reward

The discounted reward problem is very similar to the finite-horizon reward. Therefore,
we will only emphasize the differences. Again, we focus on randomized Markovian policy
because of Proposition 1.4. In all that follows, we assume that reward and probability
transitions are time-homogeneous. We further assume that the reward is bounded and
that the discount factor ¢ is in [0;1). Therefore, up to adding a constant to all reward,
without any loss of generality, we assume that the reward is positive.

Let m = (mm2...) be a Markovian policy. The expected discounted reward starting
from point z is defined by:

v (x) =E"

™

> (X, A X = :1;] .

t=1

Again, this expression can be decomposed in:

V(r) = E7[r(X1,A)|X) =]+ 6E"
t=2

io: 5t72T‘(Xt, At)’Xl = .’E]
= 3 (r(w,0) + 6Pyl ) m(w,a), (1.8)

acA

where 7' = (moms...).

Let 1 = (m7m2...) be a policy. Using a vector notation (v) designates the vector
of the values v2(z), Rx, the vector of R(z) = Y ,ca7(z,a)mi(z,a) and (Pr,)zy =
Y e Pazymi(z,a)), (1.8) can be rewritten

) b
v =R, + 5P7r1”7r27r3...-

TLT...

It should be clear that for any policy 7, since 0 < § < 1 and the reward is bounded, Ufr is
equal to:

0o () = Z SIPITIR
t=1

where PY = Id and P! = P, P! for t > 1.
This equation suggests an optimality equation similar to Equation (1.7) of the finite-
horizon case. In the following, we will see that this is indeed the case. For a bounded

value function v : S — R™, we define the value function Lv by

Lv(xz) = sup (Rr+ dPrv) = sup (R, + dP,v)
meMR acA
where MR designates all the possible randomized Markovian decision rules, i.e. functions
7(.,.) such that for all z € S ) ., 7(x,a) = 1 with 7(z,a) > 0. The supremum has to
be understood component-wise (i.e. for each z). The supremum on m € MR is clearly
equal to the supremum on a € A. L : v — Lv is a nonlinear operator on the set of
bounded value functions.

It should be clear that since the reward is bounded, there exists a bounded value

function v® such that for all z: v2(x) i sup, v (z). The following results link v? and

the operator L. The order < has to be understood component-wise: for two functions v
and v', we say that v < o' if for all z: v(z) </(z).

13



Chapter 1. Markov Chains and Markov Decision Processes

Theorem 1.6. (i) Ifv > Lv, then v > v%;
(i) If v < Lo, then v < v9;
(i4) If Lv = v, then v = v0.

The previous proposition gives basic properties that should satisfy the optimal reward
of the system. The next proposition shows there exists a unique value function such that

v=Lv= sup (R;+0Pv). (1.9)
TeMR

Equation (1.9) is called the Bellman’s equation. This equation also allows one to compute
e-optimal policy by iterating this equation.

Theorem 1.7. (i) There exists a unique vy satisfying Bellman’s equation v, = Lv.
(ii) For each vq, the iteration v,11 = Lv, converges to v,.

(iii) If the action set A is either finite or compact, then there exists an optimal stationary
deterministic Markovian policy.

This theorem proves that the algorithm that consists at iterating Equation (1.9)
converges to the solution of Bellman’s equation.

1.3.4. Average reward

In this part, we assume that the reward function is time-homogeneous and bounded. The
case of average reward is more complicated than the case of finite-horizon and discounted
reward and there exist many different cases depending on the geometry of the problem
(i.e. properties on the matrices P,). Therefore, we will only present some basic results
and examples.

Recall that for a policy m, the average reward is the quantity g, where

1
gr(w) = lim o7 (z).

Since this limit may not exist, we denote

1 1
g (z) =limsup —vl(z) and g (x) = liminf vl
T—00 T—o0

A policy m, is said to be average optimal if for all policy m, g5 (z) > g (z). my is lim-sup
average optimal if g, (s) > g (s). m. is lim-inf average optimal if g; (s) > gz (s). Note
that in general, there may not exist average optimal policies although there exist lim-inf
and lim-sup average-optimal policies, [123] Example 8.1.2.

Let us fix a Markovian stationary policy 7 (recall that a stationary policy means
that the same decision rule is applied at each time step). For the two previous criteria
(finite-horizon and discounted reward), we ignored the chain structure under the policy 7
since we were mainly interested in the transient behavior of the process.

In the case of average reward, one can not ignore this fact and the result on Markov
decision process will strongly depend on the nature of the chain. For example, if the
MDP is unichain — meaning that every deterministic stationary policy generate a Markov

14
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Chain with one single recurrent class plus a finite set of transient states — one can show
that when S and A are finite, the average reward exists and does not depend on the
initial state, see [123], Section 8.4.1. Moreover, there exists a unique g € R such that
there exists h: § — R with

h(z) = _ Py .h
(z) = max | r(z,a) 9+y§€; ayh(y)

In the equation above, g is the average reward. The equation above defines h up to an
additive constant. There exists a constant ¢ such that the expected reward between time
1 and ¢ starting form x is

vI(z) = gT + h(z) + ¢+ o(1).

However, in that case, the iteration v,+1 = Lv, does not necessarily converges and often
oscillates or diverges.

If the MDP is multi-chain — i.e. there exists a stationary policy that generates a
Markov chain with two recurrent classes — results are more complex. In that case, the
optimal reward depends on the initial state g(s) and satisfies the two equations

g(z) =max » P,ry9(y) and h(z)=maxr(z,a)— g(z)+ Z Py 2yh(y).

aGA Y aEBz yES
where By = {d' € A : g(z) = >, Paayg(y)} (see [123], Section 9.1.1). Here, g(x)
represents the average reward starting from z while h(z) is the asymptotic difference

between v! (z) and Tg(z). In that case, building a policy iteration to compute optimal

policy is again feasible but more complex.

1.4. Algorithmic Issues: the Curse of Dimensionality

Markov models are very popular in the performance evaluation’s community because
they are often very simple to analyze. In particular they have two interesting features.

e There exist many theoretical tools to show the existence and uniqueness either
of the transient behavior or of the stationary behavior. The conditions are often
simple to verify.

e These theorems are often constructive and provide algorithms to compute perfor-
mance indicators or solve optimal control problems.

However, as pointed out in the introduction, page xxx, Markov models suffer from one
main drawback: the size of the state space. Consider for example that we want to model
a small network of computers. Say that there are 100 computers and that each of them
have 10 possible states. In that case, the total number of states of the system is 10100!
Therefore, an algorithm that needs to search all the states cannot be used in practice.

This problem is even more important in the case of Markov decision problems since
the algorithm are often at least linear in the size of the state space and often more
complicated (like PSPACE-complete [119]) . In the following of this document, we will
see how to tackle this problem by studying a limiting system when the size of the state
space of the system goes to infinity.

15
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1.5. Bibliographical notes

Markov chains have been first introduced by Markov in [111] and named after him, see
[141] for an history on the early development on Markov chains. For a more modern view
on Markov chains and in particular the speed of convergence to its stationary regime, we
refer to [108] and [3].

Markov processes play a central in the theoretical study of computer networks, in
particular via the development of queuing theory. See [92] or [95, 96] for classical
references on this subject or [1 1] for more recent work.

Markov decision processes have been introduced by Bellman in [15] which introduced the
principle of dynamic programming. The mathematical foundation were established in [5&]
and [39]. More recent references include [35, 36]. The book [123] gives a comprehensive
reference on MDP.
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Chapter 2.

A Survey on Mean Field Convergence

Abstract of this chapter — Despite the great expressive power of
Markov chain, Markov models often suffer from a problem of dimensionality:
the state space needed to describe a complex system is too big. In this chapter,
we study a way to overcome this difficulty by introducing mean field models.

The purpose of mean field models is to study systems composed by a large
number of interacting objects. When the role of the objects exhibits some
symmetry, one can show that when the number of objects goes to infinity, the
system converges to a deterministic limit.

In this chapter, we review two different approaches and compare the different
methods of proof. The first approach is to study the evolution of the proportion of
objects in each state, which leads to dynamical systems of differential equations or
discrete time dynamical system. The second approach is to study the proportion
of objects that follows one or an other trajectory.

Résumé du chapitre — Dans le chapitre précédant, nous avons vu que
malgré une grande puissance d’expression, les modeles reposants sur les chaines
de Markov souffrent souvent d’un probleme d’explosion combinatoire. Dans ce
chapitre, nous étions une facon de contourner le probleme en considérant les
modeles champ moyen.

Les modeles champs moyen s’intéressent au comportement de systeme
composés d'un grand nombre d’objets interagissant et plus particulierement aux
propriétés de limite quand le nombre de ces objets tend vers I'infini.

Nous présentons deux approches différentes. La premiere est de s’intéresser
a I’évolution du nombre moyens d’objets dans chaque état. La deuxieme est
de considérer 'espace des trajectoires et de regarder la proportion d’objets
empruntant telle ou telle trajectoire.
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2.1. Mean field models

In this chapter, we are interested in studying the behavior of a system composed by a
large number N of objects evolving in a common environment (ofter called the context).
These objects may be similar objects or can be decomposed in different classes of objects,
each class being composed by a large number of objects. The behavior of each object is
not independent of the others. It depends on the context and often also depends on the
interaction with other objects.

Mean-field models arise in many situations, ranging from population dynamics to
models of computing systems. As there is no commonly admitted definition of what is
called a mean field model, we start by giving some examples and refer the reader to
Sections 2.2 and 2.3 for a precise definitions of some mean field models.

2.1.1. Examples
We give here some examples of classical mean field models of the literature.

Epidemic models — our first example concerns the model of the evolution of an
epidemic in the population, studied for example in [62] or [106]. The population is
composed by a fixed number of persons N. Each person can be either susceptible,
infected or recovered. A susceptible person becomes infected when meeting someone
who is infected. A infected can either recover or infect a susceptible. After some time, a
recovered person becomes susceptible again.

If the meeting among the different people are uniform, the probability of each event to
occur only depend on the proportion of person in each state. When N is large but finite,
the behavior of such system is quite complicated. However, studying the limit when N
goes to infinity makes it simpler to study.

Queuing systems — let us consider a network of N processors, representing for
example a cluster of computers or a computational grid. There are jobs arriving in the
system that are routed according to some rules to each processor. Each processor treats
one job at a given time and stores other jobs in its queue. The state of a processor is the
number of jobs a processor has in backlog.

In practice, the management of such systems relies on load balancing techniques which
aim at distributing the work among the different resources. Without load balancing,
every job arriving in the system is rooted to one processor at random and stays with this
processor until the end of its computation. A simple way to improve this situation is
for every arriving job to choose a small number of processor at random and sends the
jobs to the processor with the smallest load. This has been proved to be very efficient in
practice [115].

The dynamics of such systems is complex because of the interactions between the
different processors caused by the rooting policy. However, mean field theory can greatly
reduce its complexity when studying the limit N — oo [0, ]. We will also see how
mean field theory can be used to study another load balancing technique [114, 70], namely
work stealing, in Chapter 4.

Medium access control — medium access control (MAC) is used in wireless or
self-organizing networks to guarantee the access of a shared communication channel to a
large number of users without using a central controller. Performance studies of such
systems often assume independence properties among users or retransmission of packets
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2.1. Mean field models

[37]. Studying limiting properties of the system when the number of connecting users is
large allows one to overpass and justify these limitations [13].

Congestion control — Yet an other big issue when modeling communication network
is to study congestion control mechanisms, such as TCP. Consider for example, a system
with NV computers that are all sending some packets through the same bottleneck server.
As long as the queue of the bottleneck is not full, all connexions will increase linearly their
sending rate. However, when its queue become full, the bottleneck starts dropping packets
and the connexions decreases their sending rate exponentially. Such a mechanism is called
additive increase, multiplicative decrease and is implemented in a lot of implementations
of TCP.

In this situation, the different connexions are only dependent through the shared
bottleneck which makes it a good candidate for mean field techniques. The limiting
regime is then much simpler to study that the original model with a large number of
connexions [13, ]. In particular, people have shown that even when using the variant
RED (random early detection), a main issue of this mechanism is that in some situation,
it leads to oscillations in the system [143, 12].

2.1.2. Reducing the State Space: Point-wise and Path-space Convergence

In this section, we present the different objects of study of mean field theory that will be
developed in Sections 2.2 and 2.3.

We consider a collection of N objects. Objects are numbered from 1 to N. Each object
lives in a state space S and the state of the object ¢ at time ¢ is represented by a variable
XN (t) € S. In some mean field model, the state of the system is composed by the state
of the objects in the system but also by the state of a shared resource, see Section 2.2.3.
In this section, in order to simplify the presentation of the concept, we omit this resource
and consider that the state of the system is described as:

AN (x M) xN @) e sV

The basic assumption of our model is that the process (X (¢));>0 is a Markov chain
on the state space SV (either in continuous time or discrete time). If S is a finite set of
size S, the cardinal of SV is SN. For example, if we consider a network of 20 computers,
each with 20 possible states representing the state of their memory for example, this leads
to a state space of size 2020 ~ 10%6. Just to cover the complete state space, a computer
that explores 10? states per second would take about 3 billions years to cover the entire
state space. This raises the need of a method to simplify the study of such systems.

In all that follows, we will consider systems in which the objects are only distinguishable
through their state. This means that if we permute the objects 1... N, the law of the
corresponding process is the permutation of the law of the original process (XV). In
particular, this means that the identity “¢” of the ith object does not contain any
information and that this information is contained in its state.

This leads to think that the process to study is not the process containing the
information about which object is in which state but rather to consider the proportion of
objects in each state. We define the process M (t), called the empirical measure of the
process XV (t) by

N
def 1
MN(t) = NZ(SXgV(t)a
i=1
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where 0, is the Dirac measure of the singleton x: d, is a probability measure such that
§({z}) = 1. MN(t) is a measure on S and for each z € S, (M™ (t))(x) is the proportion
of objects that are in state x:

A O)) = L 31 v
N o=

For each t, M (t) € 2(S), the set of probability measures on S and ¢ +— M (t) is a
cadlag (continue a droite, limite a gauche which means right-continuous with left limits)
random process taking values in &(S). Thus, M can be seen as a random variable
taking values in D(R*, 22(8)), the Skorokhod space, see Section 2.3.1 for some definitions
and properties of the Skorokhod space. A first object of study of mean field theory is to
study the convergence of the random variable MY and in particular of its law which is
in Z(D(R*, 2(S))). This point of view is developed in Section 2.2.

We will see in Section 2.2 that under very general conditions, the process MY (.)
converges to a deterministic process m : Rt — Z(S) and that m satisfies a set of
differential equations that can be easily deduced from the original model, which simplifies
greatly the study of the performance of this systems. However, when studying the
dynamics of the empirical measure (M* (t));, one loses all information about the trajectory
of a particular object (X{V(¢));. A natural question would be study the convergence of
the trajectory of one object (X3 (t));.

Instead of studying M*(t), the empirical measure at time ¢, we consider the empirical
measure of the trajectories QV, where

N def al
Q" = ZfsxiN'

=1

A trajectory X7V is a cadlag function from R* to S: XV € D(RT,S). Therefore, Q¥ is
a (random) measure on Z(D(R*,S)). Studying the convergence of the random measure
QN € (2 (D(R*,S))) is much more complicated than studying the process M but
leads to stronger convergence results. In particular, the convergence of Q" implies the
convergence of MV but also leads to properties of the trajectories of tuples of objects.
This ideas will be developed in Section 2.3. We will introduce the notion of chaoticity
of a sequence of a sequence of measure and see how this can be used to show that Q~
converges to some dg where @ is the unique solution of a martingale problem.

2.1.3. Comparison of the two Approaches

Convergence results for path-space are stronger than the ones concerning point-wise
processes. However, in the rest of the document and in particular in Part 11, we will
mainly focus on point-wise convergence. There are multiple reasons for this.

The main reason is the nature of the limit. While in the point-wise case the limit is
described by a “simple” ordinary differential equation or a dynamical system, the limiting
behavior of QY is only determined in terms of martingale problem. Therefore, the
limiting behavior of M ¥ (¢) is more explicit and much simpler to study, either analytically
or numerically. The limiting behavior of Q" makes it more interesting from a theoretical
point of view (for example to show asymptotic independence of objects like in [13]). We
will see in Section 4.3.1 that fast simulation can be used to study the trajectory of one
object in the point-wise framework.
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The second reason comes from the centralized nature of the results presented in Part 11
where we present the links between optimal control and mean field limits. In this part,
a centralized controller tries to optimize a cost that depends on M (t). A path-space
correspondence of these results would be to study a scenario where a controller would like
to optimize the trajectory of each objects. This is similar to game-theoretic approaches
in which each object tries to optimize its own behavior like in [142] or [105].

The last but not least reason is due to the generality of the results. Results on point-
wise convergence shows that under very mild assumptions (mainly some continuity of the
transition parameters and some sort of asymptotic independence) the limiting behavior
can be approximated by a deterministic one. Moreover, the limiting dynamics can be
described explicitly starting from the initial system. On the opposite side, path-space
results need stronger assumptions and explicit results can only be obtained for very
particular cases. For example, the extension to a system with more than one class
of objects is not straightforward [31, 82] in the path-space case whereas there are no
differences in the point-wise case.

2.2. Some Results on Point-wise Convergence

Throughout this section, we present some classical model on the convergence of the
process t — MY (t) def % l]\; 10xN (- In particular, under simple conditions, M N(t)
converges to a deterministic procesls m, that can either be a continuous time or discrete
time process. When m is a continuous time process, as in Sections 2.2.1 or 2.2.2, m
satisfies a system of differential equations m = f(m). When the limit m is in discrete

time, as in Section 2.2.3, m is a dynamical satisfying m(t + 1) = f(m(¢)).

2.2.1. Density Dependent Population Processes

In this section, we recall some definitions and convergence results of density dependent
population processes. For a more complete description, the reader is referred to [103]
chapter 8 or [62] chapter 11.

Let MY be a continuous Markov chain on %Nd (d>1) for N > 1. MY is called
a density dependent population process if there exists a finite number of transitions,
say £ C N9, such that for each ¢ € L, the rate of transition from MY to MY + ¢/N is
NBg(MN) >0, where B;(.) does not depend on N. Here, M¥ is the empirical measure
corresponding to a population living in a finite state space {1...d}. The ith component
of the vector M™ represents the proportion of persons in state i.

Let us call F' the function F'(m) =, £B¢(m) (if the sum is well defined) and let us
consider the following ordinary differential equation:

m(t) = F(m(t))

Theorem 2.1 below shows that the stochastic process M” (t) converges to the deterministic
system m(t). In all that follows, ||.|| denotes the classical Ly norm on R%: |z|| =

d 2
Z¢:1 ||

Theorem 2.1 ([62], chapter 11). Assume that for all compact K C RY, F is Lipschitz
on E and Yy ||€]| sup e Be(m) < oo. If limy oo MY (0) = myg in probability, then
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for all'T > 0:

lim sup HM Nt (t)” =0 in probability,
N—o0 t<T

uniformly in the initial condition.

The proof of this result is very classical and can be extended to many other situations
to obtain convergence results on M. The main idea is to write

| MY () —m(t)]| < HMN(O)—m(O)H+HMN(t)—MN(O)—/OF(MN(s))ds

t t

+ / F(MN (s))ds —/ F(m(s))ds|| .
0 0

Then the first part is bounded using a martingale argument and we use Grénwall’s lemma

to conclude. The method used to prove this result is the basis of the proof of Chapters 6

and 7 and in particular Theorems 6.1 and 7.7. Therefore, we recall the proof here. This

proof is inspired by the one of [(2], chapter 11.

Proof. Following Theorem 4.1 of Chapter 6 of [62], M (¢) is the unique solution of

MM () = M™N(0 +Zm< /Bz (MN( ))d>,
lel
where Yy is a collection of independent Poisson processes with rate 1.
We will assume that 3 yc - [[€] sup,,cra Be(m) < oo and that F' is lipschitz of constant
L on all R? and we define 3, = sup,,crd Se(m). To prove the general case, one has to
show that MY (t) is almost surely bounded.
Let us define €V (T) by:

Ny Y sup (MY (E) — MY (0) — / tF(MN(s))ds

t<T 0
< s> |3 (v [ e (MY (s) i) - | (MY (5))ds
eL

The random process Y, |/ H Y, (N fo Be (MN(s)) ds) - fot B@(MN(S))CZSH is a posi-
tive submartingale.
Therefore by Doob’s Martingale inequality:

PD) = < (T <K6L|61HYZ (x /OT@(M%))ds)— [ s opas

- lyue (H}Vn (N/OTﬁg (MY (s)) ds) - /OTMMN(s))ds

Lel

< 1Y 1aE(|yvivam - ).

ZEL

Since E (‘NYZ NBt) — By t‘) 28¢t and >, |¢| By < oo, the dominated convergence
theorem shows that P (e (T) > 6) — 0. Moreover, since F' is Lipschitz of constant L,
we have:

132 (8) = m(o)|] < [|A(0) — m(O)]| + N (1) + /0 L|MN(s) — m()] ds.
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Gronwall’s lemma concludes the proof. O

This theorem does not provide any insight on the speed of convergence. In fact,
if >, ¢ VB < o0, the proof can be adapted to show that there exists a function f
independent of N such that P (supg<i<r || MY (t) — m(t)|| > €) < ﬁf(e) Without this
condition, one can show that for all function b(IN) such that limy_,oo b(IN) = 0, there
exists a set {f¢}oer such that

b(N)=o0 (73 ( sup HMN(t) —m(t)H > e>> .
0<t<T

Moreover, Kurtz has proved second order results for the previous convergence, showing

that the gap between M7 (t) and m(t) is of order v/N. Let VN (¢) o VN (MN(t) —m(t)),
and V(t) e V() +U((t) + fg OF (M (s))V (s)ds, where U(t) is a time inhomogeneous
Brownian motion and 0F denotes the Jacobian matrix of F. For a sequence of random

variables X, we say that X~ converges weakly to a random variable X, denoted

XN ¥k ¥ if for all continuous bounded function h, limy o E (R(XY)) = E (h(X)).
Using this notation, we have:

Theorem 2.2 ([62], Chapter 11). Assume that for all compact set E: F is Lipschitz on
E, Y |12\ >, ner Be(m) < oo, and that F is continuously differentiable and V™ (0) Lweak,

V(0). Then for all t, /(MY —m) 2<% v
This result indicates that for all fixed ¢, the gap between M (¢) and x(t) behaves like

ﬁG, where G is a Gaussian random variable.

Steady state convergence

Other interesting results of convergence concern the behavior of the steady state of the
system. In the following, we will assume that M* (¢) in bounded for all . Assume for
example that the stochastic process with N objects has an invariant measure, say 7.
A natural question is whether " converges (or not) to a fixed point of F and whether
second order results exist in that case. In general, convergence for the steady state only
holds under several restrictions.

Let By¢(mg) be the set of accumulation points of the trajectory of the differential
equation starting in mg: By(mo) def Acc{m(t) : t > 0 Am = f(m) Am(0) = mg} and
By &t UmoBf(mo). By is the closure of the set of accumulation points of the ODE
m = F(m). In particular, Bp contains the invariant point of the ODE as well as the
possible limit cycles. There is no general method to study Br and it is in particular very
hard to show the existence or the non-existence of limit cycles. The following proposition
links the stationary distributions 7 and Bp.

Proposition 2.3. The support of any limit point (for the weak convergence) of the
stationary distributions ™ is included in the closure Bp of the accumulation points of
the solutions of the equation mn = F(m), for all possible initial conditions.

The proof presented here is inspired by classical proofs for stochastic approximation
(see Corollary 3.2 of [10] for example). It is based on the Poincaré recurrence theorem.
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Proof. Let h be a continuous bounded function and § > 0. For a measure 7V, we denote

[, h(m)a™ (dm) the expectation of h(M) if the distribution of M is 7. E,, (M (t))
denotes the expectation over the trajectories of M (t) starting in M~ (0) = m. Moreover,
the system of differential equations y = F(y) starting in y(0) = m has a unique solution.
Its value at time ¢ is denoted ®;(m).

N

Let 7V be an invariant measure of MY and 7 a limit point of 7. Since 7% is an

invariant measure of M*¥:

/ B (R(MY ()7 (dm) = / h(m)wN (dm).

m

Since E is compact, h is uniformly continuous and there exists € > 0 such that [|m — y|| < €
implies ||h(m) — h(y)|| < § and

En ([R(MY (1)) — h(@(MM(0)))])
<5+ e|lh]| P (|| MV () — B (MN(0)]| > €)

def
where [|h][ = sup,, [[A(m)].
Proposition 2.1 shows that limy_,ee P (|| MY (t) — (MY (0))|| > €) = 0 which shows
that:
Jim ‘ / B, (R(MN ()7 (dm)) — / h(®:(MN(0)))7N (dm)| < 6.
—00 m

m

Using the fact that 7V goes weakly to 7 and since h and § are arbitrary, this shows
that 7 is an invariant measure of ®;. Let us call H the support of 7w and B the set of
accumulation point of ®;. H is a closed invariant set and 7 is an invariant measure for
®. By the Poincaré recurrence theorem, 7(B) = 1, which shows that B C H. O

An immediate corollary is the case where the solutions of the differential equation all
converge to a single global attractor.

Corollary 2.4. If F' has a unique stationary point m* to which all trajectories converge,
then the stationary measures 7 concentrate around m* as N goes to infinity:

. weak
i T e

where 0+ 18 the Dirac measure in m*.

Proof. Since M is bounded, the measures 7V have a compact support. Thus, the
sequence 7' is tight. By Proposition 2.3, it converges to Jy«. O

In the case where a linear Lyapounov function exists, second order results for the
steady state behavior exist. Norman [119] shows that under technical assumptions and if
there exists a scalar product (-) such that (m —m*, F(m)) < 0 and (m, F'(m*)m) < 0,
then VN (N — m*) converges to a Gaussian variable. Unfortunately, this theorem is not
very useful in practice since the construction of such a scalar product is complicated in
general.
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2.2.2. Stochastic Approximation Method

Stochastic models either involve continuous time or discrete time models. When modeling
a real system, it may sometimes be more natural to start from a discrete or a continuous
time model. In this section, we show how discrete time models can also lead to continuous
time limits and in particular, how to use results on stochastic approximation algorithms
to study convergence of a large class of mean field models.
A stochastic approximation algorithm is a discrete random process x, € R? that can
be written
T+l = Tn + an—i—l(F(xn) + Un—l—l)a (21)

where F(x,) is a deterministic function, U, is a random variable of mean 0 and a,, a
“small” step-size. One can think of Equation (2.1) of a Euler discretization of the ODE

i = F(z), (2.2)

plus a random error term U, ;.

The theory of stochastic approximation algorithm focuses on studying the relationship
between (2.1) and (2.2). The original goal of stochastic approximation was to provide
numerical algorithms to compute the solutions of an equation f(x) =0 [125] by building
a sequence x, that would converge to one the solution. During the years, this method
has been extended to study numerous problems such as learning algorithms, adaptive
control or signal processing. We refer the reader in particular to [104] that contains many
examples as well convergence results and [17] that contains many theoretical results on
the asymptotic behavior of (2.1) when the step-size a,, vanishes as n goes to infinity.

The stochastic approximation method is a simple and powerful way to prove mean field
convergence. To each system of size N corresponds a stochastic approximation algorithm
(XN)n>0 whose step-size is constant: a, = I(N). In particular, the constant-step size
algorithm has been studied in [13] from a stochastic algorithm point of view. Apart from
mean field models, this has also applications in game-theory [21]. In the following, we
show how to apply this result to mean-field models, following the presentation of [20].

We consider of model similar to the one of [20]. The system is composed of N objects
evolving in a finite state space S = {1...S}. Time is discrete and the state of object
n at time step k is denoted XV (k). In [20], the system also contains a resource but we

omit this detail here in order to simplify the presentation. The state of the global system

at time k is XV (k) e (XN (k)... XN (k). We denote by M (k) the empirical measure

associated with the N objects:
dof 1 o
N 1€l
MY (k) = N Eléxév(k)'
n=

Since an object has S possible states, M” (k) can be represented by a vector with S
components, its ith component being the proportion of objects in state 1.

The system (M (k)); is assumed to be a Markov chain. In particular, this is true if
the evolution of (X”) is invariant by any permutation of the N objects.

If at time step k, the system is in state M (k) = m, the expected difference between
MM (k+1) and M" (k) is called the drift and is denoted f(m):

FNm) ' (MY (k4 1) — MY (k)| MN (k) = m) .
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Chapter 2. A Survey on Mean Field Convergence

We assume that as N grows, the drift vanishes with speed I(IN) where I(N) > 0 is called
the intensity. The intensity of the model corresponds to the length of a time step (the
step-size of the stochastic approximation algorithm). The means that limy oo I(N) =0
and that there exists a function f such that:

N (m)

R0 = f(m) uniformly in m. (2.3)

We define the normalized process M (t) by for all k € N: MY (kI(N)) = M" (k) and
MM () is linear between kI(N) and (k4 1)I(N).

The evolution of the system M¥ (¢) can be written:
NN k) 1

Tt T (MY e =M ) N<MN(’“)))>

MY (k+1) = MY (k)+I(N) <

Using that f(m)/I(N) = f(m)and E (M (k +1) — MN (k) — fN(MN (k)| MY (k) =
0, this equation defines a stochastic approximation algorithm as in (2.1). Using ideas of
the stochastic approximation theory, the following result is shown in [20], Theorem 1.

Proposition 2.5. If f is Lipschitz and if the number of objects that change their state
during one time step is bounded in expectation by NIi(N) and in second moment by
N2I(N)I3(N) with [;(N) — 0 and I3(N) — 0, then for all T > 0 there exists constants
Cy(T) and Co(T) such that

P < sup HMN(t) —m(t)|| = e+ Ci(T) (1 + HMN(O) — m(O)H)) < Cz(ZT)7

0<t<T €
where m(t) is the unique solution of the ODE 1 = f(m) starting in m(0).

The proof of this result is very similar to the one of Proposition 2.1 for density
dependent population processes, using a martingale argument to bound the stochastic
part and Gronwall’s lemma to conclude. Similar results pertaining to asymptotic behavior
as Proposition 2.3 and 2.4 are also provided in [20].

2.2.3. Discrete Time Limits

In the first model presented in Section 2.2.1, the original system is in continuous time as
well as its limiting regime. In the second model, 2.2.2, the original model is in discrete
time and its limit in continuous time. In this section, we give an example of a discrete
time model converging to a discrete time (deterministic) dynamical system.

We consider a similar model as the one in [106]. The system is composed of N objects.
Each object evolves in a finite state space S = {1,...,S}. The state of the nth object at
time ¢ € N is denoted X, (t). We call M (t) the empirical measure of the collection of
objects (X2). MM (t) is a vector with S components and the ith component of M™ (t) is

N
def ,,—
MiN(t) =N Z 1X,Jl\7(t):i7
n=1

the proportion of objects in state i. The set of possible values for MY is the set of
probability measures p on {1...S}, such that Np(i) € N for all i € S, denoted by
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2.3. Path-space convergence

Py (S). For each N, Zx (S) is a finite set. When N goes to infinity, it converges (for
the Hausdorff metric) to Z(S) the set of probability measures on S.

The system of objects evolves depending on their common environment. We call
CN(t) € R? the context of the environment. Its evolution depends on the empirical
measure M7 (t), itself at the previous time slot:

CN(t+1) = g(CN(t), MV (t + 1)),

where g : 2(S)xR? — R? is a continuous deterministic function. Moreover, there exists
a transition probability kernel K (C') such that the probability that knowing that the
context is in state C' at time ¢, the object n goes from state i to state the j is K; ;(C),
where

P (XN (t+1)=j1x)N(t) =4,CN(t) = C) = K;;(C).

Moreover, we assume that the evolution of the objects are independent once C' is fixed.
The assumption of independence of the users is a rather common assumption in mean
field models [106]. However other papers [20, 45] have shown that similar results can
be obtained using asymptotic independence only. The kernel K is not assumed to be
irreducible. This allows for several classes of objects interacting under context C, as in
41, 106].

This model has been studied in [106]. In particular, the authors gave results on the
asymptotic behavior of M™(.), C™V(.) such as the following result.

Theorem 2.6 (Theorem 4.1 of [106]). Assume that M™(0),CN(0) converge almost
surely to deterministic m(0),c(0) as N goes to infinity. Then for all t, MM (t), CN(t)
converge almost surely to m(t), c(t) where m(t),c(t) are defined by:

m(t+1) = m(t)K(c(t))
ct+1) = g(e(t),m(t+1)).

Authors also give a fast-simulation algorithm that shows that the dynamics of the
different objects can be decoupled as N goes to infinity.

Although this system could seem unnatural because we force the behavior of the
N objects to take place during the same time step and be independent, it has many
applications for example in the study of reputations systems [106] or congestion avoidance
[143, ]. The main advantage of this model is that the limiting process is very simple
to describe and to study, at least numerically.

2.3. Path-space convergence

The purpose of mean field model is to study the behavior of systems composed of a large

number of objects, when the number of these objects goes to infinity. In the previous

section, we have seen that if XV (t) o (XN(t)... X (t)) denotes the state of the system

of particles at time ¢, there exist various models to study the convergence of the process
t e MN(t) o + f\il Oxn () which is a D(R*, 2(S)) random variable. In particular,
we have seen that under mild conditions, the limiting behavior of M™(.) is deterministic
and can be described by simple differential equations or discrete time dynamical systems.
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Chapter 2. A Survey on Mean Field Convergence

In this section, we will focus on a more complex object, which is
dof 1 &
N det -
QVE ;5@.
1=

Q" is no longer a random process but a measure on the path space of the processes XiN .
Since each X7V is a D(R*, S)-valued process, Q" is a Z(D(RT,S))-valued process. The
behavior of Q" is much complicated to study than the one of (M¥(¢)); and convergence
results on QV are stronger than their analogue on MY,

In this section, we will present a method to prove convergence of Q" to a Dirac
measure 6g where @) is a deterministic process. This method is based on propagation
of chaos and has been developed in [138] and further investigated in [20]. We will not
go deep into the details since in the rest of the document we will focus on convergence
properties of (M?(t)); and the reader is referred to [30] for a more complete description
of the method.

We first recall some basic results on the space Z(D(R™,S)) in Section 2.3.1. Then, we
recall some results on propagation of chaos and martingale problem. Finally, we describe
the generic method to prove mean-field convergence in Section 2.3.4.

2.3.1. Skorokhod Space and Weak-Convergence Topology

In this section, we recall some basic properties about the Skorokhod space and the
weak-convergence topology. The reader is referred to Chapter 3 of [62], or [38].

In this section, (E,r) denotes a complete and separable metric space. For an interval
I in R, we denote by D(R™, E) the set of right continuous functions from R to E, i.e.,
the set of function z : RT™ — E such that:

o forall t € Iz(tT) def limp~0,n—0 2(t + h) exists and z(tT) = x(¢).

o forallt € I, x(t~) % limpco o 2(t + h) exists.

Functions having these properties are also called cadlag functions (continue a droite,
limite & gauche). A time t such that x(t—) # z(t+) is a discontinuity point of z. A
cadlag function has at most a countable set of discontinuity points.

The topology of uniform convergence is not interesting on D(R*, E) since it is too
restrictive. Instead, we will consider the topology induced by the Skorokhod distance.
Let A denote the class of Lipschitz continuous functions mappings of R™ onto itself. If x
and y are two cadlag functions, we define a distance d(z,y) by:

d(z,y) % inf {max { sup log <M> : /OOO sup(z(t A ), y(A(t) A u))du}}

AEA s>t>0 sS—y t>0

where ¢ A u & min(¢,u). d(.,.) is called the Skorokhod distance. 1t is well known that
d(.,.) is indeed a distance and that D(R™, F) is complete and separable as soon as E is
complete and separable (see Chapter 3.5 of [62]).

Let us now consider a distance on Z(S), the space of probability measures on a metric
space (S,d). We define the Prohorov distance p between two measures p,v € Z(S) by:

p(u,v) =1inf{e > 0: u(F) < v(F) + ¢ for all closed set F'},
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where F€ = {x € S :infycp d(z,y) < €}. Again, we refer to Chapter 3 of [62] to see that
p(.,.) is indeed a distance and that (Z?(S), p) is separable and complete as soon as (S, d)
is.

A collection of measures M C Z2(S) is said to be tight if for each € > 0, there exists
a compact space K C S such that P(K) > 1 — e for all P € M. Tightness of measures
and convergence of measures are closely related as expressed by the next result. This
characterization is important when one wants to study the convergence of a sequence of
probability measures.

Theorem 2.7 (Prohorov’s Theorem). Assume that (S,d) is a complete and separable
metric space. A sequence of probability measures M C P (8S) is tight if and only if M is
relatively compact.

Note that a set X € Z(S) is said to be relatively compact if any sequence in X has a
convergent subsequence in (Z(S),d).

The Prohorov’s metric is not very practical to show convergence of probability measures.
For that, we define another notion of convergence, called weak convergence, which is in
fact equivalent to the Prohorov’s metric. A sequence of probability measures pu,, € Z2(S)
is said to be converge weakly to a probability p if for all bounded continuous function f
on the metric space (S, d),

Jim [ fdun = [ fdp. (2.4)

If § is separable, then a sequence of measures p,, converges weakly to p if and only if
iy, converges to p for the Prohorov’s topology, i.e., limy, o0 p(pin, ) = 0 (Chapter 3.3 of

[62])-

2.3.2. Chaotic and Exchangeable Sequences

Recall that the initial problem is to study the convergence properties of the random
variable QY = N1 Zf\;l (5va where XZ-N has sample path in D(R*,S). QY is a measure
on Z(D(R*,S)) and in general, it is not easy to check that the convergence of Equa-
tion (2.4) for all function f. Fortunately, when the original process X is exchangeable,
weak convergence of QY is closely related to the chaoticity of the sequence X.

We begin with two definitions. Let XY = (X{V.. X%) be a sequence of tuples of
random variables on some space F.

The vector XV is said to be exchangeable if the law of XV is invariant under any
permutation of the order of the random variables. If .2 (X') denotes the law of a random
variable, this means that for any permutation o : [1: N] — [1: N],

2 (X xN) =2 (X2 X))

If Q is a probability measure on E, the sequence XV is called Q-chaotic if for any k, the
marginal distribution of the first coordinate of (X{V ... X}V) is asymptotically a product
of k copies of ). This means that for any continuous function f ... f:

k
lim B (FO) X)) =] / £,d0.
=1

N—oo

The following theorem, due to Sznitman [135] shows that for exchangeable sequences,
chaoticity is equivalent to the convergence of the empirical measure Q¥ .
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Theorem 2.8 (Proposition 2.2 of [138]). Let Q € Z(E).

(i) If XN is exchangeable and Q-chaotic, then QN converges weakly to the deterministic
law éq.

(i3) If XN is exchangeable and QN converges to 0q, then XN is Q-chaotic.

(i4i) The sequence of random variables (Q™)y is tight if and only if the law of (Xi¥)n
is tight.

This result, and in particular point (7ii) greatly simplifies the proof of convergence of
QY since verifying the tightness of the first variable (X{V) is much simpler than verifying
the same property for Q" .

2.3.3. Markov processes and Martingale Problems

Once QY is proved tight, the last step to prove mean field convergence is to characterize
the limit of Q~. This is often done by showing that the limit points of Q¥ satisfy a
martingale problem.

Let (X(t))t>0 be a stochastic process with value in a space E. Let (F;) denotes
the canonical filtration associated to X (.): F; = o(X(s),s < t). X is called a time-
homogeneous Markov process if

P(X(t+s) €T|F) =P (X(t+s) € T|X (1) = P(s, X(¢),T),

for all s,¢ > 0 and I" a measurable set. The function P(.) is called the transition function
of the process X. The transition function P(.) and the distribution of the initial condition
uniquely determine the finite dimensional distribution of X (see Chapter 4.1 of [62]) and
therefore the distribution of X.

The full generator A of the chain X is defined by:

A= {(f,g> € B(E): E(XO)IX0) - F(x0) = [ E<g<X<s>>|X<o>>ds}.

Let us consider the example of a case of a continuous time Markov chain of transition
rate matrix () — meaning that if the chain is in x, it jumps with rate ¢, and selects a
state y with probability p,,, see Section 1.1.4. The generator of the chain contains all
function (f,g) such that

9(x) = ¢z »_ (f(y) = F(2)) Pry-

yeS

By definition of the generator, if A is the full generator of a Markov process X, then for
all (g, f) € A,

M, = F(X(t) - /0 9(X(5))ds (2.5)

is an Fy-martingale.

Given A, any process such that (2.5) is a martingale for all (f,g) € A is said to be a
solution of the martingale problem associated to A. Martingale problems are often a good
way to characterize a Markov chain. In particular, if there is a unique solution to the
martingale problem associated to A with sample-path in D(R™, E), then this solution is
a time-homogeneous Markov chain.
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2.3.4. Proving Mean-Field Convergence

The previous sections give us the theoretical basis that are used to prove mean field
convergence. We present here a technique that can be applied to prove that Qv converges
to some deterministic measure. This technique is generic and has been used in several
papers, such as [80, 43, 44, 45].

The mean-field analysis is based on three steps.

1. Tightness — The first step is to prove that Q¥ is tight in 2(Z(D(R*,N))).
Thanks to Proposition 2.8, if the objects are exchangeable, one only has to show
that the law of XiN are tight.

2. Characterization of the limit — The second step of the analysis is to show that
any probability measure in the support of any limit point of the sequence of @~
satisfies a measure determining equation, for instance a martingale problem.

3. Uniqueness of the limit — It remains to show that the martingale problem has
a unique solution Q.

Because of step 1, the law of Q¥ is tight which implies the relative compactness of the
measure Q. Together with steps 2 and 3, this implies that the law of @V converges to
8¢ and therefore QV converges to Q.

For an example of the application of this method, the reader is referred to [30], in
which authors consider a system with N queues, each with a single server with rate u
and infinite buffer. Tasks arrive at rate N\ in the system. When a task arrives in the
system, it selects L queues uniformly and joins the shortest one. The state of a queue is
the number of jobs in its queue: XiN € N. &N has same path in D(RT,NY) and Qv has
values in Z(D(R*,N)).

The state XV is clearly exchangeable. Using this property, tightness of the law of
XN is proved using the compactness criteria in Z(D(R*,N)) in terms of modulus of
continuity (Theorem 7.2 of Chapter 1.7 of [62]). Then, authors exhibit a martingale
problem in closed-form satisfied by any probability measure in the support of any limit
point of @V and shows the uniqueness of the solution of this martingale problem. They
also show that chaoticity holds at equilibrium and that stationary distribution can be
characterized by the stationary distribution of the martingale problem.

2.4. Concluding Remark

In this section, we have seen mainly two different objects of study that lead to completely
different techniques of proof. Although the second leads to more powerful results, in the
following of the document, we will mainly focus of results of the first type, concerning
M™N(.). There are multiple reasons for this. Firstly the convergence results are more
general and one can show convergence in probability with explicit bounds for a large
class of models. This gives insights on the accuracy of the limits. Secondly, the equation
satisfied by the limits of M (.) are much simpler to study than the one defined by
martingale problem. The limiting equations for M (.) are generally easy to simulate, at
least numerically while Martingale problem is only a description of the process. Moreover,
the definition of optimization problems is straightforward on M (.) and not on Q.

In Chapter 4, we will apply convergence results to a model of work-stealing in hetero-
geneous systems. In Part II, we will link results on Markov decision processes and mean
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field models and show how the optimal control of a mean-field stochastic system can be
simplified by studying its limit MY (.).
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Chapter 3.

Transient Behavior of Work Stealing:
Makespan analysis

Abstract of this chapter — A main issue when using a large computing
system is to distribute the load among the processors. In this chapter, we analyse
the total completion time to execute a set of tasks when using work stealing.
Work stealing is a very popular load balancing technique, based on the principle
that when a processor has no task to execute, it steals some work from an other
processors.

The difficulty of this analysis is that it is impossible to track the exact
number of tasks per processor during the time. To reduce the dimension of
the problem, we present a generic method based on potential function and an
adversary.

We compute expected completion time as well as bounds on the deviation
from the mean. This technique shows that the expected makespan for executing
W unit independent tasks on N processors is bounded by W/N unit of time
plus an additional term in 3.65logy W.

Résumé du chapitre — Un probleme majeur lors de I'utilisation de
grandes grilles de calcul est de réussir a distribuer le travail sur les différentes
ressources disponibles. Dans ce chapitre, nous étudions le temps nécessaire
pour exécuter un ensemble de taches sur une architecture parallele utilisant le
mécanisme de vol de travail, dans lequel une ressource qui n’a rien n’a exécuter
va voler des taches a d’autres ressources.

Afin de contourner le probleme d’explosion du nombre d’états du modele,
notre analyse est basée sur I’étude d’une fonction potentielle et d’un adversaire.
Nous obtenons des bornes a la fois sur la moyenne et la probabilité de s’écarter
de cette moyenne montrant que le temps nécessaire pour exécuter W taches sur
N processeurs est borné par W/N + 3.65log, W.
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3.1. Introduction

List scheduling is one of the most popular technique for scheduling the tasks of a parallel
program. This algorithm has been introduced by Graham [$3]. Its principle is to build
a list of ready tasks and schedule them as soon as there exist available resources. List
schedules are low-cost (greedy) algorithms that are not too far from optimal solutions.
Most proposed list algorithms always consider a centralized management of the list.
However, today parallel platforms involve more and more processors. Thus, the time
needed for managing such a centralized data structure can not be ignored anymore [39].
Practically, implementing such schedulers induces synchronization overheads when several
processors access the list concurrently. Such overheads involve low level synchronization
mechanisms.

A suitable approach to reduce the contention is to distribute the list among the
processors: each processor manages its own list of tasks. When a processor becomes idle,
it randomly chooses another processor and steals some work, i.e. it transfers some tasks
from the victim’s list to its own list. Such a strategy is called work-stealing (WS). WS
has been implemented in many languages and parallel libraries including Cilk [66], Intel
TBB [99] and KAAPT [75].

This scheduling policy is very easy to implement and does not require any information
on the system to work efficiently. It can be made processor oblivious since it automatically
adapts to the number and to the size of jobs as well as to the speed of the processors
[28]. Several models have been proposed to study the performance of work stealing. We
briefly describe some of these results at the end of this chapter, in Section 3.9.

We present a simple Markovian model of work stealing in discrete time and analyze
the transient behavior of this model. In order to tackle the problem of dimensionality,
our analysis is based on a potential function that aggregates the information on the state
of the system. To counter the loss of information induced by the use of this potential
function, we introduce an adversary that will simulate the worst possible scenario for the
missing information. While in this chapter, we focus on the transient behavior, we will
see in Chapter 4 how mean field models can be applied to study steady-state behavior.

Based on the analysis of the load balancing between two processors during a steal
request, the expected number of steals can be deduced and a bound on the makespan is
derived. The methodology is generic and it is applied to the case of independent tasks and
to the WS algorithm of [¢]. Our new analysis improves the classical bound on the number
of steal requests of WS for scheduling precedence graphs. Constant factors are greatly
reduced and are less than 50% away from values obtained by simulation. Moreover, our
analysis enables us to evaluate precisely the impact of several modifications of the WS.

After presenting the model and notation in Section 3.2, we give the principle of the
analysis in Section 3.3. We apply this analysis to the case of unit independent tasks and
study the influence of the initial distribution of tasks in Section 3.4. Then we extend the
analysis for tasks with dependencies in Section 3.5. Section 3.6 quantifies the reduction
of steals when several thieves are allowed to steal the same victim simultaneously. We
analyze simulation results in Section 3.7, showing in particular that the gap between
simulation and bounds is small. Finally, Section 3.8 contains some technical computation
used in the proofs.
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3.2. Work Stealing Model

We consider a parallel platform composed of N identical processors. At time ¢, let w;(t)
represent the amount of work on processor i. When w;(t) > 0, processor i is active and
executes some work: w;(t + 1) < w;(t). When w;(t) = 0, processor i is idle and intents
to steal from a random processor j. If processor j has no work, i.e. w;(t) = 0, the steal
fails and processor ¢ will steal again at the next time slot. Otherwise, a certain amount
of work is transfered from processor j to processor i: w;(t + 1) + w;(t + 1) < w;(t).
Processor ¢ will resume execution at time ¢ + 1. The execution terminates when all the
processors are idle, i.e. Vi, w;(t) = 0. We also denote the total amount of work on all
processors by w(t) = Zfil w;(t) and the number of active processors by «a(t) € [0, N].
Between time ¢ and ¢ + 1, there are N — «(t) steal requests.

To model the contention on the queues, no more than one steal request per processor
can succeed in the same time slot. If several requests target the same processor, a random
one succeeds and all the others fail. This assumption will be relaxed in Section 3.6.

This is a high level model of a distributed list. We will show in Sections 3.4 and 3.5 how
these properties accurately model the case of independent tasks and the WS algorithm
of [8]. We justify here some choices of this model. There is no explicit communication cost
as WS algorithms most often target shared memory platforms. A steal request is done in
constant time independently of the amount of work transfered. This assumption is not
restrictive: for the case of independent tasks, the description of a large number of tasks
can be very short. For instance a whole subpart of an array of tasks can be represented
in a compact way by the range of the corresponding indices, each cell containing the
effective description of a task (a STL transform in [141]). For more general cases with
dependencies, it is usually enough to transfer a task which represents a part of the

graph [5].

3.2.1. The Curse of Dimensionality

The state of the system is described by the amount of work on all processors and is
represented by the vector (wq(t)...wn(t)). At the start, the total work in the system is
distributed arbitrarily among the processor. It can be distributed arbitrarily, depending
on the situation. Therefore, the state of the system can be any vector (wy(t)...wn(t))
such that SN w;(t) < W.

Because of the mechanism of work stealing, the behavior of the system does not show
any regularity, in particular, there is no monotonicity. A first idea to tackle this problem is
to consider the process (zo(t),...xw(t)) where x;(t) represents the number of processors
having a work of j at time ¢t. But again, this state space is too large and does not contain
sufficient regularity to be studied. Figure 3.1 is an example of a schedule obtained using
work-stealing which shows the complex repartition of the idle times. At the beginning
of the schedule, the work is concentrated on the first processor: W;(0) = 2000 and for
all 4 > 2: W;(0) = 0. There are 25 processors in total. Each processor is represented by
a line and the columns represents the time slots. The first processor is represented by
the first line. At each time step, a processor is either working if it has one or more jobs
(represented by a white area) or trying to steal (represented by a gray area).

Our approach is to introduce a potential function ® (wy(t)...wn(t)), denoted ®(t) for
simplicity. The prototype of potential function we will use is ®(t) = """ w;(¢)? although
this will vary for some situations. Then we will show that we can compute the decrease of
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H

Figure 3.1.: A typical execution of W = 2000 unit independent tasks on N = 25 proces-
sors using work stealing. Grey area represents idle times (which are also
stealing times). Figure taken from [I111].

® as a function of the number of active processors «(t) L g xo(t). Since a(t) is again
a complicated process, we introduce an adversary that model a worst-case scenario for
the sequence of a(t). This adversary can be seen as the controller of a Markov Decision
Process (see Chapter 1) whose goal is to maximize the completion time of the system.

3.3. Principle of the Analysis and Main Theorem

This section presents the principle of the analysis. The main result is Theorem 3.1 that
gives bounds on the expectation of the number of steal requests done by the schedule as
well as the probability that the number of requests exceeds this bound.

The main idea of our analysis is that we study the decrease of a potential function
®(t), instead of studying directly the number of processors that will run out of work and
become idle. The definition of ®(¢) varies depending on the scenario (see Sections 3.4 to
3.6) but ® satisfy the following properties:

e O(t) is decreasing
e When ®(t) < 1, the schedule is finished or almost finished.

e There exists a function h(.) € [0;1) such that E (®(t) — (¢t + 1)|P(t) = ¢, a(t) = ) >
h(c).

If T = min{t|®(¢) < 1}, the number of steal requests before ®(t) < 1 is given by
R = ZZ:OI N — af(t). Since a(t) is a complicated random process, we tackle this problem
by assuming that an adversary is choosing the number of active processors «(t) at each
step of the schedule. At the beginning, the adversary starts with ®(0) potential. She
tries to maximize the number of steal requests, before running out of potential. This
gives the optimization problem:

T—1 P(0) = @
maximize Z N —a(t) withg T def min{t|®(t) < 1} . (3.1)
t=0 E(®(t) — @(t+1)|P(t) = ¢, a(t) = a) > h(«a)

The value of this maximization problem provides an upper bound on the number of
stealing requests, both in expectation and in probability, as precised by Theorem 3.1.
In the real system, a(t) is determined by the evolution of the system and cannot be
chosen at time ¢. The introduction of an adversary provides an upper-bound on the
number of steal requests and has two main advantages. First, its simplicity makes it

36



3.3. Principle of the Analysis and Main Theorem

applicable in several scenarios, such as the ones presented in Sections 3.4 to 3.6. Moreover,
we show in Section 3.7 that the gap between the obtained bound and the value obtained
by simulation is relatively small.

The analysis of the scenarios of sections 3.4 to 3.6 will be done in three steps.

1. First, we define a potential function and we compute the potential decrease 5¥(t)
when the processor ¢ receives k work requests.

2. Then we compute the expected decrease of the potential between step t and ¢ + 1,
Ad(t) = e ®(t) — ®(t + 1). By linearity of expectation,

=

N
Z E[6F|i receives k requests]P (i receives k requests),
i=1 0

e
Il

where E[X|Y] denotes the expectation of X knowing Y. Using the properties of
8% (t), we show that there exists a function h(a) € (0,1] such that

E[A®(t)|®(t) = @, a(t) = o] > h(a)P
3. Finally, we obtain a bound on the expected number of steal requests E[R] using
Theorem 3.1 presented in this section. An upper bound on the expected makespan

E[Cmax] can be obtained using the bound on the number of steal.

The following theorem gives an upper bound on the number of steal requests using a
lower bound on the expected decrease of the potential in one step.

Theorem 3.1. Assume that the potential function ®(t) satisfies:
o There exists a constant d > 0 such that d®(t) € N.
e O(t) is non-increasing.

e There exists a function h(a) € (0,1] such that if a € [1, N — 1] processors are active
at time t and ®(t) = ®, then the potential decreases on average by

E[®(t) — B(t+ 1)|B(t) = B, a(t) = a] > h(a) - &

Let A = maxi<a<nN—1 m and ®(0) be the potential at t = 0. Then

(i) the expected number of steal requests R until ®(t) <1 is bounded by

E[R] < A- N -log, ®(0);
(i) The deviation from the mean can be bounded by:

P(R> AN -logy ®(0) 4 u) < 27N,
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Proof. Without loss of generality and to simplify the notation, we assume d = 1.

Let T be the random variable indicating the end of the schedule: 7' = min{¢|®(¢) < 1}.
The number of steal requests is equal to the number of idle processors at each time step.
The number of steal requests after time ¢ is R(?):

T-1
R(t)=> N -—a(s).

The total number of steals is R < R(0).

The sequence «(t) is difficult to study since it depends on the number of processors at
time ¢t — 1 with 0 or 1 tasks, but also the successful or unsuccessful steals. Therefore, we
perform the analysis assuming a worst-case scenario: at each time ¢, an adversary can
choose «a(t) knowing the history of the system but not the future random choices. This
can be seen as a Markov decision process with total reward criteria, see [123] for more
details about Markov decision processes.

We prove by induction on ® that for all ¢,

E[R(t)|B(t) = 3] < AN log,(®). (3.2)

For ® = 1, this is clearly true since in that case 7' < t and R(t) = 0. Assume that (3.2)
holds for all ¢ and all ¢ < ®. E[R(t)|®(t) = P] is equal to:

E[R(t)|®(t) = ®] = E[N — a(t) + R(t + 1)|D(t) = ]
=N —a(t) + E[R(t + 1)|®(t) = D] (3.3)
By definition of A®(t), if ®(¢) = @, then ®(¢ + 1) is equal to & — ¢ with probability
P (AD(t) = ¢|®(t) = ®). Since ®(t) is non-increasing, AP (¢)>0. Therefore:

@
E[R(t+1)|®(t)=] = ZE[R(t +1)|2(t+1)=P — ¢|P (AD(t) = ¢|2(t)=1) .
$—=0
Let us denote py e p (A®(t) = 0|®(t) = ®). Using the induction hypothesis, and the
fact that E[R(t + 1)|®(t + 1) = ®] = E[R(t)|®(t) = ®], we get from (3.3)

P
(1-po)E[R(1)|®(t)=0] < N—a(t)+ Y AN logy(® — ¢)P (AD(t)=¢|D(t)=P)
¢=1
= N—a(t)+ANE[log,(d—Ad(1))|B()=B]-AN logy(®)po  (3.4)

where we used the fact that Zi’zl(. L) = Zi:o(' ..) — AN logy (®)po.
Moreover, by Jensen’s inequality (log is concave), we have:

Ellog,(® — AB(1)]B(1) = ] < log,(® — E[AB(D)] (1) = &)
< logy(® — h(a(t))®). (3.5)

Combining equations (3.4) and (3.5), we get:

(1= po)E[R(t)[®(t) = ®] < (1 — po) AN logy(®) + N — a(t) + AN logy (1 — h(a(t))).
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If a(t) = N, the sum of the two last terms of the equation is negative since 1 — h(a) < 1.
If a(t) = 0, the schedule is finished. If 0 < a(t) < N, the sum of the two last terms is
negative by definition of A (A corresponds to the worst choice of a(t)). Dividing on both
sides by 1 — po concludes the proof of (7).

The proof of (4i) is quite similar to the proof of (7). We prove by induction on ® that
E[2R®/AN)—log2(®) () = @] < 1. Tt clearly holds for ® = 1 since in that case it is equal
to 0. E[2F0/(AN)—1og2(®)|p(¢) = @] is equal to

Zu-«: (2R /(AN)—loga(®)| (¢ 1 1) = — ¢>) P (AD(H)=|D(t)=D).
Using R(t + 1) = N—a+R(t) and introducing log,(®—¢)— log,(P—¢), this equals

ZZ S Hop (1= DR [0 5w 1082(0=0) | (14 1) =D — | P (AD(£)=0| (1) =D)

]
Z o (1-5) D (AD(1)=|D(1)=D) + 257 E[23 ~1952(®) |9 (1) =] p,

where we used the induction hypothesis for the inequality.
Then, adding and subtracting the first term of the sum Zi):l, this leads to

(1 - 25 po)E[2 5 o0V |0(1)=8] < 255 E[1 - AB/D|2(1)=8] - 257 po

< o5 Hogy(1-h(a) _ 2%])0

N—«
<1- 25 po.

where weR}%)sed the definition of A\ to show that the first term is less than one. This shows
that E[25~ ~1°82(®)|$(£)=d] < 1. Therefore by Markov’s inequality:

U

P (R(t) > AN log, @ + u|®(t)=d) = P (2%—%<I> > 25 |(t)=0) < 275

3.4. Unit Independent Tasks

We apply the analysis presented in the previous section for the case of independent unit
tasks. In this case, each processor ¢ maintains a local queue @Q; of tasks to execute. At
every time slot, if the local queue ); is not empty, processor 7 picks a task and executes
it. When @); is empty, processor 7 sends a steal request to a random processor j. If Q); is
empty or contains only one task (currently executed by processor j), then the request
fails and processor ¢ will have to send a new request at the next slot. If (); contains more
than one task, then i is given half of the tasks (after that the task executed at time t by
processor j has been removed from @);). The amount of work on processor i at time ¢,
w;(t), is the number of tasks in @Q;(t). At the beginning of the execution, w(0) = W and
tasks can be arbitrarily spread among the queues.

39



Chapter 3. Transient Behavior of Work Stealing: Makespan analysis

Applying the method presented in Section 3.3, the first step of the analysis is to define
the potential function and compute the potential decrease when a steal occurs. For this
example, ®(¢) is defined by:

w 2 N w?
2 =3 (wz«t) - ](V“) =Y w0

i=1 =1

This potential represents the load unbalance in the system. If all queues have the same
w;(t) = w(t)/N, then ®(t) = 0. ®(¢) < 1 implies that there is at most one processor
with at most one more task than the others. In that case, there will be no steal until
there is just one processor with 1 task and all others idle. Moreover, the potential
function is maximal when all the work is concentrated on a single queue. That is
O(t) <w(t)? —w(t)?/N < (1 —1/N)w?(t).

Assume that at time ¢, the queue ¢ has w;(t) > 1 tasks. If it receives one or more steal
requests, it chooses a processor j among the thieves. At time ¢+ 1, ¢ has executed one task
and the rest of the work is split between i and j. Therefore, w;(t + 1) = [(w;(t) — 1)/2]
and w;(t + 1) = [(wi(t) —1)/2]. Thus wi(t + 1)? + w;(t + 1)> = [(wi(t)—1)/2]* +
| (wi(t)—1)/2]? < w;(t)?/2 — w;(t) + 1. Therefore, this generates a difference of potential
of

5 (1) = 1(1) = wi(t)/2 + wi(t) — 1. (3.6)

If i receives zero steal requests, it potential goes from w;(t)? to (w;(t) — 1)?, generating
a potential decrease of 2w;(t) — 1. The last event contributing to the change of the
potential is that (3", w;(¢))?/N goes from w(t)?/N to w(t + 1) = (w(t) — a(t))?/N,
generating a potential increase of 2a/(t)w(t)/N — a(t)?/N.

Recall that at time ¢, there are a(t) active processors and therefore N — a(t) processors
that send steal requests. A processor i receives zero steal requests if the N — «a(t)
thieves choose another processor. Each of these events is independent and happens with
probability (N —2)/(N — 1). Therefore, the probability for the processor to receive one
or more steal requests is p,(«(t)):

pr(a(t) =1— (1 B N1_1>N_a(t)-

If ®(t)=® and «a(t)=a, by summing the expected decrease on each active processor (5},
the expected potential decrease is greater than:

w; 2 [0 CY2
> @ (M5 un-1) + (1 ) w1 - 200 +
i/wi(t)>0
« (o) [(w(t)? -«
= prg )<I> +2 é ) < ](\t[) —2w(t) + 2]% (2w(t) — a)> (3.7)
o w(t)? w (o
szé ) <<I>+ x) —2]Ef)+2<1—;[> (w(t)—a)) zpé )p.

The details of the computation of (3.7) can be found in Appendix 3.8.1.
Using Theorem 3.1 of the previous section, we conclude the analysis by the following
theorem.

Theorem 3.2. Let Cpax be the makespan of W unit independent tasks scheduled by work
stealing. Then:
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(i) E (Chax) < -loga W 4+ 1.

l—logQ(l—i—%)
W P 1

2 (log,WHlog, = | +1] <e
N 1 logy(1+ 1) <g2 g%) >—

These bounds are optimal up to a constant factor in logs W.

+

(i) P (Omax >

Proof. Equation (3.7) shows that E[A®(¢)|®(t) = ¢, a(t) = o] < h(a)® with h(a) =
pr(a)/2. Using Theorem 3.1 (i) and the fact that ®(0) < W2, the expected number of
steal requests before ®(¢) < 1 is bounded by:

E[R] < AN logy(W?) = 2AN logy (W),

with A = maxj<q<n—1(IV — @) /(—Nlogy(1 — h(cr))). We show in appendix 3.8.2 that
(N —a)/(—Nlogy(1 — h())) is decreasing in . Thus its minimum is attained for o = 1.
This shows that A < 1/(1 —logy(1 + 1)).

As said before, when ®(¢) < 1, there is at most one processor with at least one more
task than the others. Therefore, there will be a steal request only when this processor
will have one task and the others zero. This happens only once and generates at most
N — 1 steal requests.

At each time step of the schedule, a processor is either computing one task or stealing
work. This shows that NV - Cpax = W + R. Thus:

E[Con] < -

T log, W+ 1.
SN T Iolog(1+ 1)

The proof of the (i) applies mutatis mutandis to prove the bound in probability (i)
using Theorem 3.1 (ii).

We now give a lower bound for this problem. Consider W = 2F+1 tasks and N = 2F
processors, all the tasks being on the same processor at the beginning. In the best case,
all steal requests target processors with highest loads. In this case the makespan is
Chax = k + 2: the first £ = log, N steps for each processor to get some work; one step
where all processors are active; and one last step where only one processor is active. In
that case, Cihax > % + log, W — 1. O

This theorem shows that the factor before logy W is bounded by 1 and 2/(1 — logy(1 +
1/e)) < 3.65. Simulations reported in Section 3.7 seem to indicate that the factor of
logy (W) is slightly less. This shows that the constants obtained by our analysis are
sharp.

Initial repartition of tasks. In practical situations, the number of tasks of an application
is unknown before the beginning of the execution of this application and in the worst
case, all tasks are in the same queue at the beginning of the execution. Using bounds in
terms of ®(, one can show that a more balanced initial repartition leads to fewer steal
requests on average. Suppose that we take a balls-and-bins assignment as the initial
repartition: for each task, we choose a processor at random and put the task in its queue.
The expected value of @ is:
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2
E (9g) = ZJE (w?) — WW - Z(Var [wi] +E(wi)2) - =

as w; follows a binomial distribution. Since the number of work requests is proportional
to logy @p, this initial distribution of tasks reduces the number of steal requests by a
factor of 2 on average.

3.5. Tasks with Precedences

In this section, we show how the well known non-blocking work stealing of Arora et al. [3]
(denoted ABP in the sequel) can be analyzed with our method which provides tighter
bounds for the makespan. Following [¢], a multithreaded computation is modeled as a
directed acyclic graph G with a single root node; each node corresponds to a unit task
and edges define precedence constraints. The out-degree of each node is either 0, 1 or 2.
The critical path of G is denoted by T, and W is its total number of nodes.

ABP schedules the DAG G as follows. Each process i maintains a double-ended
queue (called a deque) @Q; of ready nodes (the notion of process here corresponds to our
processors). At each slot, an active process i with a non-empty deque executes the node
at the bottom of its deque @;; once its execution is completed, this node is popped from
the bottom of the deque, enabling — i.e. making ready — 0, 1 or 2 child nodes that are
pushed at the bottom of @);. At each top, an idle process j with an empty deque Q;
becomes a thief: it performs a steal request on another randomly chosen victim deque; if
the victim deque contains ready nodes, then its top-most node is popped and pushed into
the deque of one of its concurrent thieves. If j becomes active just after its steal request,
the steal request is said successful. Otherwise, (); remains empty and the steal request
fails which may occur in the three following situations: either the victim deque Q); is
empty; or, (); contains only one node currently in execution on %; or, due to contention,
another thief performs a successful steal request on ¢ simultaneously.

Let us first recall the definition of the enabling tree of [3]. If the execution of node
u enables node v, then the edge (u,v) of G is an enabling edge. The sub-graph of G
consisting of only enabling edges forms a rooted tree called the enabling tree. If d(u) is
the depth of a node w in the enabling tree, then its weight is defined as w(u) = Too — d(u).
The weight of the root node is T.

To represent the amount of work on each processor, we define w;(t) = gmax{w(u)ueQ;(t)}
i.e. the maximum number of tasks that can be activated by a task in Q;. We first study
the repartition of the work during a steal request.

Lemma 3.3. For any active process i, we have w;(t + 1) < w;(t). Moreover, after any

wgt) and w;(t+1) < wi(t).

steal request from a process j on i, wi(t + 1) <

Proof. The proof is derived from [3], Corollary 4 in Section 3: if at ¢, @); contains the k+1
nodes vg, v1, ..., v, from bottom to top, then w(vy) < w(vy) < ... < w(vk_1) < w(vg).
After the execution of a node u, the maximum weight of its two enabled children is less
than w(u) — 1. Thus the potential work w; cannot increase.

We now state that the potential is halved after any steal request by distinguishing
two cases. First, when a successful steal occurs on i from j, then the node vy has
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been stolen and executed by j. Thus, either w;(t + 1) = 0 if @Q; is empty at t + 1;
or wi(t+ 1) = ow(ve—1) < gwlue)=1 < w;(t)/2. Besides, after execution of vy by 7,
wi(t + 1) < 2901 < 4 (t) /2. Secondly, if all steal requests that occur on i are
unsuccessful, then there was only one node vy in Q); whose execution was processed by 1.
Then, at t + 1, w;(t + 1) < 2200~ < p;(¢)/2 and w;(t + 1) = 0. O

We can now state the following theorem.

Theorem 3.4. The expected makespan of ABP work stealing verifies:

w 2 W
' E (Coax) < — T+ 1< — +3.65-Tho + 1.
(i) (Crnax) Nt T g e et H36 Te

2
1 —logy(1+1/e)

w 1
(“) P (Cmax > ﬁ + : (Too + 10g2 g) + 1> <e
Proof. The proof is a direct application of Theorem 3.1 using the potential function
®(t) = >, w;(t)%. Note that we cannot use the same potential as in Section 3.4 because
the total amount of work may be reduced when a steal occurs'. O

Remark. In [3], the authors established the upper bounds
w 1
B (o) <y + 32+ T a1 P (G 2 0 460 T+ 16108 1)) <
€

in Section 4.3, proof of Theorem 9. Our bounds greatly improve the constant factors of
this previous result and are close to simulation values (cf. Section 3.7).

3.6. Cooperation Among Thieves

In this section, we modify the protocol for managing the distributed list. Previously, when
k > 1 steal requests were sent on the same processor, only one of them could be served
due to contention on the list. We now allow the k requests to be served in unit time.
This model has been implemented in the middleware Kaapi [78] which allow to build
parallel application scheduled by work stealing. When k steal requests target the same
processor, the work is divided into k + 1 pieces. In practice, allowing concurrent thieves
increase the cost of a steal request but we neglect this additional cost here. We assume
that the k£ concurrent steal requests can be served in unit time. We study the influence of
this new protocol on the number of steal requests in the case of unit independent tasks.

We use the potential function® ®(t) = Zfil w;(t)%. Let us first compute the decrease
of the potential when processor i receives k > 1 steal requests. If w;(t) > 0, it can be
written w;(t) = (k+ 1)g+r+ 1 with 0 < r < k + 1. After one time step and k steal
requests, the work will be divided in r parts with ¢ + 1 tasks and k + 1 — r parts with ¢
tasks. By a direct computation, the potential generated by these steal requests at time
t + 1 can be bounded by:

w;(t)?
E+1°

1
T(q+1)2—|—(kz+1—r)q2:(k+1)q2+r(2q—|—1)Sm((/ﬂ+1)q+7“)2§

!This can happen when the sibling of the stolen task has only one child.
2The same potential function as in Section 3.4 could be used but leads to more complex computations.
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If N — «a processors send steal requests, the probability for an active processor to
receive k steal requests is

Pl = ( N ) (Nil)k @j)ma—k.

The expected diminution of the potential caused by the steals on processor i is equal
to Zi\f:_oa §¥pr(). By a direct computation, this is bounded by

N—« N—«
Fpp(a) > - ) ()i
Pk 2 ( > Pk

This shows that E[A®(t)|®(t) = ®|a(t) = o] < h(a)P where

hay=1- =1 () (M=)
YT NCa+1 N-1 ‘

Differentiating with respect to o shows that (N — «a)/ — logs(1 — h(«a)) is decreasing.
Thus A = maxj<q<n(N — a)/ — Nlogy(1l — h(a)) = (N — 1)/ — Nlogy(1l — h(1)). A
direct computation shows that A <1/ —logy(1 — 1/e). See Appendix 3.8.3 for details.
Therefore we can copy mutatis mutandis the proof of Theorem 3.2 to show that:

Theorem 3.5. The makespan Crme of W unit independent tasks scheduled with cooper-

ative work stealing satisfies:

w 2
) E(CoP —+ ———— -log, W+ 1.
(Z) ( rnax) =N + logQ( ) 089 +

W 2 2
i) PlOWY > 54— e W 1> — ] <e
(i) < SRl R e R (T og2<e>> e

Compared to the situation with no coogeratlon among thieves, the number of steal
requests is reduced by a factor ! llsgg?(ll +11 // ~ 1.20. We will see in Section 3.7 that this
is close to the value obtained by snnulatlon

3.7. Experimental Study

Theorem 3.1 provides upper bound on the expected value of the makespan for the models
considered in Sections 3.4,3.5,3.6. In this section, we experimentally study the constant
factor of the logy W term and show that it is close to the theoretical result. We focus on
independent tasks as it is difficult to generate a realistic random DAG. Moreover, the
DAG with the maximum number of tasks, out-degree at most 2 and critical path T,
is a complete binary tree of height T,,. This is the worst case for the bound given in
Section 3.5 and it is similar to the independent tasks case.

We developed a simulator that strictly follows the model of Sections 3.4 and 3.6. At
the beginning, all the tasks are given to processor 0 in order to be in the worst case, ¢.e.
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Figure 3.2.: (Left) Constant factor of logy W against the number of processors for the
standard steal and the cooperative steal. (Right) Ratio of steal requests
(standard/cooperative).

when the initial potential @ is maximum. Each pair (N,I¥) is simulated 10000 times to
get accurate results. The empirical coefficient of variation is less than 2%.

We computed the constant factor 2\ of the log, W term for various number of processors
and tasks. According to Theorem 3.2 and Theorem 3.5, these values are bounded by 3.65
for the standart steal and 3.02 for the cooperative steal. Figure 3.2 seems to indicate
that the real values should be around 2\ ~ 2.37 for unit independent tasks with standard
steal and 2Aco0p ~ 2.08 for unit independent tasks with cooperative steal. The difference
between the theoretical bounds and the simulations can be explained by the use of an
adversary in Theorem 3.1 which captures a worst-case scenario for the number of active
processors.

Our theoretical analysis predicts an advantage of the cooperative steal with a gain of
20% over the standard steal. Surprisingly, this value is very close to the experimental
gain of 14%.

3.8. Appendix

3.8.1. Proof of Inequality 3.7 of Theorem 3.2

In this section, we show that in the case of independent tasks, the expectation of the
potential decrease is greater than ®p,(a)/2.
Recall that the expectation of the potential decrease is greater than:

+

E1he

> [t (U b w0-1) + apita(n-1] - 20

i/w;(t)>0 2
« w 2 w 2
_ brlo) (}j wi(t)? ~ ](f,)) +pr(@) (;2 tu

+(1 = pr(a)) (2w(t) — ) = 2w(t)

=2

—

—
o~
N—

N———

=2
z2[%
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where we used the fact that 3,/ )~ wi(t) = w(t) and that -, 1501 = a since a s
the number of active processors. A direct computation shows that this is equal to

a w(t)? a o

20 i) (0 + w0 — - 2u(0) + 0 ) + 2u(0) — 0 - 2wl +
_pe(@) o, pra) (w(t)? 2 a
e ( 5 —2w(t)+m<1—ﬁ> (2w(t)—a)>

(6 (6% w 2 —
:pr; )(I)err; ) ( ](ff) _2w(t)+]3f]1\;(a) (2w(t)—a)>. (3.8)
Let define f by
f(a)dﬁfN_a— N — «

and compute the derivative f’.

(- ) ) (1 )

)
+(N—a).1n(1_L>_<1_;)N—a

N-1 N -1
(-2 T (e (V) (-
=1+ (1-gg) (O (o))
< (1o (1w =
=7 +( _N—1> + _O‘)N—1)
1 N-a a—-1
< -1 (1— ) :
=it N1 N1
<0
As f is non increasing for 1 <a < N — 1,
i fla)=f(N-1)=——— = N-1
133%1}\17—1 )= T L\ T
1 (1-54)

(3.8) is greater than:

pr(a) pr(e) (w(t)?
o+ 2

Ty
. p’";a)@ + p";‘> (wg\tf — 2w(t) + 2w(t) <1 - Jif) +2 (1 - ]17> (w(t) - a)>

(@), 2r) (w}(@)? O (1 _ ]1V) (w(t) - a>) |

As w(t) — a(t) > 0 (an active processor has at least one task) the last term is positive.

Moreover, for all w(t) > 1, the second term is positive. Thus, this is greater than WQ
which concludes the proof of the inequality:

—2w(t) + 2% (2w(t) — a)>

=2

N w;(1)? (s oD (2w ()1 — 20 Oﬁ pr(a)
i/w%w [pr( )< 5 +wi(t) 1)+(1 pr(@))(2w;(t) 1)] () + 5 = Ty P
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3.8.2. Computation of )\ for the unit tasks

In this section, we compute the constant A for the unit tasks. We first show that the
quantity (N — «)/ (—logy(1 — pr()/2)) is decreasing in . Then we bound the value

(N = 1)/ (= logy(1 = pr(1)/2)) by (N —1)/(1 —logy(1 + 1/e)).

Let g(a) af —logy(1 — pr(a)/2) and f(a) o (N — a)/g(a). By definition of p,(«),
g(a) can be written:

1 1 1 N—a«a 1 N—«a

Denoting p defy 1/(N—1) and def p¥ = the derivative of f with respect to « is:

In(14pN=*) —In2+pN = (In(1 4+ pV~*) —In2) + p"*In(p)(a — N)
(1+pN=*)g(a)?In2
(In(l1+2z)—In2)z+In(l+2z) —zlnzr —In2
(1+2)g()?In2
(1+2z)ln(l+2)—zlnz—(1+z)ln2
(14 2)g(a)2In2 ‘

flla) =

The derivative of (14+z)In(1+2z) —xlnz—(1+2)In2 wr.t. zisln(l+2z)—In(zx) —In2 =
In(1+1/z) —In2 > 0. As z < 1, this shows that (1+z)In(1+2) —azlnz— (14+z)ln2 <
(I1+1)In(1+1)—1lnl1—-(1+1)In2=0.
Thus, f(«) is decreasing and
1 1

1
A= max  ofla) =5 f(1) <

Using the fact that for all N > 2:

(1 - Nl_l)N_l = exp <(N —1)In(1 - N1_1)> <exp (—(N - 1)]\,1_1) = i

we get that 1 — logy (1 +(1-1/(N - 1))N71) > 1—1logy(1+1/e). This shows that

A

< .
~ 1—1logy(141/e)

3.8.3. Computation of )\ for the cooperative steal

In this section, we compute the maximum of (N —«)/ —logy(1—h(a)) for 1 <a < N-—1
in the case of cooperative thieves. We first show this function is decreasing in o and then
we bound its value in for av = 1.

Let g(«) o logy(1 — h(a)) with h(a) defined as in Section 3.6. g(«) is equal to

o N—a+1
)]
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Let f(«) aof (N — a)/g(a). Let f'(a) be the derivative of f(a) w.r.t. a. Denoting

pdéf 1-1/(N —1) and ndéfN—a—i—l, we define k(p) by:

k(p) = f(a)g*(@)n2 = _mmu—p»+mu+pw+”;1<1+NWMMn).

1—pn
The derivative of k(p) w.r.t. pis

In(p")(n —p" (p—1)+ (p" - 1A —p" )
(p— D" —1)?

1— pnil > <pn—1 ln(pn) (1 — n)(p - 1) _|_pn _ 1> )

K(p) =

(r-1E"-1) 1 —pnl

Moreover, (1 —p"1)/(1—p)=1+p+p* - +p" 2 <n—1 and since In(p") < 0 and
p"~t > p", we have:

n—1 (1 — Tl)(p - 1)

e S A P n(p") +p" =1 <p"In(p") +p" — 1.

In(p")p
Since p" < 1, p" In(p") < 0 and p"™ —1 < 0. Thus, the last part of the equation is negative.

Since 1 — p is negative, k¥’(p) > 0. This shows that &'(p) < k(1) = 0. Therefore f'(a) <0
and f(a) > f(1) = (N —=1)/g(1) for 1 < a < N — 1. We have:

g(1) = —logQN]\_fl—logQ (1-(1—<N1_1>>N>

> —logy(1—e ).

This shows that

1 N -1 1

N2 1 < 1y\°
N —logy(1—¢) = —logy(1— )

A:%ﬂns

3.9. Bibliographical Notes

WS has been analyzed in a seminal paper of Blumofe and Leiserson [10] where they
show that the expected makespan of series-parallel precedence graph with unit tasks is
bounded by E (Cpax) < W/N + O(T) where T is the critical path of the graph. This
analysis has been improved in [3] using a proof based on a potential function. The case
of varying processor speeds has been analyzed in [22].

A practical consideration for work stealing implementations is the stability of the
algorithm. Such issues have been tackled in [25], where a system of homogeneous
processors and a total arrival rate smaller than the total service rate is proved to be a
positive recurrent Markov chain in a discrete time setting, the general case being still
open. A steady state analysis of work stealing has been proposed in [ 141]. We extend
this model in Chapter 4.

The analysis presented in this chapter shows some similarities with the work of
Berenbrink et al. [26]. It is based on computing the expected decrease of a potential
function. However, to simplify the analysis, we introduce an adversary that controls one
parameter of the model, the number of steal requests at each time step.
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Another related approach which deals with load balancing is balls into bins games [9, 27].

Some works have been proposed for the analysis of algorithms in data structures and
combinatorial optimization (including variants of scheduling) using potential functions.
Our analysis is also based on a potential function representing the load unbalance between
the local queues. This technique has been successfully used for analyzing basic load
balancing [26] and WS [8] which improved the result of [10].
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Chapter 4.

Asymptotic Behavior of Work Stealing in
Large-Scale Systems

Abstract of this chapter — In this chapter, we consider a generic model
of computational grids, seen as several clusters of homogeneous processors. We
present a Markovian model for performance evaluation of the load balancing
technique named work stealing (idle processors steal work from others). Using
mean field theory, we show that when the size of the system grows, it converges
to a system of deterministic ordinary differential equations that allows one to
compute the expectation of performance functions (such as average response
times) as well as the distributions of these functions.

We first study the case where all resources are homogeneous, showing in
particular that work stealing is very efficient, even when the latency of steals is
large. We also consider an heterogeneous case: the system is made of several
clusters, and stealing within one cluster is faster than stealing between clusters.
We compare different work stealing policies.

Résumé du chapitre — Dans ce chapitre, nous présentons un modele de
grille de calcul, grace auquel nous analysons les performances du vol de travail,
une stratégie de répartition de ressource. En utilisant la théorie du champs
moyen, nous montrons que quand la taille du systeme grandit, le systeme
converge vers un systeme d’équations différentielles qui permettent de calculer
efficacement des indicateurs de performances, & la fois en moyenne mais aussi
les distributions de ces fonctions.

Nous nous intéressons d’abord au cas ou le systéme est homogene (composé
d’un seul cluster), et montrons en particulier que les performance du vol de
travail sont tres bonnes, méme quand la latence est élevé. Puis nous nous
intéressons a un systeme plus hétérogene et nous étudions plusieurs stratégies
de vol.



Chapter 4. Asymptotic Behavior of Work Stealing in Large-Scale Systems

4.1. Introduction

A key issue when exploiting large-scale computer systems is to efficiently distribute
the workload among the different resources.As described in the previous chapter, work
stealing is a classical load balancing strategy that tries to tackle this problem. Its main
principle is that when a resource becomes idle, it chooses another resource and steals part
of its work. The choice of the resource to steal from depends on the implementation of
work stealing. Work stealing have received a considerable amount of attention in the past.
Some of these results are summarized at the end of the previous chapter, in Section 3.9.

In the previous chapter, we presented a simple model to study the total completion
time of a bag of tasks scheduled by work stealing. Using a potential function, we obtained
a bound on the average number of steal requests needed to complete the whole bag of
tasks. However, this analysis only focuses on a worst case scenario and does not provide
a analysis of the performance of work stealing when there are arrivals of tasks or when
the parameters (such as the average time needed to steal tasks) change.

In [134], a continuous time Markov model of work stealing over a small number of
processors is analyzed using a decoupling assumption. In [6], a numerical method based
on a M/G/1 model of a work stealing system is presented. These two approaches do not
scale with the number of processors and become intractable with more than 10 processors.

In this chapter, we consider the case where the number of processors IV is large. This
is important in practice if work stealing is to be used in computational grids. We use
mean field techniques to derive a system of ordinary differential equations that is the
limit of a Markovian system when N goes to infinity. Such techniques have been used
for the first time in [114] where the author derives differential equations for a system
of homogeneous processors who steal a single job when idle. Here, we consider the case
where, at every steal, half of the jobs in the queue of the victim are stolen. This strategy
is closer to what is actually implemented in available work stealing libraries and is also
much more efficient, as shown in the experimental section. It also makes the resulting
model (both the Markov chain and the differential limit) more complicated because it
contains non-local dependencies. Another important difference with [114] is the fact
that we consider the case where the geometry of the system is taken into account as
well as the heterogeneity of the processors. Communication times between processors in
the same cluster are homogeneous, however stealing from a remote cluster takes more
time and depends on the distance between the clusters. Finally, we also provide a new
numerical technique that allows one to sample the distribution of the response times
of one job, rather than just compute the average response time. This is more useful in
practice because it provides guaranties to the users.

The chapter is structured as follows. In Section 4.2, we describe a working stealing
model in computational grids and the corresponding Markov process that falls in the
category of density dependent population processes.

Section 4.3 discusses the convergence properties of the work stealing process when the
number of processors goes to infinity. We provide the limit under the form of a set of
deterministic ordinary differential equations (ODEs).

Section 4.4 focuses on the case where the system is made of a single cluster of
homogeneous processors. We show that the ODEs have a single equilibrium point and
we provide bounds on the speed of convergence to the mean field limit in extreme cases.
A fast numerical method to compute the equilibrium point is given as well as a fast
simulation algorithm to sample the distribution of the response times of jobs.
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Finally, Section 4.5 extends the analysis to the case where processors are partitioned
into several clusters. We study several scenarios (clusters with equal or unbalanced loads,
master-slave cases) and we provide insight on the best stealing strategies. For example, is
it worth stealing from remote clusters to balance the load at the expense of large stealing
costs? So far, such issues have only been investigated experimentally in [124, | where
real tests (with a small number of processors) have been conducted. This study shows
that there is no universal answer to this question. Nevertheless, the rule of thumb is that
the load factor is more critical to performance than the cost of stealing.

4.2. Work Stealing in Grids

4.2.1. Computational grids

The motivation of this work comes from computational grids. Such grids abound and
have often replaced single supercomputers to provide high performance computing at a
lower cost. The main architectural feature of computational grids is the fact that they
are made of several clusters. Each cluster is composed of a large number of homogeneous
processors, with homogeneous communications inside the cluster. However clusters are
all different and the speed of communication between clusters depends on the couple of
clusters considered. A typical example is Grid 5000 [19], an experimental grid deployed
in Brazil, France and Luxemburg. The French part is made of 9 clusters spread all over
the country, the most recent one being Digitalis (digitalis.inria.fr), a cluster of 700 Intel
Nehalem processors over an InfiniBand internal network at 40 Gb/s. The clusters are
inter-connected by a dedicated network at 10Gb/s. The parameters used in this chapter
all come from measurements made on Grid 5000.

Users of computational grids submit jobs to a selected cluster, or to a central broker.
Jobs are allocated to processors by a batch scheduler (oar.imag.fr for Grid 5000) whose
role is to minimize the response times (also called sojourn times) of jobs i.e., the time
spent by the jobs in the system. The goal of this work is to analyse the performance of
such systems when a work-stealing strategy is used by the scheduler.

4.2.2. Work stealing model

Let us consider a model of a computational grid made of N processors. Here, a processor
represents a generic computing unit such as a single CPU core, an entire CPU (i.e., all
cores in the CPU), an entire GPU, or a multi-CPU/GPU server. The processors are
grouped into C clusters. Each cluster is composed of a large number of homogeneous
processors with homogeneous communications inside the cluster. However, clusters are
heterogeneous in size and processing speeds, and communications between clusters depend
on their distance as well as the network type.

We consider that each processor in each cluster ¢ receives jobs from outside. The jobs
arrive according to a Poisson process of rate A.. Each job has a size that is exponentially
distributed with mean 1. Actually, more general distributions can be taken into account,
as long as they can be represented by finite Markov processes (such as Cox distributions).
We further assume that tasks are independent and cannot be divided to be executed by
two different processors. The processors in cluster ¢ have a speed u.: the time taken by
one of these processors to serve a job of size S is S/ .
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If a processor has more than one job to serve, it stores them in a buffer of maximal
capacity K. If a job arrives when the buffer is full, it is discarded. We denote by j, (%)
the number of jobs present in the nth processor. By definition, j,(¢) = 0 means that the
processor has no job to serve and that its buffer is empty. Otherwise j,(¢) is the number
of jobs in its buffer plus one (corresponding to the job it is currently serving). From a
queuing theory point of view, this means that all processors can be seen as M/M/1/K
queues.

If the processor ¢ has no job to serve, it tries to steal some jobs from a different
processor, called the victim. For that, it selects another processor, say k, at random
(according to probabilities, defined later) and asks for jobs. This operation may take
some time (exponentially distributed). If after this time the processor i is still idle and if
k has ji > 2 jobs, the jobs of processor k are shared between processors i and k: |jr/2]
for ¢ and the rest stay in k. If 7 is in cluster ¢; and k in cluster ¢, we consider that the
time to wait for the answer is exponentially distributed of mean 1/7.,.,. The selection of
the victim is not completely uniform: the processor first selects a cluster according to the
probability law p.» and then picks uniformly a processor in this cluster. For simplicity,
we neglect the time to transfer a job and only take into account the time to get an answer.
This means in particular that the time to steal jobs does not depend on the number
of stolen jobs but only on the localization of the two processors (i.e., the clusters they
belong to).

4.2.3. A Density dependent population process

Recall from Section 2.2.1 that a sequence of Markov processes M on %Nd (d>1)is
called a density dependent population process if there exists a finite number of transitions,
say £ C N, such that for each ¢ € £, the rate of transition from MY to M 4 ¢/N is
NBe(MN), where B;(.) does not depend on N.

This model has been well studied in the literature. In particular, the work of Kurtz
[62, | shows that as N grows, the behavior of the system goes to a deterministic limit.
Moreover, this limit satisfies a set of ordinary differential equations that can be derived
from the transition rates. In Chapter 2 Section 2.2.1, we presented some convergence
results for this model. These results are adapted to our case in Section 4.3. Here, we will
show that our system can be described by a density dependent population process.

The state of a processor is given as follows. Let C be set of clusters C def {1,...,C}

and K be the set of buffer sizes: K {0,..., K}. If the processor p belongs to cluster
¢p and has j, € K jobs in its queue, its state is (¢p, jp). Note that the cluster ¢, of the
processor p is fixed by the geometry of the system. If the processor p has no job in its
queue, this means that it is trying to steal some jobs from another processor, say q. If p
is in cluster ¢, and ¢ in cluster ¢4, then the state of p is (cp, 0, ¢q). Finally, M, (fZ i denotes

the proportion of processors in state (¢, j,) and M, N

¢y0c, the proportion of processors in
state (cp,0,cq).

o . . . . 2
Proposition 4.1. (MC];[, Mc]gc/)c,c'ec,jelc is a continuous time Markov process on REE+C™,

Moreover, the sequence of Markov processes MY is a density dependent population process.

Proof. Let us fix N and assume that at time ¢, the system is in state
MN(t) = (Mg;(t) ... Meoer (t))ewec jexc- There are four types of events that can happen:
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arrivals, departures, successful steals and unsuccessful steals. Let ¢’ be the time of the
next event and let us compute the rate at which each event occurs.

If an arrival occurs on a processor of cluster ¢ that has 1 < 7 < K — 1 jobs, the
corresponding modification of the state will be that (M;, M 1) will become (M;(t) —
1/N, M. j+1(t) + 1/N). The jobs arrive according to a Poisson process of rate A.. This
means that this transition occurs at rate NX;(t)A.. Similarly, an arrival on a processor
of cluster ¢ that has 0 jobs and is stealing from ¢’ occurs at rate N X o0 (t)Ac.

The case of departures is similar for processors that have j > 2 jobs. If a processor
has 0 jobs, no departure is possible. When there is a departure from a processor of
cluster ¢ that has 1 job, this processor chooses a cluster ¢’ to steal from (with probability
pee) and then a processor among them, uniformly. Therefore, (M1, M.o~) becomes
(Mg —1/N, M + 1/N) at rate N X1 pheDee -

Once a processor of cluster ¢ is empty and has chosen a victim cluster, namely ¢, it
asks for work to steal and gets its response with rate ~y.». If My is the proportion of
processors in cluster ¢/, this is equivalent to saying that the processor gets a response
from each processor of cluster ¢’ with a rate . /(N X ). If the victim in cluster ¢’ has j
jobs, we distinguish two cases. If 7 > 2, the steal is successful and the processor gets
|7/2] jobs. If j = 0 or 1, the steal is unsuccessful and the processor has to choose a new
processor to steal from. Thus we can write the two following transitions:

e The successful steal of the jobs of a processor in cluster ¢ with j jobs from a
processor in cluster ¢ occurs with rate Nvyeo Moo Mej /My and changes
(MCOC/, MCU/QJ , Mc’ja Mcx[j/g") in (MCOC’ - 1/N, MCU/QJ —I—l/N, Mc’j — 1/N, Mcx[j/g" +
1/N).

e The unsuccessful steal of a processor in cluster ¢ trying to steal from cluster ¢
occurs when it steals 0 jobs. After that it chooses to steal from cluster ¢”. This
event occurs with rate Nveopeerr Meger (Mg + Meq) /My and changes (Meoe , Meoer)
in (Mcocl—l/N,Mcoc//+1/N). D

4.2.4. Examples

To illustrate the power of expression of our model, we present some examples that will
be studied.

e Homogeneous cluster — in this case, all processors are homogeneous and each
processor receives jobs at the same rate. This model is studied in detail in Section 4.4.
We show that the steady state can be computed by a simple algorithm and we
compute the main performance indicators.

e Two homogeneous clusters — we consider in Section 4.5.1 the case of two
homogeneous clusters: they have the same parameters A, u. However, the rate of
steal is 10 times larger inside a cluster than between clusters: v;; = 10v;; if ¢ # j.

e Two heterogeneous clusters — there is again two clusters and stealing is faster
inside the cluster: 7; = 10v;;. The clusters are homogeneous in speed but one
is more loaded than the other: Aa/po > A1 /p1. Section 4.5.2 studies the optimal
stealing probability p;;.

e Master-Worker — in this case, we consider a network of homogeneous clusters
but the arrivals only occur in a fraction of the processors (called the masters). This
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is modeled by using two clusters per real cluster (one for the masters, one for the
slaves) with the same parameters and with vij = 7vii inside these two clusters. In
Section 4.5.3, we study the performance of the system as a function of the fraction
of masters in the system.

4.3. Mean Field Approximation

In Section 4.2.3 (MY, (t), Mg(t))c,dec,lgng is proved to be a density dependent popu-
lation process. In Chapter 2, Section 2.2.1, we have seen some convergence results of
density dependent population processes when the number of objects goes to infinity. In
particular, Theorem 2.1 shows that if M (0) converges weakly to a deterministic measure
m(0), then (M™(s))o<s<: converges weakly to the solution of the differential equation
m(t) = F(m) over [0,¢t]. In our case, the system of ordinary differential equations

m(t) = F(m) has the following form.

Merrg + My

Mo = _(/\c + ’ch’)mCOC’ + teMe1Pecr + Z Yee!” McOc” Tpcc’ (4‘1)
C// C//
Mel = _(,uc + )\c)mcl + pemea + Z )\cmCOC’ (42)
C/
+ Z Vc’cmc’OcmCQ/mc + Z Yee! TMcOc! (mc’Q + mc’S)/mc’ (43)
c c

mcj = —(,U,C + )\c1j<K)mc,j + HeMec j+1 + )\cmqj,l (44)
+ Z Vc’cmc’Oc(mc,Qj + mc,2j—1)/mc (45)

c/
+ Z Yee! Mcoc! (mc’,2j + mc’,2j+1)/mc’ (46)

c/
- Z 7c’cmc’00mcj/m67 (47)

C/

where 1.k equals 1 for j < K and 0 for j > K. Other boundary conditions are m.; = 0
for j > K.

These equations can be directly computed from the transitions described in Section 4.2.3.
They can be interpreted as follows.

The first term in line 4.1 is the rate at which processors exit from state (¢, 0,¢): This
happens if an arrival occurs (). ) or if a steal from ¢’ occurs (7.9 ). The second term
corresponds to the rate at which processors end up in state (c,0,c’). The line (4.2) of
this equation represents the fraction of processors that were in cluster c¢ trying to steal
jobs from cluster ¢’ and that did not succeed and but decided to steal from the cluster
. The following lines have a similar interpretation. For the last equation, line (4.6)
represents the processors in cluster ¢ that had 25 or 25 + 1 jobs and have been stolen by
someone else and line (4.6), the processors from cluster ¢ that are stealing from others.
The last line (4.7) represents the processors in cluster ¢ that had j jobs and have been
stolen by someone else.

The two technical conditions for applying Theorem 2.1 are clearly satisfied: The
function F' in the differential equation is a rational function of degree 2 and is Lipschitz
on all compacts. The transition set L is finite and the transition rate [, are bounded
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so that the second condition is also satisfied. Theorem 2.1 can be rewritten in this
framework as:

Corollary 4.2. Using, the foregoing notations, if M (0) converges to m(0) in probability,
then supg<;<r [MY —m(t)] — 0 in probability.

Section 2.2.1 also recalled other results of convergence concerning the behavior of the
steady state of the system. The Markov chain with N processors is clearly irreducible
aperiodic and therefore the stochastic process with IV processors has an invariant measure,
say mV. A natural question is whether 7V converges (or not) to a fixed point of F' and
whether second order results exist in that case.

In general, convergence for the steady state only holds under several restrictions (see
Proposition 2.3 in Chapter 2). The interesting situation for Proposition 2.3 if when F’
has a unique stationary point m* to which all trajectories converge. In that case, the
stationary measures 7V concentrate around m* as N goes to infinity:

lim 7V ek Om*
N—o00
see Corollary 2.4 of Chapter 2.

In the following we will show that the system of equations (4.1 - 4.7) has a unique fixed
point. However, to apply Corollary 2.4, one needs to show that this point is a global
attractor, which is a very difficult task for the set of equations (4.1 - 4.7) that do not
admit a natural Lyapounov function. Unfortunately, we were unable to prove that this
fixed point is an attractor, although this is what numerical experiments suggest.

Moreover, in the case where a linear Lyapounov function exists, second order results
for the steady state behavior exist (see Section 2.2.1). Unfortunately, we have not been
able to construct such a scalar product for our case. Partial results on second order
results are shown in Section 4.4.2.

4.3.1. Fast simulation algorithm

The previous theorem shows that the average number of processors in each state can be
approximated by a system of differential equations. Here we show that as N grows large,
the behavior on one particular processor can be approximated by a simpler process.

Let us consider a system with a finite number of processors N < oco. Let JV(t) be
the state of one particular processor at time t. It should be clear that the process
(JN(t), MN(t)) is a continuous time Markov chain. For each population value m, we
define the kernel (Kj;/(m)); ecuxc as follows. If the population process MY (t) is m
and j,j’ € K, then Kj;(m) is the rate of transition of JV(¢) from (c,j) to (c,;’). The
definition for j € K and j' € C is similar, representing the rate of transition from (¢, j) to
(¢,0,7"). The transition kernel K (m) can be directly derived from the transitions written
in Section 4.2.3 and is illustrated by Figure 4.1.

For finite N, the behavior of the processor JV(t) is not independent of the behavior
of M (t) as each transition of JV(t) will result in a change of M% (t). The process
JN(t) is not Markovian and is very complicated. In the limit however, J (¢) goes to a
non-homogeneous Markovian process.

Theorem 4.3. Let us assume that limy_,o JV (0) = j(0) and MY (0) — m(0). Then
(JN(t), MN(t)) converges weakly to a continuous time jump and drift process (J(t), m(t))
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Figure 4.1.: Graph of the transition kernel of the state of one processor for the fast
simulation algorithm. Due to the numerous transitions, only a fraction of
the transitions are represented on this graph.

where m(t) satisfies the ODE (}.1-4.7) and J(t) is a non-homogeneous jump process of
kernel K(m(t)).

Proof. (sketch) This result is similar to Theorem 3.2.1 of [112] and can be proved using
similar ideas. Conditionally to M, JV is a non-homogeneous Markovian process with
kernel K (MM (t)). Since M (t) converges in probability to m(t), imy_,eo K (MY (t)) =
K(m(t)). Finally, the convergence of J~ to J comes from Theorem 17.25 of [90]. O

From a practical point of view, this theorem is important because it allows one to
use the mean field approximation to compute distributions instead of average values.
Moreover, the case of steady-state is of particular interest. Assume that the system of
ODE has a unique stable point m* to which all trajectories converge and that M™(0)
is chosen according to the steady state distribution. In that case, M (t) is distributed
according to the steady state distribution and limy_,o, MY (t) = m* (Corollary 2.4).
Theorem 4.3 shows that the behavior of one processor chosen at random converges to a
continuous time Markov chain of transition kernel K (m*). In Section 4.4.5, we will see
how to use this result to compute the distribution of sojourn times.

4.4. One Cluster Model

In this part, we focus on the case where all processors belong to one homogeneous cluster.
The system is described by 3 parameters: the arrival rate A, the service rate p and the
rate of stealing ~.

Algorithms 4.1 and 4.2 provide very efficient ways to perform a steady state analysis.
The total time to generate all curves of this section is less than ten minutes on a desktop
computer.

4.4.1. Steady state limit

In this section, we show that the differential equations (4.1-4.7) without the boundary
conditions (j < K') have a unique equilibrium point. We will also show that this relaxation
is justified when A < p, because the number of queues with more than j jobs decreases
as o’ with a < 1. In the rest of this section, we assume that A < p to ensure stability.
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An equilibrium point must satisfy the equation m;(t) = 0 for all j € N. With a single
cluster, this can be expressed as:

1=>"m;, (4.8)
j=0

(o)
0= —Amg+ pumy —ymo Z mj, (4.9)
j=2
0=—(\+p+ymo)m; + Amj_1 + pmj1 (4.10)
+ ymo(maj—1 + 2x2; + Mmajt1), '

where Equation (4.10) holds for all j > 1.

The variation of the number of jobs in steady state is Z;io Jgm;j(t) = 0. By a direct
computation, this leads to A — 372, m; = 0 and using (4.8), mo = 1 — A/u. Moreover,
using Equation (4.9), m; = A(1 — /\)(1_7\)%

Therefore solving the whole system of equations is the same as solving a linear system
with free variables (m;);>1. This system can be rewritten as a matrix equation AX =Y

where A is of the form:

—(A+p) 1+ 2ymo ymo
A —(A+ p+ymo) p ymo 2ymg ymo
A —(A+ g +ymo) H ymo  2ymg  ymo

A ~A+p+ymo)  p

The main diagonal is composed of —(\+ p +yxp), the first diagonal below it is composed
of A and the first diagonal above is composed of p. To this, one has to add 2ymg to
the cases (j,2j) and ymg to the cases (j,2j — 1) and (7,25 + 1) (thus the top left term
is —(A+ p). Let = be the vector defined by z; = 1 and z; = %Ez;f Ajiz;. All the
solutions of AT X = 0 can be written ¢ - = for some ¢ € R. Therefore the dimension of
the kernel of the matrix A is 1. This shows that there is a unique solution of the system
of Equations (4.8-4.10).

So far, however, there is no guarantee that this fixed point is non-negative. To prove
this, we designed an iteration algorithm over non-negative sequences that converges to
the fixed point.

Require: A\, pu, 7.

mo < 1—Xu
+
Vj>2:mj < 0.
repeat
Vj > 2

ijm (Amjfl + pmjpn + Vmo(m2j71+2x2j+m2j+1))

Algorithm 4.1: Steady-state computation

Proposition 4.4. The successive sequences (mﬁ-)jeN computed in Algorithm 4.1 satisfy
the following:
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(i) They converge to a sequence (m3°)jen with m3° > 0.

(i) There exists j* such that m3° is increasing with j up to m3s and is decreasing after.

(i) Ve >0, lim;j_,oo m$°/(a + €)7 = limj_o0 (o — e)j/m]‘?O =0,
where a=(\ + 1+ ymo — /(A ut+ymo)2—4pX)/(2p) < 1.

(iv) m3° is the only solution of (4.8)- (4.10).

This implies that m‘jx’ decreases with an exponential rate: m; ~;_ co’.

Proof. (i) Let (m!)jen be defined by mf =1 — X, ¥t € N, mY = 0 and

t+1 1
m; = XFatamoe

By induction on ¢, one can show that mz is positive and increasing in ¢ for all j.
Moreover, at each ¢, there is only a finite number of m§ that are non 0 (the first ?)

()\m;_l + ,um§+1 + ’me)(méj—1+2x§j+méj+1)>-

and the quantitit.es Yt e > >0 m§ and 2t ¢ > i>1 jmz- are well defined and finite. The
recurrence equation leads to:

2 (A ptyme) = (1 — yh) (e — A) + (Mpt+ymo) 25 (4.11)

Since m/! is increasing in ¢, 2! is also increasing in ¢ and 1—2* > 0. This shows that m§ <1
¢

Since mj is increasing in ¢, it converges to some m3° > 0 that satisfies (4.9)-(4.10).

(i) Let j* be the minimal j such that m$% > m3 ; (it exists since > Z;m; < 1 and
lim; .o, mj = 0). We define a sequence y§ by y? =m; for j < j* and y? =0 for j > j*
and y§+1
that y§ is increasing in ¢ and is less than m; and decreasing for j > j*. Therefore it
converges to m3° and mg° satisfies (7).

(iii) uM? — (A4 p+ ymo)M + X = 0 has two solutions o and & with 0 < o < 1 < @.
Moreover, it is positive on (a;1). This shows that for 6 € (a;1) and j > js5 (js big

enough),

is updated as in Algorithm 4.1 for j > j*. By a direct induction, one can show

8" (A+p+ymo) < AT pd"  4ymg (6714262 67
Let us define y§~ by y; =m; for j < js and y? =m;6777 for j > js and y§+1 is updated

as in Algorithm 4.1 for j > js. y;f is decreasing and converges to m°, showing that
limm3° /(0 + €)) =0 for all § > « and € > 0. The other limit lim(§ — €)’/m; = 0 can be
proved similarly.

(iv) since lim; 0o m$° /(o + €} =0, > 521 m3° < oo. This shows that when ¢ goes
to infinity, both parts of Eq. (4.11) go to a finite limit. This shows that » 22 m?° =

lim; 4t = 1. O

The shape of the fixed point computed by Algorithm 4.1 is displayed in Figure 4.2. A
posteriori, this can be seen as a justification to consider the ODEs without boundaries
since the solution is concentrated almost entirely on small values of j. For all the
numerical simulations, we used K = 500 and the values of m.x have always been less
than 10719,

In order to apply Corollary 2.4, one need to show that this unique fixed point is also a
unique attractor of the ODEs. Unfortunately, we were unable to prove this fact (although
this is what our numerical experiments suggest). Therefore, our only assertion is that,
whenever the steady state distribution of the finite stochastic system converges to a single
point, it should converge to this fixed point.
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Figure 4.2.: General shape of the steady state distribution. Here for A = 0.99, u = 1 and
~v = 3. The m-axis is the number of jobs and the y-axis shows the fraction
of processors with j jobs (in log-scale).

4.4.2. Gap between mean field and steady-state

In this section, we study two extreme values of v for which we are able to compute
exactly the steady state distribution and compare these results with the mean field
approximation.

When v = 0, no stealing ever occurs and the N processors behave like independent
M/M/1/K queues. The steady state distribution Iy has a product form. In steady state,
the probability of having j jobs in one M/M/1/K queue is m; = (%)7 mo and satisfies the
Equations (4.8-4.10). The steady state of the whole cluster is made of N independent
variables picked according to this distribution. The law of large number shows that Il
converges to m almost surely and the central limit theorem shows that the speed of
convergence is in O(1/v/N). Also, the marginal of the distribution of the steady state
for one processor is the mean field steady state.

When v = 0o, the system can also be replaced by a simpler one. In that case, there is
either no idle processor or no processor with 2 or more jobs since in that case an idle
processor would instantly steal the second job. Thus the state of the system can be
modeled by the total number of jobs in the system that we call jV(¢). Moreover, j ()
behaves like one M/M/N/KN queue (i.e., a queue with N independent processors with
arrival rate N\ and service rate p for each processor). The probability that jV(t) is 7 is:

Ieo() = Me(0)Z75 (< N),

L) = a0y (KN 22 N),

where II(0) is a normalization constant.

As N grows, it can be shown that P(jV(t)>N) = o(8") and I (0) = exp(—N\) +
o(p™) with (8 = Aexp(l — ) € (0;1)). Let us compute the characteristic function ®() of
the steady state distribution of (7 (t) — NA)/v/N:

= . _j—NX 1
<I><£>=J§:%Hoo(y)exp<z£ ) = oA+ O(F)).
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Therefore VN (§V(t)/N — \/u) converges to a Gaussian law. In that case, the gap
between the steady state of the system of finite N and the mean field is of order 1/v/N.

For both extremal cases v = 0 and v = 0o, the gap between the mean field approxima-
tion and the real steady state is of order O(1/v/N). We conjecture that this should also
be the case for all v in between.

4.4.3. Average sojourn time

The first set of experiments given in Figure 4.3 measures the effect of the cost of stealing,
1/7, on the average sojourn time of the jobs (the average time spent by a job in the
system).

Let Sy () be the average sojourn time of a job in the limit system (in steady-state). By
Little’s formula, the number of jobs Ly () verifies Ly(v) = ASx(7), therefore it suffices
to compute the average number of jobs in steady state. As mentioned in the previous
part, the analytical computation of the steady-state seems impossible to do when N is
large and we were not able to compute analytically the whole curve Sy (7). Nevertheless
we can compute two interesting points for v = 0 and v = co.

When v = 0, the system is just a system of N independent M/M/1/K queues and
the average sojourn time is a classical result of queuing theory (e.g., [l 1]). When K is

large, this is approximately
1

The second quantity that we can compute is the limit of S)(v) when « goes to infinity.
In that case the steady state is composed of processors with either 0 or 1 job. A new
job entering in the system either arrives directly on an empty processor or arrives in an
occupied processor and is immediately stolen by an empty processor (there are empty
processors with probability one), and the average sojourn time is

Sx(0) (4.12)

Sx(c0) = —, (4.13)

and the average number of jobs in the system is Ly(co) = 2.

Figure 4.3 displays the average sojourn time Sy (7) as a function of « for various values
of A. As expected, the average sojourn time is decreasing from 1/(1 —\) to 1/u=1. In
particular, we can see that when + is small, the average number of jobs in the system
decreases drastically.

The gap between Sy (0) and Sy(oo) is A/(1 — A). Therefore the gain obtained by work
stealing is more important when the system is more congested (i.e., A is close to 1) as we
can see in Figure 4.3. To provide a better estimate of the gain from using work stealing,
Figure 4.4 shows the difference between the response time with a finite v and v = oo
Sx(y) — 1 divided by the maximum gain S)(0) — Sx(c0). One can observe that when the
rate of stealing is of the same order of the service rate v =1 (resp. v =4 or v = 8), the
gain is 50% (resp. 80% or 90%) of what one could gain with a work stealing at no cost.
This makes work stealing very efficient in real life systems since the time to steal a job is
typically small compared to the service time of a job.

These facts can be explained by studying the behavior of m; when ~ grows. Intuitively,
as 7y goes to infinity, the distribution m; concentrates in mo =1 — X\/p and m; = A/p.
Moreover, m; decreases quickly. In Equation 4.10, all term in m;1,m2;—1 ... becomes
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Figure 4.3.: Average sojourn time as a function of the rate of stealing ~ for various values
of A (0.3, 0.7 and 0.9).

negligible compared to m;_; and m; leading to

0= —ymom; + )\mj_l.

j—1
This gives the intuition that m; =~ (%ﬂ) mq and is confirmed by the following
proposition.
Jj-1 )
Proposition 4.5. (i) For alli, m; = (mio'y) m1 + Oy—o0 (777)

(it) The mean number of jobs in the system is 37| jmj = \/p + A1 0 (v72).

moY
Proof. (i) Following the proof of Proposition 4.4-(7i), one can show that for all € > 0,
there exists v* such that v > ~* implies that for all j >4 > 1

A I
my; < ( + e) m;.
mo7y
In particular, this shows that for all i > j + 1, m; = O(y 7).
moy

Jj—1 .
If we assume that for some j > 1, m; = ( A ) mi + Oy—oo (7_9), then by
Equation 4.10 and the previous remarks:

Mjt1 m; +O0(y™)

A+ p 4 ymo

A <<A>j i ow‘)) (1+0(1)

Ymo mo7y
A \JtH
moYy
(i) Using the fact that 3 72 m; = 1, we have my = 1 —mg —ma + O(y~2). Therefore,

- A
ijj:l—mo—i-mg—i-O(’y*Z):/\/,u—i—i—i-O(fy’Q).

m
=0 07
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Figure 4.4.: Gain of work stealing as a function of ~.

4.4.4. Average number of steals

We want to study the average number of steals that a job undergoes, as a function of ~.
Similar to the previous case, let S)(y) be the average number of steals per job. Again, it
is impossible to solve the problem analytically but we can compute the two extremal
values for 7 = 0 and v = co. When v = 0, no job is stolen and S)(0) = 0. When v = oo,
all jobs arriving in the processors with 1 job are stolen while the jobs entering in the
processors with 0 jobs are not stolen. Thus Sy(c0) = A/ p.

For 0 < 7 < o0, we can compute Sy(y) numerically. The rate of steals from processors
with j jobs is ymgm; (where m; corresponds to the number of processors with j jobs
in steady state); each steal corresponding to |j/2|m; jobs stolen. On average there are
Ymo D ;25]7/2]m; jobs stolen per unit of time. Since the rate of arrivals is A, we have

530 = Lo 32 Jm,.
j=2

Figure 4.5 shows that the number of steals increases when the cost of stealing decreases
and converges to A, as expected.

4.4.5. Distribution of the number of steals and sojourn time

In many practical cases, the average response time is not a good measure of performance
and it is more important to improve the probability of being under a certain threshold.
Using our fast simulation algorithm introduced in Section 4.3.1, we are able to sample
the distribution of the number of steals and of the sojourn time in the steady state. Our
simulations show that work stealing is indeed efficient at reducing the probability of
having a large sojourn time.

To compute the distribution of sojourn times, we have to specify the order in which
the jobs are served as well as which jobs are stolen when there is a steal. We consider
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Figure 4.5.: Average number of successful steal per job S)(7) viewed as a function of ~
for different values of A (0.3, 0.7 and 0.9).

that the jobs are served in the FCFS order (First Come First Served). When there is
a steal, the stealing processor steals the oldest jobs (except for the one that is being
served) and the order of the jobs in the processor is preserved i.e., if the jobs in the first
processor are {1,2...j} then after the steal the remaining jobs in the victim processor
will be {1,2+4 [j/2]|...7} and the jobs in the stealing processor will be {2...]j/2] 4+ 1}.

Let us now consider a job arriving in the system. Let size_of _queue and place_in_queue
be respectively the size of the queue and the place in the queue of this job, and let
us consider the next event. If this event is an arrival (respectively a departure), then
size_of _queue is increased by 1 (resp. both size_of queue and place_in_queue are decreased
by 1). If the event is a steal, then if place.in_queue € [2...[size_of_queue/2]]| then
the variable size_of_queue becomes |size_of_queue/2| and place_in_queue decreases by 1.
Otherwise, size_of_queue becomes [size_of _queue/2]| and the variable place_in_queue is
decreased by |size_of _queue/2]. The three events occur respectively with rates A, p, ymy.

Using these considerations, the sojourn time of a job entering the system as well as
the number of steals can be simulated by Algorithm 4.2.

We ran several simulations for various values of A and . The percentage of jobs that
undergo two steals or more is displayed in Figure 4.6 as a function of . Notice that in all
cases, the distribution of the number of steals is mostly concentrated in 0 or 1 (less than
2% of the jobs are subjected to more than two steals). Moreover, the shape of the curve
is the same for all A: it starts from 0 when ~ = 0; quickly reaches its maximum and then
decreases slowly as v goes to infinity. The main consequence of this is that there are few
useless steals (if a job is stolen twice, then the first steal was actually useless).

Another interesting measure is the sojourn time distribution. When v = 0 (i.e., in the
M/M/1/K case), the sojourn time distribution is exponential of parameter p(1 — \/p)
when K goes to infinity. When v goes to infinity, the sojourn time distribution follows
an exponential law of parameter . Using our fast simulation algorithm, we can also
sample the distribution of the sojourn time.

The sojourn time of a job in the system is denoted T\ (7). When v = 0 or v = oo, the
distribution of T(7) is an exponential distribution. Therefore for these values of v, the
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Require: A, u,y
Pick size_of _queue according to the steady state distribution.
mo <+ 1— X / M.
size_of _queue < size_of _queue + 1
place_in_queue < size_of _queue.
soj_time < 0.
while place_in_queue > 0 do
soj_time < soj_time + Exp(A + p + ymyg)
Pick an event e € {arrival, departure,steal} with probabilities proportional to
{A, 1, ymq} respectively.
Modify place_in_queue and size_of _queue according to the event e.
end while
Return soj_time.

Algorithm 4.2: Sojourn time simulation
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Figure 4.6.: Fraction of jobs that are stolen twice or more as a function of ~.

99th percentile is log(100)S\ (7). Figure 4.7 reports the empirical 99th percentile of the
distribution of T\ () as well as the 99th percentile of an exponential variable of the same
mean log(100)Sy(y). For intermediate values of v, the percentile is strictly less than for
exponential distributions.

4.4.6. Fraction of stolen jobs

In all of our analysis, we choose to consider that if there were j > 2 jobs in a queue,
the processor that is stealing would steal |j/2] jobs. This is the most natural strategy
in the sense that it optimizes the balance between the processors. Works such as [114]
study the case where every steal concerns only one job. This has a negative impact on
performance, as shown in the following experiments. In this section, we further show the
advantage of stealing half of the jobs instead of stealing a smaller fraction of the work.

When an empty processor steals from a processor with j > 2 jobs, then it steals
max(1, |07]), i.e., a fraction 0 < § < 1 of the total work or a single job if this fraction
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of the distribution of sojourn time and of an exponential
variable of the same mean as functions of v, for A = 0.7.

is less than one. The case § = 0 corresponds exactly to the steal of one job while the
condition § < 1 insures that we always leave at least one job in the processor (since

j—167]) = 1).

Average sojourn time
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Figure 4.8.: Average sojourn time as a function of the fraction of jobs stolen at each time
for A = 0.9 and v = 3.

Algorithm 4.1 can be modified to compute the steady-state in that case. Figure 4.8
shows the average sojourn time as a function of § for A = 0.9, y =1 and v = 3.

Figure 4.8 highlights two interesting properties. The first one is that the optimal
fraction to steal is one half and the difference in speed is approximately 25%. The second
interesting property is that this curve is not symmetric in 1/2 and it is not continuous in
0. Indeed, in such systems the processors generally have a small number of jobs and the
function |07 is not continuous in j. In particular, the figure shows discontinuities at p/q
for small values of ¢ (1/2,1/3,2/3...).
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4.4.7. Batch arrivals

In this section, we consider that jobs arrive in batches of b jobs according to a Poisson
point process of rate \/b (the rate is divided by b to keep an arrival rate ). We will see
that work stealing is a very efficient way to diminish the effect of these batch arrivals.

10 T T T T T T L T
no stealing ——
stealing -------

Average sojourn time

Size of batch

Figure 4.9.: Average sojourn time as a function of the batch size for A = 0.7. The higher
curve represents a system without work stealing while the bottom one shows
the results for v = 3.

In a system with no load balancing mechanism, when the size b of the batches increases,
it can be shown that the average sojourn time grows linearly in b [117].

Algorithm 4.1 can be easily modified to take into account the batch arrivals. Using
this, we can compute the average sojourn time for various values of the size of batches
(from 1 to 30) for A = 0.7 and v = 3. In Figure 4.9 we compare the average sojourn
time in the system with work stealing to the system without work stealing. Once again,
work stealing has a tremendous impact on the performance. In fact when computing the
average sojourn time for large values of b, it seems to grow as the logarithm of b. This is
in agreement with known results on the performance of work stealing in transient cases
(i.e., over a finite number of tasks), like the ones of the previous chapter.

4.5. Heterogeneous Clusters

As mentioned in the introduction, we are interested in evaluating the performance of
work stealing in a system made of several clusters. Each cluster is made of homogeneous
processors with the same processing rate. Also the time to steal between two clusters
depends on their “distance” and is much larger than the time to steal within one cluster.
The main problem addressed here is to come up with a stealing strategy (namely, values
for the stealing probabilities p;;) that minimizes the response times for jobs.

If the system is heterogeneous, the natural work stealing algorithm which is to steal
uniformly at random among all the resources may suffer from communication cost
since it is much faster to steal inside a cluster. Several modifications of this algorithm
have been proposed to take into account the geometry of the system. Many of the
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proposed algorithms rely on a master-worker paradigm: some resources, called masters,
are dedicated to balance the load between clusters while the others try to balance the
work insider a cluster. Other strategies are based on tuning the preferences between
internal and external steals. All these strategies are experimentally compared in [116, ]
and the latter proved more efficient. In our framework, this corresponds to tuning the
probabilities p.» for choosing a victim.

In the following, we focus on the average sojourn time as the performance indicator to
compare different strategies. We used a numerical algorithm to compute the fixed point
of the system of ODEs (4.1-4.7). The time to generate one curve is less than ten minutes,
allowing us to explore many scenarios.

4.5.1. Two homogeneous clusters

A first case of interest is the case with two homogeneous clusters: pg = 1, Ao = A1 and
Y00 = Y11- Each cluster can be viewed as a network of closely interconnected processors.
The two clusters are connected by a slow network. Generally, communication between
two hierarchies (intra-processor, intra-cluster, inter-cluster) is about 10 to 100 times
slower (as in Grid 5000 [19]). For our simulations, v;;=";/10 for i#j.

Let p;; be the probability for a processor in cluster ¢ to choose to steal from cluster j.
As the system is symmetric, we choose pgg = p11 and po1 = p1o = 1 — poo. We want to
study the effect of this probability pgg on the performance.

The loads of the two clusters are the same and communications are much slower if the
two processors are in two different clusters. Therefore the optimal pgg is 1: it is always
better to steal inside one’s own cluster. Figure 4.10 displays the average sojourn time of
a job entering the system as a function of pgg, called the probability of self-stealing. The
parameters of the system displayed in the figure are A = 0.7, 4 = 1 and ~;; = 10,v;; = 3
and the clusters have the same size; the results are very similar for other values.
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Figure 4.10.: Average sojourn time in a system with two homogeneous clusters as a
function of the probability for a processor to steal inside its cluster.

This figure exhibits the two main features of such systems. First, as expected in this
case, it is much more efficient to pick pgg = 1 rather than a uniform stealing probability,

69



Chapter 4. Asymptotic Behavior of Work Stealing in Large-Scale Systems

poo = 1/2. Moreover, the dependence of the sojourn time on pgg is almost linear, showing
that this probability has a real effect. Computing the same curve for other values of A,
shows that when the load is low (for example A = 0.3), then the curve is slightly concave
while when the load is very high (A > 0.9), the curve is slightly convex but in all cases
the dependence is almost linear.

4.5.2. Two heterogeneous clusters

A direct extension of the previous model is to consider the case where the two clusters
are heterogeneous. We set A\g < A1, po = p1 and 755 = v;/10. As the load of cluster 1 is
higher and since it is faster to steal inside the cluster, we consider that the processors
of cluster 1 only steal inside their cluster: p;;=1. We want to study the effect of the
probability for the processors in cluster 0 to steal from cluster 1.

Figure 4.11 displays the average sojourn time as a function of pgg for different values
of A1. In all cases, the load of cluster 0 is low: A\g = .5 and the load of the other cluster
varies. In all cases, we can see that there exists an optimal pgg that is neither 0 nor 1
that minimizes the average sojourn time. In the top left figure, cluster 1 is just slightly
more loaded than the cluster 0 (A\; = .8) and in that case the optimal pgg is close to .85.
As the load of the cluster 1 grows, the optimal probability gets closer to 0.
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Figure 4.11.: Average sojourn time as a function of pgg for the two heterogeneous model.
The first cluster is lightly loaded (A\g = 0.5). The load of the second cluster
is A1 (varying from 0.8 to 1.1).

This shows that the optimal probability strongly depends on the load of the different
clusters which is an unknown variable in many cases. However, we also see that the
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average sojourn time does not vary that much around the optimal pgy which shows that
a rough estimation of the load is enough to make a good choice for pgp.

4.5.3. Hierarchical work stealing: master worker paradigm

Many work stealing algorithms rely on a master/worker paradigm. Here we show that
this approach is indeed valid, but tuning its parameters is not easy.

We consider a network of homogeneous clusters, with a rate of steal 10 times greater
inside a cluster than between two clusters. In each cluster, we set a fraction fy of the
resources to be “masters” while the rest of the resources are “workers”. We consider that
the masters receive all the work which means that there is an arrival rate of A/ fy for
every master (so that the total arrival rate of the system remains constant equal to \).
A master will only steal work from other masters while a worker can steal both from a
master and from other workers.

Master-worker in one cluster

Let us first consider a network composed of only one cluster and let us study the effect
of the fraction of masters on the performance of the system. We compare three different
strategies: probabilistic stealing with various parameters, uniform stealing and steal from
masters. This situation can be described in our model by setting the number of clusters
to 2, cluster 0 representing the masters and cluster 1 representing the workers. We set
Yij = Vi, Ao = A/ fo, A1 = 0 and poo = 1. For the probabilistic stealing strategy, we
study different probabilities for a worker to steal a master p1g = .2, .4,.6,.8. The uniform
stealing (resp. steal only from masters) corresponds to p1g = mg (resp. pio = 1). We
also compare the case where the jobs arrive one by one and the case of batch arrivals
with a batch size of 20.
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(a) Average sojourn time when the batch size is 1. (b) Average sojourn time when the batch size is 20.

Figure 4.12.: Comparison of the average sojourn time in the Master-Worker setting with
one cluster.

The average sojourn time for all strategies as a function of the fraction of masters is
shown in Figure 4.12. As expected, in all cases, the uniform stealing is the worst strategy
when the number of masters is low and when the proportion of masters grows, things get
better. When the proportion of masters is close to 1, all strategies coincide. When the
batches are of size 1, the optimal strategy is always to steal from the masters. When
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the batches are of size 20, the optimal strategy is to steal about 50% from the masters
(more precisely, the optimal is about 60% for low proportions of masters (< 0.3) and 40%
above).

The most interesting property shown in this figure is that in all cases, having all the
arrivals concentrated on a few resources improves the performance of the system if we
tune the probability of stealing correctly.
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(a) Average sojourn time when the batch size is 1. (b) Average sojourn time when the batch size is 20.

Figure 4.13.: Average sojourn time in the Master-Worker setting with two clusters for
A=0.7.

The behavior observed in the two cluster model is similar to the behavior with a single
cluster. We consider a network of two clusters with the same proportion fy of masters
in each cluster. All the arrivals are concentrated on the masters. The masters are only
stealing from other masters and we study different strategies of stealing for the workers.
As in the one cluster case, the uniform policy is not efficient. Therefore, we only focus
on the policies stealing from master and probabilistic stealing with a probability of .2, .4
and .6.

The results are shown in Figure 4.13, comparing a case with arrivals by batches of
size 20 and a case without batch arrivals. Once again we see that in the case where the
batches are of size 1, the most efficient strategy is always to steal from the masters while
if the size of the batches is larger (20 in this example), the most efficient strategy is to
steal from workers with a non zero probability. Moreover in both cases, a good choice of
the probabilities makes the performance of the system better when the proportion of
masters is low.

When the proportion of masters is low, the good performance can be explained in part
by the fact that we neglect the congestion that might occur when a single resource has
to deal with too arrivals or steal requests. In practical applications, one would have to
take this into account.
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4.6. Conclusion and Future Work

In this chapter we presented a mean field approximation of the work stealing algorithm on
a large number of processors and show convergence for finite time as well as for steady state.
This allows one to run a rather exhaustive evaluation for several performance measures
such as average response times, average number of steals per job. The distribution of
response times can also be sampled using fast simulation, providing more meaningful
performance indexes (variance, percentiles, tail behavior). This also allows one to evaluate
work stealing under several scenarios: all processors are in one homogeneous cluster,
or partitioned into several clusters where the time to steal from one cluster to another
depends on the distance between the clusters. The scenario where work is allocated to a
few master processors and stolen by workers is also evaluated and numerical evidences
show that it performs really well with appropriate stealing parameters.

We are currently considering two extensions of this work. The first one is to model the
case with a finite number of jobs using a mean approach, and then tune the parameters to
minimize the total completion time. The second one is to conduct a thorough comparison
with push and pull policies currently used in computational grids.
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Outline of this part

We presented the notion of mean field models in Chapter 2. Mean field models are
generally used to study the dynamics of large stochastic systems. This is illustrated by
Chapter 4 in which we used mean field theory to simplify the performance evaluation of a
system using work stealing. The goal of this part is to fill the gap between Markov decision
processes, presented in Chapter 1, and mean field models. We study the relationships
between mean field models and optimal control.

In the first two Chapters 5 and 6, we investigate the limiting behavior of Markov
decision processes made of independent objects evolving in a common environment, when
the number of objects () goes to infinity. We show that in both cases, when the number
of objects becomes large, the original stochastic optimization problem converges to a
deterministic optimization problem in discrete or continuous time. The nature of the
limiting regime depends on the intensity of the model I(N) which is the probability for
an object to change state at each time. If I(N) = O(1), the limiting dynamics is in
discrete time and this case is studied in Chapter 5. If limy_oo (V) = 0, the limiting
regime is in continuous time. This is the focus of Chapter 6.

More precisely, we show that the optimal cost on a finite-horizon of the stochastic
system converges to the optimal cost of a deterministic dynamical system as the number
of objects grows (Theorems 5.5 and 6.4). For the discrete time limit, we further provide
bounds on the speed of convergence by proving second (Theorem 5.7) and third order
results (Theorem 5.9). In the continuous time, speed of convergence is insured by the
explicit probability bounds of Theorem 6.1. These methods are illustrated by different
examples in Sections 5.4 and 6.4, like brokering problem in grid computing, investment
strategies or epidemic control.

The focus of Chapter 7 is slightly different. We study the limiting behavior of a mean
field model when the dynamics of the system exhibits some discontinuity. We show
that without any condition on the smoothness of the limiting regime, the stochastic
system converges to a deterministic limit (Theorem 7.5). Contrary to the smooth case,
the limiting regime is characterized by the set of solutions of a differential inclusions,
which definition is recalled in Section 7.2.1). This extends the applicability of mean field
techniques to systems exhibiting threshold dynamics. In particular, when considering a
controlled system, the controlled policy often presents some discontinuity. These results
are illustrated by several examples in 7.5. They also provide an easy proof for classical
fluid limit regimes, as shown in Section 7.5.1.

Organization of this part

The two first chapters of this part focus on optimal control of mean field models — in
Chapter 5 when the limit is in discrete time and in Chapter 6 when the limit is in
continuous time. Chapter 7 shows the convergence of mean field systems whose dynamics
is discontinuous, which is in particular the case of controlled systems.

7



Each chapter of this part is self-contained. To improve the readability of the different
sections, the most technical proofs have been moved to the end of each chapter.
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Chapter 5.

Optimization in Discrete Time

Abstract of this chapter — This chapter investigates the limit behavior
of Markov decision processes made of independent objects evolving in a common
environment, when the number of objects (N) goes to infinity.

In the finite horizon case, we show that when the number of objects becomes
large, the optimal cost of the system converges to the optimal cost of a discrete
time system that is deterministic. We further provide bounds on the speed of
convergence by that the gap between the deterministic system and its limit is in
1/v/N. One can even go further and get convergence of order v/Iog N/N to a
stochastic system made of the mean field limit and a Gaussian term. Several
extensions are also discussed. In particular, for infinite horizon cases with
discounted costs, we show that first order limits hold and that second order
results also hold as long as the discount factor is small enough.

Our framework is applied to a brokering problem in grid computing. Several
simulations with growing numbers of processors are reported. They compare
the performance of the optimal policy of the limit system used in the finite case
with classical policies by measuring its asymptotic gain.

Résumé du chapitre — Ce chapitre examine le comportement limite de
processus de décision Markovien constitués de particules indépendantes évoluant
dans un environnement commun, lorsque le nombre de particules tend vers
I'infini.

Dans le cas ol on s’intéresse a un cott a horizon fini, nous montrons que
lorsque le nombre de particules devient grand, le cotut optimal du systeme
converge vers le cout optimal du systeme déterministe. De plus, nous donnons
un apercu de la vitesse de convergence en prouvant que 1’écart entre le systeme
stochastique et sa limite déterministe est en 1/v/N. Cette convergence peut
étre raffinée en considérant 1’écart avec une limite déterministe plus un bruit
gaussien. Dans ce cas on atteint une convergence en y/log(N)/N.

Le modele est appliqué a un probleme de gestionnaire de ressources dans des
grilles de calcul. Nous comparons les performances de la politique optimale de
la limite appliquée au systeme initiale avec plusieurs politiques classiques. Nous
mesurons le gain asymptotique, ainsi que le seuil a partir duquel elle surpasse
les politiques classiques.



Chapter 5. Optimization in Discrete Time

5.1. Introduction

The general context of this chapter is the optimization of the behavior of controlled
Markovian systems, namely Markov Decision Processes composed by a large number of
objects evolving in a common environment.

Consider a discrete time system made of N objects, N being large, that evolve
randomly and independently (according to a transition probability kernel K). At each
step, the state of each object changes according to a probability kernel, depending on the
environment. The evolution of the environment only depends on the number of objects in
each state. Furthermore, at each step, a central controller makes a decision that changes
the transition probability kernel. The problem addressed in this chapter is to study the
limit behavior of such systems when N becomes large and the speed of convergence to
the limit.

The seminal work of Kurtz (see for example [102] and the related work in Chapter 2)
initiated a long stream of work on the use of mean field techniques in performance
evaluation. Several papers [20, 15] study the limit behavior of Markovian systems in the
case of vanishing intensity (the expected number of transitions per time slot is o(N)).
In these cases, the system converges to a system in continuous time, see Section 2.2.2
of Chapter 2. The control and the optimization of systems with an intensity that goes
to zero are investigated in [70]. In the present chapter, the intensity is bounded away
from zero so that time remains discrete at the limit. This requires a different approach
to construct the limit.

In Section 2.2.3 of Chapter 2, such discrete time systems are presented. In [100],
authors show that under certain conditions, as N grows large, a Markovian system made
of N objects converges to a deterministic system. Since a Markov decision process can be
seen as a family of Markovian kernels, the class of systems studied in [106] corresponds
to the case where this family is reduced to a unique kernel and no decision can be made.
Here, we show that under similar conditions as in [106], a Markov decision process also
converges to a deterministic one. More precisely, we show that the optimal costs (as
well as the corresponding states) converge almost surely to the optimal costs (resp. the
corresponding states) of a deterministic system (the “optimal mean field”). These first
order results are very similar to the results proved independently in [12]. Additionally,
the quality of the deterministic approximation and the speed of convergence can also
be estimated. For that, we provide second order results giving bounds on the speed of
convergence under the form of central limit theorems for the state of the system as well
as for the cost function.

Actually, the contributions of this chapter concern three types of systems. The first one
is the class of Markov decision processes where the sequence of actions is fixed. In some
sense, their study could boil down to considering classical Markovian systems. The second
one is the class of MDPs where the policy is fixed. These controlled systems constitute
the main object of this chapter. The last type of results concerns MDP under optimal
control. This is the part where optimization plays a role. The second type (controlled
systems) plays a central role indeed. The results on systems with fixed sequences of
actions are simple corollaries of theorems on controlled systems by considering constant
policies. The results on optimal control are obtained by taking the supremum over all
policies in controlled system.

On a practical point of view, all this allows one to compute the optimal policy in a
deterministic system which can often be done very efficiently, and then to use this policy
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in the original random system as a good approximation of the optimal policy, which
cannot be computed efficiently because of the curse of dimensionality. This is illustrated
by an application of our framework to optimal brokering in computational grids. We
consider a set of multi-processor clusters — forming a computational grid, like EGEE! —
and a set of users submitting tasks to be executed. A central broker assigns the tasks to
the clusters (where tasks are buffered and served in a FIFO order) and tries to minimize
the average processing time of all tasks. Computing the optimal policy (solving the
associated MDP) is known to be hard [121]. Numerical computations can only be carried
out up to a total of 10 processors and two users. However, our approach shows that when
the number of processors per cluster and the number of users submitting tasks grow, the
system converges to a mean field deterministic system. For this deterministic mean field
system, the optimal brokering policy can be explicitly computed. Simulations reported in
Section 5.4 show that, using this policy over a grid with a growing number of processors,
makes performance converge to the optimal sojourn time in a deterministic system,
as expected. Also, simulations show that this deterministic static policy outperforms
classical dynamic policies such as Join the Shortest Queue, as soon as the total number
of processors and users is over 50.

5.2. Notations and definitions

The model studied in this chapter is a generalization of the discrete time mean field model
of [106], also described in Section 2.2.3, to which has been a controller that can change
the dynamics of the system. More details on the model can be found in Section 2.2.3.

The system is composed of N objects. Each object evolves in a finite state space
S =1{1,...,S}. Time is discrete and the state of the nth object at time ¢ € N is denoted
XN(t). We denote M (t) the empirical measure of the collection of objects (XN). M ()
is a vector with S components and the ith component of M¥(¢) is the proportion of
objects in state 1,

N
def ,_
MM =N v
n=1

The system of objects evolves depending on their common environment. We call
C(t) € R? the context of the environment. Its evolution depends on the empirical
measure MY (t), itself at the previous time slot and the action a € A chosen by the
controller (see below):

CNt+1)=g(CN@t), MN(t+1),ar),

where g : RIx Zy (S) x A — R? is a continuous function.

For an action a € A and a context C € R? we have a transition probability kernel
K (a,C) such that the probability that for any n, a object goes from state i to state the
j is K@j(&, C)

P (XNt +1) = j|XN(t) =i,a; = a,CN(t) = C) = K §(a,C).

The evolutions of objects are supposed to be independent once C and a are given.
Moreover, we assume that Kj; ;j(a,C) is continuous in a and C.

'"EGEE: Enabling Crids for E-sciencE, http://www.eu-egee.org
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5.2.1. Actions, policies and reward functions

We consider a Markov decision process corresponding to this system. At each time ¢, a
decision maker chooses an action a from the set of possible actions A. A is assumed
to be a compact set (finite or infinite). In practical examples, A is often finite or a
compact subset of R*. The action determines how the system will evolve by modifying
the transition function g(a,.) and K(a,.).

To each possible state (M (t),C(t)) of the system at time t, we associate a reward
r4(M,C). The reward is assumed to be continuous in M and C. This function can be
either seen as a reward — in that case the controller wants to maximize the reward—,
or as a cost — in that case the goal of the controller is to minimize this cost. In this
chapter, we will mainly focus on finite-horizon reward. Extensions to infinite-horizon
reward (discounted and average reward) are discussed in Section 5.5.

The focus of Markov Decision Processes theory is the computation of optimal policies.
A policy m = (mym2 ... ) specifies the decision rules to be used at each time slot. A decision
rule m; is a procedure that provides an action at time ¢. As seen in Section 1.3.1 of
Chapter 1, if the state space is finite and the action space is compact, then deterministic
Markovian policies (i.e. that only depends deterministically on the current state) are
dominant, i.e. are as good as general policies. In what follows, we will only focus on
them and a policy 7 will represent a sequence of functions (m¢):>0 where each function
7 0 P(S)xR? — A is deterministic. For any policy 7, the variables MY (t), CN(¢)
will denote the state of the system at time ¢ when the controller applies the policy .
(MY (t),CN(t))i>0 is a sequence of random variables on Zy (S) x R4

5.2.2. List of assumptions

Here is the list of the assumptions under which all our results will hold, together with
some comments on their tightness and their degree of generality and applicability.

Throughout the document, for all (m,c) € 2(S)xR%, ||(m,c)|| denotes the L> norm
of the vector (m,c) € R+ |[(m, ¢)|| = max(|m1] ... |ms|, |e1] ... |ca)-

(A1) Independence of the users, Markov system — If at time ¢ if the environment
is C and the action is a, then the behavior of each object is independent of other
objects and its evolution is Markovian with a kernel K (a,C).

(A2) Compact action set — The set of action A is a compact metric space.

(A3) Continuity of K, g,r — the mappings (C,a) — K(a,C), (C,M,a) — ¢g(C,M,a)
and (M, C) — r4(M, C) are continuous, Lipschitz continuous on all compact set.

(A4) Almost sure initial state — Almost surely, the initial measure M (0), C¥(0)
converges to a deterministic value m(0), ¢(0). Moreover, there exists B < oo such that
almost surely ||CY(0)|| < B where ||C|| = sup; |Cj.

To simplify the notations, we choose the functions K and g not to depend on time.
However as the proofs will be done for each time step, they also hold if the functions are
time-dependent (in the finite horizon case).

Also, K, g and r do not to depend on N, while this is the case in most practical cases.
Adding a uniform continuity assumption on these functions for all N will make all the
proofs work the same.
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Here are some comments on the uniform bound B on the initial condition (A4). In
fact, as C™V(0) converges almost surely, C™V(0) is almost surely bounded. Here we had a
bound B which is uniform on all events in order to be sure that the variable CV(0) is
dominated by an integrable function. As g is continuous and the sets A and & (S) are
compact, this shows that for all ¢, there exists B; < oo such that

)] < B 6.1

Finally, in the Markov decision process literature, the reward function often depends
on the action taken. To simplify the notations, we choose to take the reward independent
of the action but again the proofs are the same in that case.

5.3. Finite time convergence and optimal policy

In this section, we focus on optimizing the finite horizon reward. T is fixed throughout
all this section and the aim of the controller is to find a policy to maximize:

T
VvNMY, oM =R (Zr (Mﬂ(t),cjf(t))> .

t=1

The infinite horizon case will be treated in Section 5.5.2.

This section contains the main results of this chapter. There are four main results.
Theorem 5.1 states the convergence of the controlled system to a deterministic limit.
Next, we show that the optimal reward for the limit is asymptotically optimal as the size
of the system grows (Theorem 5.5) and we characterize the speed of convergence towards
this limit (Theorem 5.7) which is basically of order 1/v/N. Finally (Theorem 5.9) shows
that a Gaussian approximation of the deterministic limit system leads to a better error
of order N~=1,/log(N).

Because of Equation 5.1, (M™N(t),CN(t)) always stays in a compact space when
t € {0...T}. By assumption (A3), this implies that K, g and r are Lipschitz continuous
and we denote by Ly, L, and L, their Lipschitz constants.

5.3.1. Controlled mean field

Let a = ap,a; ... be a sequence of actions. We define the deterministic variables my(t)

and cq(t) starting in m4(0), ¢ (0) & m(0),¢(0) € Z(S) x R? by induction on :

me(t+1) = mg(t)K(at,ca(t))

alt+1) = glea(t)ma(t+1),ar). (5-2)

Here, (mq(t), cq(t)) corresponds to a deterministic approximation of the stochastic
system (MY, CYN) assuming that instead of having a probability K;; for an object to go
from state i to state j, there is a proportion Kj;; of objects in state i that moves to state
J.

Let 7 be a policy and consider a realization of the sequence (M (t), O™V (t)). At time ¢,
a controller that applies the policy 7, will apply the action AN (¢) def T (MN(t), ON(t)).
The actions AN (t) form a random sequence depending on the sequence (M2 (t),CN (t)).
To this random sequence, corresponds a deterministic approximation of MY, CV, namely
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man (t) defined by Equation (5.2). The quantity m 4 () is a random variable depending
on the sequence AY (and is deterministic once A% is fixed).

The following theorem is the main result of convergence, showing that as N grows,
the gap between the stochastic system Mfrv , CTJFV and its deterministic limit m AN CAN
vanishes (in probability) with a bound only depending on the initial condition.

Theorem 5.1 (Controlled mean field). Under assumptions (A1,A3), and if the con-
troller applies the policy m, then there exists a sequence of functions & (e, z) such that
lime_y0.20 & (€, 2) = 0 and for all t:

P (sup 022 (9,02 )~ may (9, ca (1) > e ) ) < 252 xp(-28%),

where
& L[N (0),CN(0)) — (m(0), c(0)] ;
&o (€,9) def 0;
Eiir (e,0) (Se+(2+LK)5t (6,0) + Li& (6,5)2) max(1, Ly).

Proof. The proof is done by induction on t. We show that at each time step, we stay
close to the deterministic approximation with high probability. A detailed proof is given
in Appendix 5.8.1. O

Assuming that the initial condition converges almost surely to m(0),c(0), we can
refined the convergence in law into an almost sure convergence:

Corollary 5.2. Under assumptions (A1,A3,A4),

ALY (1), CX (1) = (max (1), cay ()]

Proof. This proof is a direct corollary of Theorem 5.1 and the Borel-Cantelli Lemma. [

2500.

5.3.2. Optimal mean field

Using the same notation and hypothesis as in the previous section, we define the reward
of the deterministic system starting at m(0), c¢(0) under the sequence of action a:

T
va(m(0),¢(0)) €3 re(ma(t), ca(t)).
t=1
If for any t, the action taken at instant ¢ is fixed equal to a;, we say that the controller
applies the policy a. a can be viewed as a policy independent of the state MY, C™ and
MXN(t),CN(t) denotes the state of the system when applying the policy a. According to
Corollary 5.2, the stochastic system M2 (t), CN(t) converges almost surely to mg(t), cq(t).
Since the reward at time ¢ is continuous, this means that the finite-horizon expected
reward converges as N grows large:

Lemma 5.3. (CONVERGENCE OF THE REWARD) Under assumptions (A1,A3,A4), if
the controller takes actions a = (agp,a1...), the finite-horizon expected reward of the

stochastic system converges to the finite-horizon reward of the deterministic system when
initial conditions converge. If (MY (0),CN(0)) — (m(0),c(0)) a.s. then

A}i_r)rloo VN (MN(O), CN(())) = v,(m(0),¢c(0)) a.s.
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Proof. For all t, (MX(t),CN(t)) converges in probability to (mg(t),cq(t)). Since the
reward at time ¢ is continuous in (M, C), then r;(MN (t), CN(t)) converges in proba-
bility to r¢(mq(t),cq(t)). Moreover, as (M, C) are bounded (see Equation (5.1)), the
E (rs(MX(t),CN(t))) goes to ri(mq(t), ca(t)) which concludes the proof. O

The previous lemma can also be deduced from the following proposition.

Proposition 5.4 (Uniform convergence of reward). Under assumptions (A1,A2,
A3,A4), there exists a function E(N,€) such that:

o limN—mo,e—)O S(Na 6) =0,

e for all policy 7:

g

VA (M7(0), € (0) = E (vay (may (0),cay(0)) )] < EQV, ),

where €} &t | (M (0),CN(0)) — (m(0),c(0))| and the expectation is taken on all
possible values of AY.

Proof.

VA (MN(0),CV(0)) ~ E (vay (may (0),cay (0)))] (5.3)

E (Z re (M7 (1), O (1)) = re(man (0), cax (0))> ‘

t=1

< LE (gg H(M;V(t), G (1)) = (may (0), ey (0))H>

where L, is a Lipschitz constant of the function r.
(MY (8), N (1) = (may (t), eay ()| = Eule,el) with

probability at most 7252 exp(—2¢N), where €} &f | (M™N(0),CN(0)) — (m(0), c(0))]|-
Computing the expectation on the events such that this is verified and the others, we get:

According to Theorem 5.1,

(5.3) < L, rg%g(&(e, ') (1 — T2S? exp(—2eN)) + DT?S? exp(—2eN),

where D % sup,ep ||lz|| with B a bounded set such that P (M2 (t),CN(t)) € B) =1
(see the remark above Equation (5.1)).

Let us define E(N, €)) &f infeso Ly maxi<r &€, €)) (1 — T?S? exp(—2eN)) +
DT?5? exp(—2¢eN). The function &(.,.) satisfies the two requirements of the theorem. [J

Now, let us consider the problem of convergence of the reward under the optimal
strategy of the controller. First, it should be clear that the optimal strategy exists for the
limit system. Indeed, the limit system being deterministic, starting at state (m(0), ¢(0)),

one only needs to know the actions to take for all (m(t), ¢(t)) to compute the reward. The
def

optimal policy is deterministic and v, (m(0), c(0)) = sup,e g7 {va(m(0),c(0))}. Since the
action set is compact, this supremum is a maximum: there exists a sequence of actions
a* = aja}... — depending on m(0),c(0) — such that v,(m(0),c(0)) = vg=(m(0),c(0)).
Such a sequence is not unique and in many cases there are multiple optimal action
sequences. In the following, a* design one of them and will be called the sequence of
optimal limit actions.
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Theorem 5.5. (CONVERGENCE OF THE OPTIMAL REWARD) Under assumptions (A1,
A2, A3, A4), if ||(MPN(0),CN(0)) — (m(0),c(0))| goes to 0 when N goes to infinity, the
optimal reward of the stochastzc system converges to the optimal reward of the deterministic
limit system:
lim VY (MY(0),cM(0)) = lim V.Y (MM (0),CN(0)) = vi(m(0),c(0)), a.s.
N—o0 N—oo

In words, this theorem states two important results. Firstly, as IV goes to infinity, the
reward of the stochastic system goes to the reward of its deterministic limit. Secondly, the
reward of the optimal policy under full information V¥ (M™(0), C™(0)) is asymptotically
the same as the reward obtained when applying to the stochastic system a sequence of
optimal actions of the deterministic limit, both being equal to the optimal reward of the
limit deterministic system, v}.(m(0), ¢(0)).

Proof. Let a* be a sequence of optimal actions for the deterministic limit starting at
m(0),c(0). Lemma 5.3 shows that limy_,c VY (MY (0),CN(0)) = va+(m(0),c(0)) =
v+(m(0), ¢(0)). This shows that

lim inf VN (MY (0),CN(0)) > lim inf VY (MN(0),CM(0)) = v (m(0), ¢(0))

Conversely, let 7¥ be an optimal policy for the stochastic system and Af:fN the

(random) sequence of action ATJYN (t) def aN(MN(t), CN(t)). This policy is suboptimal for
the deterministic limit: v,(m(0),c(0)) > VAN, (m(0),¢(0)). Using Proposition 5.4,

VN (M7(0),C¢M(0)) = VX (MY (0),CN(0))

IA

vav, (m(0),¢(0)) + E(N, )

77*

< 0.(m(0),¢(0)) + E(N,€))

where £(.,.) is defined as in Proposition 5.4 and €}’ & | (M7 (0),CN(0))—(m H
Since, imy_,00 E(N, €)' ) = 0, limsup o, V.V (MY (0), CN(0)) < vy (m(0),¢(0 ))

This result has several practical consequences. Recall that the sequence of actions
ay...ay_ is a sequence of optimal actions in the limit case, i.e. such that v« (m,c) =
vx(m, ¢). This result proves that as N grows, the reward of the constant policy ag, ..., a}_;
converges to the optimal reward. This implies that the difference between the reward
of the best complete information policies and the best incomplete information policies
vanishes. However, the state (M™(t), C™V(t)) is not deterministic and on one trajectory
of the system, it could be quite far from its deterministic limit (m(t), c(t)). Let us also
define the policy pf(m(t), c(t)) which is optimal for the deterministic system starting at
time ¢ in state m(t), c(t). The least we can say is that this strategy is also asymptotically
optimal, that is for any initial state M™(0), C™(0):

lim VY (MN( ), CN(O)): lim VY (MN(O), C’N(O)): lim v, (m(0),c(0)). (5.4)
N—o00 N—oo N—o00

In practical situations, using this policy in the original system will decrease the risk
of being far from the optimal state. On the other hand, using this policy has some
drawbacks. The first one is that the complexity of computing the optimal policy for all
states can be much larger than the complexity of computing a*. Moreover, the system
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becomes very sensitive to random perturbations and therefore harder to analyze: the
policy p* is not necessarily continuous and M, }]f , Cév may not have a limit. In Section 5.4,
a comparison between the performances of a* and p* is provided over an example and
we see that the performance of p* is much better, especially for small values of V.

5.3.3. Second order results

In this part we give bounds on the gap between the stochastic system and its deterministic
limit. This result provides estimates on the speed of convergence to the mean field limit.
These theorems have a flavor of central limit theorems in the sense that the convergence
speed towards the limit is of order 1/ V/N. This section contains two main results:

The first one is that when the control action sequence is fixed, the gap to the mean field
limit decreases as the inverse square root of the number of objects. The second result
states that the gap between the optimal reward for the finite system and the optimal
reward for the limit system also decreases as fast as 1/v/N.

Proposition 5.6. Under assumptions (A1,A2,A3,A4), there exist constants B, f; and
a sequence of constants e’ only dependent on the parameters of the system such that:

VNE (||(MY (1), CN (6))—(mn(t),ex(t)]] : €0') < B+ BVNey +¢  (5.5)
where :

o E(-:€)) designates the expectation knowing €l .

o &) (¥ (0),CV(0)) — (m(0), ¢(0))]|:

o (34, B, are defined by Bp =0, 5, =1 and for all t > 0:

Bi+1 = max{l, Ly} ((S +Lig+1)8:+ g) :

B£+1 = max{l,Lg}(S+LK+1)5£;

o There exists a constant C > 0 such that eJOV =0 and

log(N
ety = max{l, Ly} <(S+LK+1)eiV—I—C’ Ogjif )>

In particular, for all t: limy o el = 0.
Proof. See appendix 5.8.2. 0
An almost direct consequence of the previous result is the next theorem.

Theorem 5.7. Under assumptions (A1,A2,A3,A4), there exist constants v and ~' such
that if € || MN (0), N (0) — m(0), ¢(0)]|

e For any policy :

VN

VA (MY (0),CN(0)) ~ E (o}, (m(0),¢(0))) | <7 +'eb
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VN [V (MN(0), 0N (0)) = o (m(0), ¢(0))] < v+

This theorem is the main result of this section. The previous result (Theorem 5.5)
says that limsupy_,. VAN (MY (0),CY(0)) = limsupy_,o Va]g...aaﬁ 1(MN(O),CN(O)) =
vx(m(0),¢(0)). This new theorem says that both the gap between the cost under the
any policy for the original and the limit system and the gap between the optimal costs
for both systems are two random variables that decrease to 0 with speed v N. When
the parameters of the system are not Lipschitz but differentiable, this results can be
improved by showing that the term in 1/v/N has a Gaussian law (see Theorem 5.8).

Proof. For any policy 7, the expected reward of the stochastic system and the expected
reward of the deterministic limit under actions AY are:

T
VN (MY (0),cN(0) = > E (r (MY (1), CY (1))

E (vgg (m(0), c(O))) - ZT:E (r (mg (£), can (t))) :

The first part of the theorem comes directly corollary of Proposition 5.6 and the fact that
if X and Y are two stochastic variables,and f is a real function Lipschitz of constant L
then E (|f(X) — f(V)| < L|X - y])).

The second part is proved as Theorem 5.5 by bounding both part of the inequality (for
readability, the following equation is written suppressing the dependence in MV (0), cN (0)
and m(0), c(0)).

VN =sup V¥ =V <E (vANN> + (Y +7'e)/VN <o+ (v ++€))/VN,

where €} = | M7 (0), CN(0) — m(0), ¢(0)|| and 72 is the optimal policy of the stochastic
system of size N. The first inequality comes from the first part of this theorem, the
second from the fact that v, is the optimal reward of the deterministic system.

The other inequality is similar:

U = Vo SV + (V7€) VN SV + (v +4')) [V,
where a* is the sequence of optimal actions of the deterministic system. O

In the case where the parameter are differentiable and not just only Lipschitz, the
Proposition 5.6 can be refined into Theorem 5.8 which is a central limit theorem for the
states.

(A4-bis) Initial Gaussian variable — There exists a Gaussian vector Go of mean 0
with covariance T'g such that the vector v/ N((MN(0),CN(0)) — (m(0),c(0))) (with
S+d components) converges almost surely to Gjp.

(A5) Continuous differentiability — For all ¢ and all 7, j € S, all functions g, K;; and
r; are continuously differentiable.
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This differentiability condition is slightly stronger than the Lipschitz condition and is
indeed false in many cases because of boundary conditions. The initial state condition
is slightly stronger that (A4) but remains very natural. For example, if C™(0) if fixed
to some c(0) and if the initial states X{'... X ]]\\,[ of all objects are independent and
identically distributed (i.i.d.), then v N((M™N(0),C™(0))—(m(0),c(0))) converges in law
to a Gaussian variable G of the same covariance as X{" — this is just the multidimensional
central limit theorem, see for example Theorem 9.6 of Chapter 2 of [59]. The fact that we
assumed that the convergence holds almost surely rather that in law is just a technical
matter: we can replace the variables MV (0), C™V(0) by random variables with the same
law that converge almost surely.

Theorem 5.8. (MEAN FIELD CENTRAL LIMIT THEOREM) Under assumption (A1,A2,
A3,A4bis,A5), if the actions taken by the controller are ag...ap—1, there exist Gaussian
vectors of mean 0, Gy ...Grp_1 such that for every t:

VN((MY(0), CY(0)) = (m(0),¢(0)), ..., VN (1), CN (£)) = (m(t), (1))

£ Go, ..., G, (5.6)
Moreover if T'y is the covariance matrixz of Gy, then:
FtH:[PtFt]TF[PtFt]+[DtO} (5.7)
Q: | H; Q| H 01]0]"

where for all 1 < 4,5 < S and 1 <k, 0 < d: (P)ij = Kij(ag, c(t)),
(Qulkj = S5y mi e (ar, o)), (F)aw= 52 (musa, ot)), (Hi)we = J2(m(t), (1)), (Dr)j5 =
2im mi(B)ig(1 = (P)ig) and (D) je = = 325 ma(P)i(P)ae (57 k)-

Proof. The proof is done by induction on ¢. We show that each time step:

e a new Gaussian error independent of the past is created by the Markovian evolution
of the objects.

e Since all of the evolution parameters are differentiable, the Gaussian error of time
t is scaled by a linear transformation.

The proof is detailed in Appendix 5.8.3. O

5.3.4. Beyond square-root convergence

So far, we have proved that as N grows, the system gets closer to a deterministic one: if
at time ¢ the system is in state M (), then at time ¢ + 1, the state of the system is close
to MN(t)K(t). Moreover, we have shown that the optimal policy for the deterministic
limit is asymptotically optimal for the stochastic system as well and we give bounds for
the speed of convergence. The mean field central limit theorem (Theorem 5.8) shows
that MM (t 4 1) =~ MN(t)K(t) + \/%G(t). This should be an even better approximation
of the initial system. The purpose of this part is to show that this approximation is
indeed better than mean field, in the sense that it leads to an error on the reward of

ViogN . 1
order N instead of N

For any policy 7 and any initial condition MV (0), CV(0) of the original process, let us
define a coupled process MY (t),CN(t) in RS x R? as follows:
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f

o (MY(0),CN(0) <

e for ¢t > 0:

(MM(0), C¥(0))

MN(t+1) = MN)KAN(1),CN (1) + G (AN (1), CN (1))
CN(t+1) € g(CN (1), MN(t+1), AV (¢))

™

where AN (t) = &t (N (t),CN(t)) and Gila, CN(t)) is a sequence of i.i.d. Gaussian
random variables independent of all MY ('), CN(#) for ¢ < t, corresponding to
the error added by the random evolution of the objects between time ¢ and time

t + 1. The covariance of G¢(a,C) is a S x S matrix D(a,C) where if we denote

P; ¥ Kij(a,C), then for all j # k:

Djj(a,C) Zm@ (1 —P;;) and  Djg(a,C) ZmZPUPm

Notice that MY is not a positive measure anymore, but a signed element of R®. The
Lipschitz functions r; and g are originally only defined for positive vectors but can be
extended to R® x R? (theorem of Kirszbraun, [132]) with the same Lipschitz constants.

In the following, the process (M/Tjr\f(t), CN (1)) is called the mean field Gaussian approz-
imation of (MY (t),CXN(t)). As for the definition of V¥ (MY (0),C™N(0)), we define the
expected reward of the mean field Gaussian approximation by:

T
w2 (000" 0) -2 Yon (10.0200) ).
t=1

The optimal cost of the mean field Gaussian approximation starting from the point
(MN(O), CN(O)> is WN (MN(O), CN(O)> = sup, W (MN(0),CN(0)). The following
result shows that the Gaussian approximation is indeed a very accurate approximation
of the original system.

Theorem 5.9. Under assumptions (A1,A2,A3,A}), there exists a constant H indepen-
dent of MN,CN such that

(i) for all sequence of actions a =aj ...ap:

log(V)

’VaN(MchN)_WdN(MchN)’ SH N

(i)
VNN, V) - W Y, o) < g V)

Proof. The proof is detailed in Appendix 5.8.4. O
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Figure 5.1.: The routing system

5.4. Application to a brokering problem

To illustrate the usefulness of our framework, let us consider the following model of a
brokering problem in computational grids. There are A application sources that send
tasks into a grid system and a central broker routes all theses tasks into d clusters (seen
as multi-queues) and tries to minimize the total waiting time of the tasks. A similar
queuing model of a grid broker was used in [120, 32, 33].

Here, time is discrete and the A sources follow a discrete on/off model: for each source

Jje{l... A}, let (Y;(2)) 41 if the source is on (i.e. it sends a task between ¢ and ¢ + 1)

and 0 if it is off. The total number of tasks sent between ¢ and ¢+ 1 is Y () o > Y;(t).
Each queue i € {1...d} is composed of P; processors, and all of them work at speed
w; when available. Each processor j € {1...F,;} of the queue i can be either available

(in that case we set X;;(t) dof 1) or broken (in that case X;;(t) dof 0). The total number

of processors available in the queue i between ¢ and ¢ 4+ 1 is X;(¢) o > Xij(t) and we
define B;(t) to be the total number of tasks waiting in the queue i at time ¢. At each time
slot ¢, the broker (or controller) allocates the Y (¢) tasks to the d queues: it chooses an
action a(t) € 2({1...Y;}?) and routes each of the Y (¢) tasks to queue i with probability
a;(t). The system is represented figure 5.1. The number of tasks in the queue i (buffer
size) evolves according to the following relation:

Bi(t +1) = (Bilt) — mXit) +as()¥ (1)) (5.8)

The cost that we want to minimize is the sum of the waiting times of the tasks. Between
t and t + 1, there are ), B;(t) tasks waiting in the queue, therefore the cost at time ¢
is 1¢(B) def >; Bi(t). As we consider a finite horizon, we should decide a cost for the
remaining tasks in the queue. In our simulations, we choose rr(B) def > Bi(T).

This problem can be viewed as a multidimensional restless bandit problem where
computing the optimal policy for the broker is known to be a hard problem [1419]. Here,
indexability may help to compute near optimal policies by solving one MDP for each
queue [119, |. However the complexity remains high when the number of processors
in all the queues and the number of sources are large.

5.4.1. Mean field limit

This system can be modeled using the framework of objects evolving in a common
environment.
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e There are N < 4 + Zle P; “objects”. Each object can either be a source (of type
s) or a server (belonging to one of the queues, ¢; - - - q4), and can either be “on” or
“off”. Therefore, the possible states of one object is an element of S = {(z,¢e)|z €
{s,q1," "+ ,q4},e € {on, off}}. The population mix M is the proportion of sources in
state on and the proportion of servers in state on, for each queue.

e The action of the controller are the routing choices of the broker: a4(t) is the probability
that a task is sent to queue d at time t.

e The environment of the system depends on the vector B(t) = (Bi(t) ... Bg(t)), giving
the number of tasks in queues qi,...qq at time . The time evolution of the i-th
component is

Bi(t+1) = gi(B(t), MY (t 4 1),a(6) < (Bilt) — maXilt) + as()¥Y (1))

The shared environment is represented by the context C (t) o (BlT(t) . BdT(t)).

e Here, the transition kernel can be time dependent but is independent of a¢ and C.
The probability of a object to go from a state (z,e) € Sto (y,f) € Sis0if x # y (a
source cannot become a server and vice-versa). If x =y then K, on) (20 (a, C)(t) as
well as K(; off),(z,0n) (@, C)(t) are arbitrary probabilities.

Here is how a system of size N is defined. A preliminary number of sources Ag as well
as a preliminary number P; of servers per queue is given, totaling in Ny objects. For
any N, a system with NV objects is composed of [AgN/Ny| (resp. |P,N/Ny]) objects
that are sources (resp. servers in queue 7). The remaining objects (to reach a total of N)
are allocated randomly with a probability proportional to the fractional part of A/Ny
and P;N/Ny so that the mean number of objects that are sources is A/Np and the mean
number of objects that are servers in queue i is P;N/Ny. Then, each of these objects
changes state over time according to the probabilities K, ,(a, C)(t). At time ¢t =0, a
object is in state “on” with probability one half.

One can easily check that this system satisfies Assumptions (A1) to (A4) and therefore
one can apply the convergence Theorem 5.5 that shows that if using the policies a* or
w*, when N goes to infinity the system converges to a deterministic system with optimal
cost. An explicit computation of the policies a* and p* is possible here and is postponed
to Section 5.4.2. Also note that Assumption (A4-bis) on the convergence of the initial
condition to a Gaussian variable is true since the random part of the initial state is
bounded by % and VN % goes to 0 as IV grows.

5.4.2. Optimal policy for the deterministic limit

As the evolution of the sources and of the processors does not depend on the environment,
for all i, ¢, the quantities u; X;(¢) and Y (¢) converge almost surely to deterministic values
that we call x;(t) and y(t). If y;(¢) is the number of tasks distributed to the ith queue at
time ¢, ¢;(t + 1) = (¢;(¢) + yi(t) — 2;(t))T. The deterministic optimization problem is to
compute
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Let us call w;(t) the work done by the queue i at time ¢: w;(t) = ¢;(t)—c;(t—1)+y;(t—1).
The sum of the size of the queues at time ¢ does not depend on with queue did the job
but only on the quantity of work done:

Zci(t) = Zcz-(O) = > wilt).

i=1 i=1 u<t,i

Therefore to minimize the total cost, we have to maximize the total work done by the
queues. Using this fact, the optimal strategy can be computed by iteration of a greedy
algorithm. See [69] for more details.

The principle of the algorithm is the following.

1. The processors in all queues, which are “on” at time ¢ with a speed p are seen as
slots of size pu.

2. At each time ¢, y(¢) units of tasks have to be allocated. This is done in a greedy
fashion by filling up the empty slots starting from time ¢. Once all slots at time
t are full, slots at time ¢ + 1 are considered and are filled up with the remaining
volume of tasks, and so forth up to time 7.

3. The remaining tasks that do not fit in the slots before T" are allocated in an arbitrary
fashion.

5.4.3. Numerical examples

We consider a simple instance of the resource allocation problem with 5 queues. Initially,
they have respectively 1,2,2,3 and 3 processors running at speed .5,.1,.2,.3 and .4
respectively. There are 3 initial sources and the time horizon T" equals 40. The transition
matrices are time dependent and are chosen randomly before the execution of the
algorithm — that is they are known for the computation of the optimal policy and are
the same for all experiments. We ran some simulations to compute the expected cost of
different policies for various sizes of the system. We compare different policies:

1. Deterministic policy a* — to obtain this curve, the optimal actions ag...a%}_; that
the controller must take for the deterministic system have been computed. At time
t, action af is used regardless of the currently state, and the cost up to time 7" is
displayed.

2. Limit policy p* — here, the optimal policy p* for the deterministic case was first
computed. When the stochastic system is in state (MY (t),CN(t)) at time ¢, we
apply the action uf (MY (¢),CN(t)) and the corresponding cost up to time 7T is
reported.

3. Join the Shortest Queue (JSQ) and Weighted Join the Shortest Queue (W-JSQ) —
for JSQ, each task is routed (deterministically) in the shortest queue. In W-JSQ, a
task is routed in the queue whose weighted queue size B;/(u; X;) is the smallest.

The results are reported in Figures 5.2 and 5.3.

A series of several simulations for with different values of N was run. The reported
values in the figures are the mean values of the waiting time over 10000 simulations for
small values of N and around 200 simulations for big values of V. Over the whole range
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Figure 5.2.: Expected cost of the policies a*, u*, JSQ and W-JSQ for different values of
N.

for N, the 95% confidence interval is less than 0.1% for the expected cost — Figure 5.2 —
and less than 5% for the central limit theorem — Figure 5.3.

Figure 5.2 shows the average waiting time of the stochastic system when we apply the
different policies. The horizontal line represents the optimal cost of the deterministic
system v*(mq, co) which is probably less than V,Y(M(0), C(0)). This figure illustrates
Theorem 5.5: if we apply a* or p*, the cost converges to v, (m(0), c(0)).

In Figure 5.2, one can see that for low values of N, all the curves are not smooth.
This behavior comes from the fact that when NN is not very large with respect to Ny,
there are at least LN%AJ (resp. LNﬂUPZj) objects that are sources (resp. processors in
queue i) and the remaining objects are distributed randomly. The random choice of the
remaining states are chosen so that E (AN ) = NﬂoA, but the difference AN — NNy A may
be large. Therefore, for some N the load of the system is much higher than the average
load, leading to larger costs. As N grows, the proportion of remaining objects decreases
and the phenomena becomes negligible.

A second feature that shows in Figure 5.2, is the fact that on all curves, the expected
waiting times are decreasing when N grows. This behavior is certainly related to Ross
conjecture [126] that says that for a given load, the average queue length decreases when
the arrival and service processes are more deterministic.

Finally, the most important information on this figure is the fact that the optimal
deterministic policy and the optimal deterministic actions perform better than JSQ and
weighted JSQ as soon as the total number of elements in the system is over 200 and 50
respectively. The performance of the deterministic policy a* is quite far from W-JSQ and
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Figure 5.3.: Speed of convergence of the policies X = a* or p* for different values of N.

JSQ for small values of N, and it rapidly becomes better than JSQ (N > 30) and W-JSQ
(N > 200). Meanwhile the behavior of x* is uniformly good even for small values of N.

Figure 5.3 illustrates Theorem 5.7 which says that the speed of convergence towards
the limit is of order v/N. On the y-axis, v/N times the average cost of the system minus
the optimal deterministic cost is plotted. One can see that the gap between the expected
cost of the policy p* (resp. a*) and the deterministic cost v, (m(0), ¢(0)) is about 250/v/ N
(resp. 400/+/N) when N is large. This shows that the speed of convergence of 1/v/N is a
tight bound. This should be an upper bound on the constant ¢ defined in Equation (5.7).

Besides comparing a* and p* to other heuristics, it would be interesting to compare it
to the optimal policy of the stochastic system, whose cost is V.V (M(0), C(0)). One way
to compute this optimum would be by using Bellman fixed point equation. However to
do so, one needs to solve it for all possible values of M and C. In this example, C can
be as large as the length of the five queues and each object’s state can vary in {on,off}.
Therefore even with NV = 10 and if we only compute the cost for queues of size less
than 10, this leads to 2V10° ~ 108 states which is hard to handle even with powerful
computers.

5.5. Extensions and Counter-Examples

This part is devoted to several extensions of the previous results as well as to some
counter-examples showing the limitations of the mean field model.
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5.5.1. Object-Dependent Actions

Up to now, we have assumed that the controller takes the same action for all objects.
Here, we show that our framework can also be used in the case where the controller can
take a different action for each object, depending on its state but also on the object itself.

For that, we consider the following new system. The state of the system is the states
of the N objects XN (t) = (X (t)... X{(¢)) and the state of the context. At each time
step, the controller chooses an N-uple of actions a;...ay € A and uses the action a; for
the ith object. We assume that A is finite. The reward and the evolution of the context
is defined as before and we call VX (XN (0),CN(0)) the optimal reward of this system
over a finite horizon [0; T] where od stands for “Object-Dependent”-actions.

As before, MY (0) = ©f N Z 1 0x N (0) is the empirical measure of X N(0). We consider

our original problem in which we replace the action set A by 2(A)°. An action is a
S-uple (p1...ps). If the controller takes the action p, then an object in state i will
choose an action a according to the distribution p and evolves independently according
to K(a,C).

Compared to the problem in which the action sent is object-dependent, the action of
the controller in the latter case is more constrained since it can not choose which object
or even the exact number of objects receiving a particular action. However, as we see
in Proposition 5.10, this difference collapses as N grows. Other results, such as second
order results, also hold.

Proposition 5.10. If g, K, A, MN( ), CN(0) satisfy assumptions (A1,A2,A3,A4), then
the object-dependent reward VX, gx converges to the deterministic limit:

im Vo (XY(0),CY(0)) = lim V¥ (MY(0), CY(0)) = v (m(0), (0))

N—o0
where the deterministic limit has an action set P(A).

Sketch of proof. To each N-uple a = a;...ay € AV and each vector XV € SV, we
associate a S-uple of probability measures on the set A defined by

def
(pa,XN)i = Z 1XN—z5an
Z 1XN71/ n=1

For b € A, (p, x~)i(b) represents the average number of objects in state i that received
the action b.

One can show that starting from XV (t), CN(¢) and applying action a or Pa,xN(#) both
lead to the same almost sure limit for (MY (¢ + 1), C¥(¢ + 1)). Then one can show
by induction on the time-horizon T that the reward under a fixed sequence of action
VN (XN(0),CN(0)) is asymptotically equal to V¥ (MY (0),CN(0)).

Then remarking that (Z2(A))S also satisfies hypothesis (A2) and (A3) — it is compact
and the mappings g, K and r are uniformly continuous if p, € #(A) — we can apply the

rest of the results and show that the reward converges to the deterministic counterpart. [

5.5.2. Infinite horizon discounted reward

In this section, we prove first and second order results for infinite-horizon discounted
Markov decision processes. As in the finite case, we will show that when N grows large,

96



5.5. Extensions and Counter-Examples

the maximal expected discounted reward converges to the one of the deterministic system
and the optimal policy is also asymptotically optimal. To do this, we need the following
new assumptions:

(A6) Homogeneity in time — The reward r; and the probability kernel K; do not
depend on time: there exists r, K such that, for all M, C,a r(M, C) = r(M, C) and
Ki(a,C) = K(a,C).

(A7) Bounded reward - supy ¢ 1(M,C) < K < oo.

The homogeneity in time is clearly necessary as we are interested in infinite-time
behavior. Assuming that the cost is bounded might seem strong but it is in fact very
classical and holds in many situation, for example when C is bounded. The rewards are
discounted according to a discount factor 0 < ¢ < 1: if the policy is 7, the expected total
discounted reward of 7 is (0 is omitted in the notation):

VNN (0), C dﬁfEﬂza“MN ,CN (1))

Notice that Assumption (A7) implies that this sum remains finite. The optimal total
discounted reward V.V is the supremum on all policies. For T' € N, the optimal discounted
finite-time reward until 7' is

T

VAL(M(0),C(0) = sup E™(Y 8" 1r(M(1), C(1))).

i t=1

As r is bounded by K < oo, the gap between VT]\i and V.V can be bounded independently
of N,M, C:
5T+1

1—-46

[VAOM,C) - VNMO)| <K Y o=
t=T+1

(5.10)

In particular, this shows that VA converges uniformly in (M, C) and N to V.V as T goes
to infinity:

lim sup |VT* (M, C) — V.V (M, C)’ =

T—o0 N,M,C
Equation (5.10) is the key of the following analysis. Using this fact, we can prove the
convergence when N grows large for fixed T" and then let 7' go to infinity. Therefore with
very few changes in the proofs of Section 5.3.2, we have the following result:

Theorem 5.11. (OPTIMAL DISCOUNTED CASE) Under assumptions (A1,A2,A8,A4,AG,
A7), as N grows large, the optimal discounted reward of the stochastic system converges
to the optimal discounted reward of the deterministic system:

lim V,N(MY,CN) =45 va(m, ),

N—oo

where vi(m, c) satisfies the Bellman equation for the deterministic system:

ve(m,c) =r(m,c) + (5223 {v*(@a(m, c))}
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The first order of convergence for the discounted cost is a direct consequence of the
finite time behavior convergence. However, when considering second order results, similar
difficulties as in the infinite horizon case arise and the convergence rate depends on the
behavior of the system when T goes to infinity.

Proposition 5.12. Under assumptions (A1,A2,A3,A4,AG,A7) and if the functions
¢ — K(a,c), (m,c) = g(e,m,a) and (m,c) — r(m,c) are Lipschitz with constants

Li,Ly and L, satisfying max(1,Ly)(S + Lk + 1)§ < 1, the constants H . > 0B

and H' ' L, >, 08) yield

Jim VN[V (MY(0), CY(0)) = va(m(0), ¢(0))]| < H + H'VNe!
where €l o H (MM (0),CN(0)) — (m(0), C(O))H and B¢ and [, are defined in Proposition
5.0.

Proof. (sketch) This result is a direct consequence of Proposition 5.6 and can be proved
similarly to Theorem 5.7. In particular, it uses the fact that in Equation (5.5) of

Proposition 5.6,
VIE ([| (MY (1), 6N (1) = (may @) cay @) |)) < B0+ VN +el, (5.11)

the growth of the constants B; and 3, and el¥ is bounded by a factor max(1, L,)(S +
Lk +1). O

Example 1. This ezample is a system without control. We show that even in this
simple case, Y,_o 6"V N (r(M¥ (t)) — r(m(t))) does not converge if § does not satisfy the
assumptions of Proposition 5.12. The system is defined as follows:

e The state space is S = {0,1} and the context is C(t) def MY () (C is the mean

number of particles in state 0). Therefore the interesting process is C(t).

e For any object, the probability of going to state 0 is f(C) (independent of the state)
where f is a piecewise linear function with f(0) = f(a) =0 and f(1—a) = f(1) =1
for a number a < % The transition function is depicted on the left of Figure 5.4 (a).

e The starting point is M{Y(0) = C(0) = 3.
o The reward function is r(M, C) = ’C — 3.

The deterministic limit of MY starting in % s constant equal to % Therefore, the gap
between the discounted reward of the stochastic system and the discounted reward of the
limit normalized by VN is Y52 6"V N |[CN(t) — 3|.

The process CN(t) — % is quite complicated. However for any finite horizon [0;T],
if N is large enough, CN(t) — % is close 0 with high probability. During this time,
VN(CN(t) — 3) is close to the process (YN (t))ien where YN (t) is defined by YN(0) =0
and X{YH = LX} + Gy where L is the Lipschitz constant of f, L def ﬁ, and Gy are
ii.d Gaussian variables of mean 0 and variance 1/4. As sum of ii.d Gaussian variables,

XN is a Gaussian variable of variance Zﬁ;é L% =% IZQL:ft Therefore, if 6 > 1/L,
E <Zf;é ot }XtND goes to +00 as t goes to infinity. By choosing T large enough, this

shows that 352, 5'V'N |CN(t) - %‘ is not bounded as N grows.
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Figure 5.4.: The transitions functions of Examples 1, 2 and 3 (from left to right). On
each figure is draw the probability for an object to go in state 1 as a function
Mév for the different actions.

5.5.3. Average Reward

The discounted problem is very similar to the finite case because the total reward mostly
depends on the rewards during a finite amount of time. Here, we consider another
infinite-horizon criterion, namely the average reward. The optimal average reward is (if
it exists')
VA, = Jim ZVr(M(0),C(0)).

T—o0 T’

This raises the problem of the exchange of the limits N — oo and T" — oco. Consider a
case without control with two states S={0;1} and C(¢) is the mean number of objects in
state 1 (C(t) = (M(¢))1) and with a function f:[0; 1]—[0; 1] such that the transition kernel
K is K;1(C) = f(C) for i € S. If MY(0) 2% my then for any fixed ¢, MY (¢) converges
to f(f(... f(m(0))...)). However, in general we may have lim; o limy_0o MY (t) #
limpy o0 limy_y0o MY (#). For example if f(x) = x, the deterministic system is constant
while the stochastic system converges almost surely to a random variable (as a bounded
Martingale) that only takes values in {0;1}. In some situations, such as Example 2, the
optimal policy of the deterministic limit differs from the optimal policy for the stochastic
system.

Example 2. We consider a similar example as Fxample 1: there are two states and
cN = Mév (the proportion of objects in state 0). We consider two possible actions, say 1
and 2, corresponding to a probability to go from any state to 0 equal to f1(C) and f2(C)
respectively, defined by (see Figure 5./(b)).

L4 fl(C) =0.
o fo is piecewise linear with f2(0) = 0.2, f(0.1) = 0, f2(0.8) =1, f2(1) = 1.

The reward function is r(C) = |C — 0.1].

For the deterministic system, applying action 1 always makes the system converge to (
while applying action 2 makes the system converge to .2 if we start in [0;0.5) and 1 in
(0.5;1]. Therefore, if we start in [0;.5), the average reward of the deterministic system is
mazximized under action 1 (it gives 0.1).

For the stochastic system, applying action 1 makes the system converge to 0. However,
applying action 2 makes the system converge to 1: there is a small but positive probability

'If it does not exist, one may replace this limit by limsup or lim inf.
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that MY goes to something greater than 0.8 at each step which makes the system go to 1.
Therefore, if we start in [0;.5), it is better to apply the action 2, which is different from
the optimal policy of the limit.

In the case without control, Proposition 5.13 gives the condition under which the
ergodic behavior of the system with N finite converges to the asymptotic behavior
of its deterministic limit. This result is similar to the classical results of stochastic
approximation theory concerning differential equations limit (see [17] for example).
However, no general results for the controlled problem is presented here since the
condition to apply theses results are too restrictive to be applied in practical situations
(see Example 3) for an example where many assumptions are verified but where we
cannot exchange the limits.

Let us assume that the context C is bounded (from above and from below). This
implies that the couple (M, C) lives in a compact set B C R¥*4, Let f, : B — B denote
the deterministic function corresponding to one step of the evolution of the deterministic
limit under action a. The definition of f, is given by Equation (5.2):

m' = m-K(a,c)

fa(m,c) = (m', ) with { ¢ = glema).
We say that a set H is an attractor of the function f, if

lim sup d(f;(x), H) =0,

t—o00 xEB

where d(z, H) denotes the distance between a point z and a set H and f!(x) denotes t

iterations of f, applied to x: fi(x) = fo(fa(-.. fu(x))).
The following proposition shows that as t goes to infinity and N goes to infinity,

(MN(t),CN(t)) concentrates around the attractors of f,.

Proposition 5.13. Under assumptions (A1,A2,A3), if the controller always chooses
action a then for any attractor H of f, and for all € > 0:

lim limsup P (d (MY (¢),CN(t)),H) >¢€) =0

N—oo t—oo

Proof. Let € > 0. Since H is an attractor, there exists T such that

sup d(fq (x), H) < ¢/2.
xeH

For all ¢ € N, using the triangular inequality, we have
dXN(+T), H) < || XNt +T) = fT (XN@)|| +dfa (XN (), H).

By Theorem 5.1, the first part of this inequality is less than Ep(d,0) with probability
greater than exp(—2Né§?). Moreover, Er(8,0) converges to 0 as & goes to 0. Therefore,
there exists d such that £r(0,0) < €/2. This implies that for such ¢ and all ¢ > 0,

P(AXN(t+T),H) > e) <275 exp(—2N4?),

which goes to 0 as IV goes to infinity. O
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We say that a point z is an attractor of f, if {x} is an attractor of f,. As a direct
corollary of Proposition 5.13, we have:

Corollary 5.14. If the function f, has a unique attractor (muo, Coo), then

lim sup H (MN(t), CN(t)) — (Moo, COO)H — 0 in probability.
t—r00

In the controlled case, there is no simple positive result under assumptions that are
easy to check in practice. In particular, assuming that all f, have the same attraction
point, does not ensure that the average reward converges to its deterministic counterpart
as Example 3 shows.

Example 3. As in the example 1, we consider a system with 2 states where CN = Mév 18
the proportion of objects in state 0. The only difference here is that there are two possible
actions 1 and 2, corresponding to a probability of transition from any state to 0 of f1(C)
and fo(C). Both f1 and fy are piecewise linear functions taking the values:

e fi(x) =0.8 forz <0.2, 0.5 for x > 0.4;
o fo(x) =0.5 for x < 0.6, 0.2 for x > 0.6.

Figure 5./ (c) shows the transition functions. The reward is set to |CN —1/2|.

Both f1 and fa have the same attractor, equal to {1/2}. Moreover, one can prove
that under any policy, im0 limy oo MY (t) will converge to 0.5, leading to an average
reward of 0 regardless of the initial condition. However, if the deterministic limit starts
from the point CN(O) = .2, then by choosing the sequence of actions 1,2,1,2... the
system will oscillate between 0.2 and 0.8, leading to an average reward of 0.3.

This is caused by the fact that even if fi and fo have the same unique attractor, fio fa
has 3 accumulation points: 0.2,0.5 and 0.8.

5.6. Computational issues

Throughout the chapter, we have shown that if the controller uses the optimal policy u*
of the deterministic limit of the finite real system, the expected cost will be close to the
optimal one (Theorem 5.5). Moreover, Theorem 5.7 gives a bound on the error that we
make. However to apply these results in practice, a question remains: how difficult is it
to compute the optimal limit policy?

The first answer comes straight from the example. In many cases, even if the stochastic
system is extremely hard to solve, the deterministic limit is often much simpler. The best
case of course is, as in the example of Section 5.4, when one can compute the optimal
policy. If one can not compute it, there might also exist approximation policies with
bounded error (see [37] for a review on the subject). Imagine that a 2-approximation
algorithm exists for the deterministic system, then, Theorem 5.5 proves that for all e, this
algorithm will be a (2+¢)-approximation for the stochastic system if IV is large enough.
Finally, heuristics for the deterministic system can also be applied to the stochastic
version of the system.

If none of this works properly, one can also compute the optimal deterministic policy
by “brute-force” computations using the equation

Ut.7+(m, ¢) = (M, ¢) + sup v 14 (Pa(m, €)),
a
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where vy, 7. denotes the optimal reward of the deterministic limit over finite horizon
{t...T}. In that case, an approximation of the optimal policy is obtained by discretizing
the state space and by solving the equation backward (from ¢ =T to t = 0), to obtain
the optimal policy for all states. The brute force approach can also be applied directly
on the stochastic equation using:

Vt{Y.T*(Mu C) = rt(M7 C) + SU§E (Vt]—?-flT* ((I)sz(Mv C))) .
ac

However, solving the deterministic system has three key advantages. The first one is that
the size of the discretized deterministic system may have nothing to do with the size of
the original state space for N objects: it depends mostly on the smoothness of functions
g and ¢ rather than on N. The second one is the suppression of the expectation which
might reduce the computational time by a polynomial factor! by replacing the |2y (S) |
possible values of Mt]il by 1. The last one is that the suppression of this expectation
allows one to carry the computation going forward rather than backward. This latter
point is particularly useful when the action set and the time horizon are small.

5.7. Conclusion and future work

In this chapter, we have shown how the mean field framework can be used in an
optimization context: the results known for Markov chains can be transposed almost
unchanged to Markov decision processes. We further show that the convergence to the
mean field limit in both cases (Markovian and Markovian with controlled variables)
satisfies a central limit theorem, providing insight on the speed of convergence. In the
next chapter, we consider the case of stochastic systems where the event rate depends on
N. in that case, the deterministic regime is given by differential equations.

5.8. Appendix: proofs

5.8.1. Proof of Theorem 5.1 (controlled mean field)

Let UZ-]XL (t) be a collection of i.i.d. random variables uniformly distributed on [0;1]. Let
7= {m : P(S) x R? = a} be a policy. The evolution of the process (MN(t), CN(t)) can
be defined as follows:

1S NMN(t)

N

MY(E+1) = 53 Y Ly (ay@).0N 0)<UN, ()< Hiy 4 (AN (0.0 (1)
=1 n=1

CN(t+1) g(CN (), MN(t +1), AN (1))

where Hyj(a,C) % S Kyp(a, C) and AN () € m, (MY (1), CV (1)),

def .. .
Let BZ]X] = 1H¢j(A-,rN(t%CN(t))SUi]Yn(t)SHij+1(Afrv(t),CN(t))' (B%j)i:nvN are 1.i.d. Bernoulli
|AN(t) = a,CN(t) = c) = Kjj(a,c). Therefore, by

random variable with mean E (B%j

'The size of Py (S) is the binomial coefficient (N+1+S,S) ~N— 0o NT?
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Hoeffding’s inequality (Inequality 2.3 of [3%]), we have:

NMP ()
N N N N 2
P nZ::l Bip;(t) = NM;" (t) K5 (Ar (t),C7(t))| > Ne §26xp(—2me)
< 2exp(—2Né?)  (5.12)
Therefore, the quantity ’Z 40 Bang< ) — NMN(t)K,;j(AN(t),CN(t))] is less than Ne

for all 4, with probability greater than 1 — 252 exp(—2N¢?). If this holds for all i, j
and if ||(MN(2), CN(t)) — (m(t), c(t))|| < &, then for all 1 < j < S, the gap at time ¢+ 1
between the ]th component of M~ (M]N(t +1)) and m (m;(t+1)) is:

X 1) -4 = S+ Z BN, (6) = mi(t) Kig (AN (1), (1))
=1
S 1 NMN (¢
= ZN Z Bm] NMN( )KZ](AN<t>7CN(t))
+ 1N () = ma®) | Kig (AN (1), CV (1))

< Se—f—Set—{—LKet—}—SLKef. (5.13)

where we use (5.12) for the first part of the inequality, the fact that K;; < 1 for the

second and the fact that Z ~_;mi(t) =1 and that K is Lipschitz with constant Ly for
the third one.

Moreover, using the fact that g is Lipschitz with constant L, (||g(c, m, a) — g(¢/,m/,a)|| <
Ly |l(c,m) — (¢, m')||), we have

[CN(t+1)—ct+1)|| = [g(CN(t), MN(t),a) — g(c(t), m(t),a)||

L, max(et, Se+ Se; + Lies + SLKG%)
Lg(SG + Sét + LKet + SLKef).

This implies that

H(MN(t—i—l), CN(t+1)) — (c(t+1), m(t+1))|| (Se + Se; + Licer + SLicer) max(Lgy, 1)

<
< et (e | MY(0), CF(0) = m(0),c(0)]]) ,

where

i1 (€,0) = (Se F (24 Lr) & (e,8) + L& (e, 5)2) max(1, L,).

By a direct induction on ¢, this holds with probability greater than 2(¢+1)S5? exp(—2N¢?).
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5.8.2. Proof of Theorem 5.6 (second order result)

We are interested in comparing the behavior of (MY (t),CN(t)) and (man (1), can(t))
where AY is the sequence of actions taken by the controller under policy 7 (AY is
a random variable depending on the values of (M (t),CN(t))) and (m v (t), can(t))
corresponds to the value of the deterministic limit when the controller apply the sequence
of action A,TN . In order to improve the readability, we suppress the indexes w and
AN Variables M (t),CN(t), man (t), can (t) will be denoted MN(t),CN(t), m(t), c(t),
respectively.
We will show Equation (5.5) by induction on ¢. Let us first recall that Equation (5.5)
is:
VNE (|[(MY (1), CN (1)) = (m(t),c(t)]]) < B: + BiVNe) +1+¢,
def
where eév = E (H (MN(O),CN(O)) — (m(O),c(O))H)
For t = 0, it is satisfied by taking 3; = 0, 8 = 1 and ¢V (0) = 0.
Assume now that Equation (5.5) is true for some ¢ > 0. Let PV (¢) = ey K(AN(t),CN (1))

and p(t) = o K(AN(t),c(t)). PN(t) corresponds to the transition matrix at time ¢ of the ob-
jects in the system of size N, p(t) is its deterministic counterpart. ||[MN (¢t + 1) —m(t + 1)||
can be decomposed in:

| MY (t+1) = m(t+1)]| < [|MN(¢+1) — MV (&) PN (2)|
+[|(MN () = m(1)) PN (1)

+[m(®) (PY (1) = p®)|

The central limit theorem shows that v N (MY (t+ 1) — M™ (t)PN(t)) converges in law
to a Gaussian vector of mean 0 and covariance D where D is defined in Equation (5.15).
Moreover, by Lemma 5.18, there exists a constant ag > 0 such that

S
E (|MY(t+1) = MN 6PN @)])) < Y VNE (MY (t+1); — (MY () PN (1))

log(N )

/ log(NV)
mzng ng N
log
(5.14)

The other terms can be bounded using similar ideas as for proving Equation (5.13) in
the proof of Theorem 5.1. Since p;; < 1 and 25:1 m;(t) = 1, we have for all 1 < j < S:

Il
M-

1

-.
I

<

1\3\0:

AV (1) = m(0) PX )], < 3 (MY (@) = m(0)], PY (0) < S || MY (2) — m()

; (5.15)

S
m(t) (PY(t) = p(t)) [, < D my(t) [P (1) = pig ()] < L [|OV (1) —e®)]] . (5.16)
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Combining Equations (5.14), (5.15) and (5.16), we get

VNE (HMN(t +1)—mt+1)) < g +(S+ Lk) H(MN(t), cN(t)) — (m(t),c(t))]|
+ a2 log]E[N).

Since CN(t + 1) = g(CN(t), MN(t),a) where (c,m) + g(c,m,a) is a deterministic
Lipschitz function with constant L,, we have:

HC’N(t—l—l)—c(t-i-l)H LgmaX(HMN(t—f-l)—m(t—i—l) , CN(t)—c(t)H)
Ly (|MN(t+1) —m(t+ 1] + [|CV (@) — c@®)]])
< L <§ +(S+ L+ 1) |[(MN(t),CN (1)) — (m(t), c(t)) ||

<
<

Using the induction hypothesis, this implies that

VNE (||(MN (¢ +1), V(¢ +1)) = (m(t+1),c(t + 1))

S log(N
< max{1, L,} (2 +(S+ Lk +1) (B + Bied +e) +as gjif )> .
5.8.3. Proof of Theorem 5.8 (mean field central limit theorem)
We first start by a technical lemma.
Lemma 5.15. Let MY be a sequence of random measures on {1,...,S} and PN q
sequence of random stochastic matrices on {1,..., S} such that (MY, PN) 225 (m, p).

Let (Ui)i<i<sk>1 be a collection of ii.d. random wariables following the uniform
distribution on [0;1] and independent of PN and MY and let us define YV such that for
all1 <5 <8,

s NMY

S 3D
YJ N 121<jPiIlV<Uik§Zz§jPi]lv'
=1 k=1

Then there exists a Gaussian vector G independent of MY and PN and a random variable
ZN with the same law as Y such that

VN(ZN - MV PNy 22 G,
Moreover the covariance of the vector G is the matrix D:

Dj; = > ;mipij(1 — pij)
{ D, = =, mipijpik (J #k). (5.17)

Proof. As (MY, PN) and (Ui)1<i< s,k>1 are independent, they can be viewed as functions

on independent probability space  and €. For all (w,w’) € QxQ, we define X2 (w') o

VNN (w,w") = MY (w)PN(w)).
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By assumption, for almost all w € Q, (M (w), PV (w)) converges to (m,p). A direct
computation shows that, when N grows, the characteristic function of X/Y converges
to exp(—%fTDf). Therefore for almost all w, X2 converges in law to G, a Gaussian
random variable on €.

Therefore for almost all w, there exists a random variable Yﬁf with the same law as
X2 that converges w’-almost surely to G(w’) (see [79] for details on that representation).
Let ZN(w,w) = o MY (w) PN (w) + %Yﬁ(w’) By construction of YZUV, for almost all w,
ZN(w,.) has the same distribution as YV (w) and vVN(ZN — YN PN) @705 G Thus
there exists a function Z" (w,.) that has the same distribution as YV (w) for all w and
that converges (w,w’)-almost surely to G. O

We are now ready for the proof of Theorem 5.8.

Proof. Let us assume that the Equation (5.6) holds for some t > 0.
As VN ((MN, CN)(t)—(m, ¢)(t)) converges in law to G, there exists another probability

space and random variables M~ and C with the same distribution as M® and C" such
that \/N((MN,GN)(t) — (m, ¢)(t)) converges almost surely to Gy [59]. In the rest of the
proof, by abuse of notation, we will write M and C instead of M and C and then we
assume that v N (MM (), CN(t)) — (m,c)(t)) == Gy.

G; being a Gaussian vector, there exists a vector of S+d independent Gaussian variables
U= (uy,.. Us+d) and a matrix A of size (S+d)x(S+d) such that G = AU.

Let us call PN = K(at, CN(t)). According to lemma 5.15 there exists a Gaussian
variable H; independent of G; and of covariance D such that we can replace M” (¢ + 1)

(without changing M™ (¢) and C¥(¢)) by a random variable MN(L‘ + 1) with the same law
such that:
VNOM(t+ )Y =M@V PN 22 |,y (5.18)

In the following, by abuse of notation we will also write M instead of M. Therefore we
have

VNN (E+1) = m(t)B) = VN (M(t+1) = MY (PN + m(t) (B - P)+
(MY (8) = m(t) P, + (MY (£) = m(6) (P ~ )
25 Hy 4+ m(t) Jim VN(PN - P) + Jim VN VN(MN (t) — m(t)) P

By assumption, lim v N (MY (¢) — m(t)); = (AU);. Moreover, the first order Taylor
expansion with respect to all component of C gives a.s.

s d
i m(OVN(PN = P); =Y ma(t Z (ar, () (XU) g4
> i=1 k=1 St
d
= ) Qi(AU)s

Thus, the jth component of v N(MY (¢ + 1) — m(t)P;) goes to

d s
Hy+ ) Quj(AU)syr + Y (AU)P; (5.19)
k=1 i—1
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Using similar ideas, we can prove that v/ N(CY (¢ + 1) — cx(t + 1)) converges almost
surely to 377§ (AU); + Y0 %(AU)S+4. Thus VN (MY (t41), CN(t+1)) — (m(t+
1),c(t +1))) converges almost surely to a Gaussian vector.

Let us write the covariance matrix at time ¢ and time ¢t + 1 as two bloc matrices:

A O A O
Ft:[ﬁjﬁ} andft“:[a C’]'

For1<j,5/ <8, A;-J, is the expectation of (5.19) taken in j times (5.19) taken in j'.
Using the facts that

E ((AU)544(AU)s1) = Coae, E(AU)s4(AD)) = O and E (AU)(AU)s) = Mgy,
this leads to:

A;J, =E (HJHJ/> + Z Qk‘ij’j’Ckk’ + Z ijOi/kPi/j/
kK’ ki’
i,k i

= Djj+(QTCQ) jj+(QTOT P)jj+(PTOQ) jj+(PTAP) ;.

By similar computation, we can write similar equations for O’ and C’ that lead to
Equation (5.7). O

5.8.4. Proof of Theorem 5.9 (third order results)

In order to prove Theorem 5.9, we start with a result on the sharpness of the approximation
of the sum of Bernoulli random variable by a Gaussian distribution (Lemma 5.16).
Let B; be independent Bernoulli random variables (i.e P(B; = 1) =1—P(B; =0) = p)

and let YV = % Zf\il B;. We know that in a sense, Y is close to ZV = p + ﬁG with

G a normal random variable of variance o2 = E ((Xo - p)2). We want to compute an
asymptotic development of the quantity:

dy =|E(f (YY) —E(f (2"))]

where f is a Lipschitz function of Lipschitz constant L. The quantity dy is called the
Wasserstein distance between Y and ZV.

Let Fy, : R — [0 : 1] and F), be respectively the CDF (Cumulative Distribu-
tion Function) of v/N(Y — p) and of the standard normal distribution: Fy ,(z) =
P(VN({YN —p) < x) and Fy(r) = P(G < x) where G is a normal variable of mean 0
and variance 0% = p(1 —p) = E ((Xo — p)z). Let U be a random variable uniformly
distributed in [0;1]. dxy can be rewritten as:

o __ o __ Lo _ _
= (o + TR - fo 4 o) )| < 2B (1R - )
where FJQ’;(U) e min{y : Fyp(y) > U}

Therefore, the problem becomes to get an estimation of E <|F &;(U) - F YU )|)
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Lemma 5.16. There exists a constant ay independent of N,L,p such that if U is
a random wvariable uniformly distributed on [0;1] and Fn, and F be the cumulative
distribution functions defined previously, then for N big enough,

E (1F0,0) — B )]) < any/ BN, (5.20)

where ap < 356.

Proof. For more simplicity, in this proof, we omit the index p when writing Fiv, and F,.

1
E(|Fy'(U) - FHU)]) = /0 |Fyt (w) — F (u)|du (5.21)

The Berry-Essen theorem (see for example part 2.4.d of [59]) shows that sup,cg [Fn(0y)—

F(oy)| < a%?ﬁ where p = E (| Xo —p|*). As F and Fy are increasing, for all u €
P

3
(02%; 1-— 02\/N)’ we have:

_ _ 3p
< F M u) < F~Yu+ )
) SFRw) <P ut )

Using these remarks, the symmetry of the function F' and the fact that F~1(u +¢) —
F~Yu) > F~Y(u) — F~Y(u —¢) for u > 1/2, (5.21) is less than

b —1 3p -1 ! -1 -1
2(/ (F (wt o)~ F (u)> du—i—/kN Fol(u) = F (u)|du> (5.22)

for all constant ky € (3;1 — 02%).

The function F~! is continuously differentiable, therefore the mean value theorem says
that there exists v(u) € (u; u+ 2 ) such that

o2+v/N
-1 3p -1 _ 3p —1y/ 3p —1y/ 3p
Fo ) = F7N ) = (Y () < O e )

Thus, the first part of inequality (5.22) is bounded by

/kN <F‘1<u+ B >—F-1<u>)d“ < 0 [T E s =

L o2V N o2\/N L o2V N
3p -1 3p —1,l >
s (P e+ ) - )
3p -1 3p
< F(ky + . 5.23
-~ o2JN (kw o2 N) ( )

Using an integration by substitution with # = F~!(u) (and F'(x)dx = du) and an
integration by part, we get:

1 o)
Fl(wdu = / oF'(x)dx
kN F~1(kn)

= [z (F2) - 1)]°F°,1(kN) — /Fo:(kN) (F(z) —1)dz

= (1—ky)F  ky)+ /F—l(k )(1 — F(x))dx (5.24)
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For x > 1, the tail of the distribution of a Gaussian variable satisfies:

1 x? T x? 1 z? x?
— — ) ————exp(—) < 1-F(x) < exp(——) < exp(——).
e P 3) S [y P y) S 1P < o= ) S expl(—)
Moreover, for all u > 2 > 1 we have v?/2 —u > 2?/2 — z and [° exp(—u?/2)du <
[.7 exp(=2?/2 + & — w)du = exp(—x?/2). This leads to

exp(—

/ool(k ) 1 — F(z)dz < exp(— 2(kzv)) < 2vV2rF(kn)(1 - ky) (5.25)

for kx such that Fy'(ky) > 1.
Similarly, [ }:il(k’]\r) 1 — Fy(x)dx can be bounded by the same method using Hoeffding’s

inequality Fiv(z) < exp(—22?) and we get:

1

Fyl(wdu < (1—ky)Fy'(ky) + exp(—2F5" (k) (5.26)
N
with
exp (—2F]§1(kN)) < exp (—2F_1(k‘N— 3p )>
o2/ N
_ 3p 3p
< 2V2rF Nky — 1—ky+
< I by - )~y )
Combining (5.22), (5.23), (5.24), (5.25) and (5.26), (5.21) is less than:
(5.21) < (5.22)
< 2[(5.23) + (5.24) + (5.26)]
3p 3p ) 1
< 2 F7 b+ —F—= ) +2(1 -k k 1+2vem)F - (k
R (N 2 (1= k) (B (k) + (1 + 2v20)F~ (k)
+4v2rF ! (ky — L—ky+ 5.27
Let ky & \F
o? its variance, we have p/o? = p? + (1 — p)? € [.5; 1]. Moreover, the functions F~! and

F ]Ql are increasing. Using these facts, Equation (5.27) becomes

(521) < F! (1— il ><2 il >(2+4+8\/%+12@>

02\/> 02\/N
3p 3p
+4 2\/>F (1_202\/N)’
350 3 12 3
S R, Phiv; ol ;) 529

where we used the fact that 2v/27 < 6 and 627 < 16.
Hoeffding’s inequality 1 — Fy(z) < exp(—222) shows that Fy'(y) < \/—1log(1 —y)/2.
Applying this formula to 1 — 3/v/N leads to:

1 log(1 Tog(N
Fal /—log \/og og( /3)é og( )
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Similar inequality for the tail of the normal distribution leads to F~!(y) < \/—2log(1 — y)

and F~1(1 —3/(2V'N)) < /log(N).
This shows that:
\/ g(N)
(5.21) \ﬁ .

This bound could be improved, in particular by a more precise analysis of (5.28), but
fulfills for our needs.
O

In the case where we sum only a fraction dy of the N Bernoulli variables, the result
still holds.

Lemma 5.17. Let 0 < d < 1 be a random variable and b € [0;1] such that E |6y — b| <
a/\/10g(N)/N and U a random variable uniformly distributed on [0;1] independent of
on. Then:

<‘\/>FJ§5 P — Vb, (U )D az log]E]N)
where ag = a1 + max(a’, Vol + 2)

Proof. Again, to ease the notations, we omit to write p in Fiv, and F),.

E (|vanFy, ) -V U)]) < E(|VonFy, () - VaxF'(V))
5 (|(vaw - vB) )

< o[G0 s (V- A e

since

The first part of the inequality comes from the Lemma 5.16 and is less than oy bg]S[N)
0Ny < 1. The last part comes from the fact that U and dy are independent. Moreover,
the variance of G is the variance of a Bernoulli variable, so E (|G|) < 1/4.

To bound E ( b ), we distinguish two cases. If NG >1/ VN , we have:

NSU\Ot
Von+Vb | T Vb

< VRE |y - vA]) < o500

2 (Vi - Vi) <B(vax) + V< B (VI ) v <o

B (|vav-vi]) <

If Vb < 1/\/N, we have:

2

This shows the inequality.

The following lemma uses the previous results in the case of multidimensional Bernoulli
variables. A multidimensional Bernoulli variable B of parameter (p;...pg) is a unit
vector e; on R® (its j-th component equals 1 and all others equal 0). The probability
that B = e; is p;.
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Lemma 5.18. Let me Py (S) and let (B})1<i<sk>1 be independent multidimensional
Bernoulli random wvectors on {0; 1}5 such that P (B/,‘C = ej) = pij. Let f be a Lipschitz

unction on RS with constant L. Let us define YN & L »S: miN Bi - Then there
N i=1 k=1 “k
exists a constant as such that:
log(IV)

‘E (for™) -E (f(mP + &G)) ’ < oL,

where mP is the vector (mP); = Zle m;pij and G is a random Gaussian vector of
mean 0 and covariance matriz D defined by Equation (5.15) (Dj; = >, mipi; (1 — pij)
and Dj, = =3, mipijpir for j # k).

Proof. Let (b?)i,jgs,k21 be a collection of independent Bernoulli random variables of
parameters p;;/(1 — >, pie) (the parameter of bil is p;1). The Bernoulli vector Bj is

equal in law to B} (denoted B} £ B!) where
Bp =bjler + (1 — by') (bZes + (1 — bj2) (bPes + (1 — b)(...))) -
Indeed, B,i is a vector with only one component equal to 1 and

_ Di2 Di3 Dij
(B =ej) = ( i) 1—p,-1)( 1—pi1—pz’2) L= i

Let TZ]]V def -1 271?:1]1\[ 1{312:9]_} be the proportion of objects going from state i to state

j. By definition of bid ) TZJ]V can be written

N
N£Ld X il i2 ij—1y 4]
TZ-]-—N (=) —=0b;)...(1=0b )by
k=1
c 1 ij
- N Z by
1<k<m;N s.t. (b =0)A...A(bLT~1=0)
P 1 miN*Zz<j Tie
£ il
=5 X b
k=1
N
L Dij N \/mz - Z€<j Ty
= ——  |m,; — T: 4+ —— — F y U:.).
1_Z€<jpi€ 4 Z; il N miNfNZe<jTiy7kZZ%( l])

where the function F is defined by F'g 4(x) def P (ﬁ (ZiA:l c; — Aq) < x) where ¢ €
[0;1], A € N and ¢; are scalar i.i.d. Bernoulli variables —i.e. P(¢; =1)=1-P (¢; =0) =

p. By construction, (Zle J}]}Z)lgjgg has the same law as YV,

The variable H is constructed similarly. Denoting Fj,(x) ©p (G > z) where G is a

normal variable of mean 0 and variance p(1 — p), we define the variables HZJ]V by:

Hy < E,NUn)

Pi1

def Dij -
H; = —%ZHM-F ZPMF%(U%”)
- Zz<jpi€ 0<; (<j 1= <) Pie
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It is direct to prove that H has the same law as G by showing that H is a Gaussian
vector and by computing the covariance matrix of H.
Using this representation of Y and G by T and H, we have:

R S Y )
O ()
< L;;E(\EN—WW—H@D

which is less than:

The next step of the proof is to bound E

N
mi =3 ; Ty »
g \/NFm-N—NZ v vy (Uig) = > ity (Uiy)
i 6<j Sl T= 0 P 0<j =< Pic

Dij N
+—2L5 BN mgpie — TY + Hy)
T |2 e~ T

T/} — mipij — Hi;

where we used the fact that = Sy MG — MiDij (= Sy thq miPig-

By induction on j and using Lemma 5.17, this quantity is less than oz(j)% where the

constant o) % (-1 + a1 + max(a(jfl), Vali=1) 4 2). The constant az is equal to
S2a(9), O

We are now ready for the proof of Theorem 5.9.

Proof of Theorem 5.9. Let a be a sequence of actions. We define by a backward induction
on t the function W/ ,.(.) that will be the expected reward of the mean field Gaussian
approximation between t and T

Wil g0 (MY(2),CY (1) = 0
Wpa MY@),CN (W) = v (MY (), CN0) +E (W, (MY +1),08(t+1)))
(5.29)
where (M (t +1), CN(t +1)) is the mean field Gaussian approximation starting at time
t in from (MY (t),CN(t)) and after one time step during which the controller took action
a;. Similarly, we define V;¥ Ta (MM (t),CN(t)) the expected reward between ¢ and T for
the original system. We want to prove by induction that there exist constants 7; such
that for any ¢:

log(V)

¥ (5.30)

V(MY CN) = W p (MY, CY)| <

The constant 7y may depend on the parameters of the system (such as the Lipschitz
constants of the functions g, K,r) but not on the value of (MY, CV).

Equation (5.30) is clearly true for ¢ = T' by taking 77 = 0. Let us now assume that

(5.30) holds for some t +1 < T. By a backward induction on ¢, one can show that
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Wt]_\.f.Tya(., .) is Lipschitz for some constant Lyy,. ‘VZ\_’.T(MN, CNYy —WHN (MY, C’N)’ can
be written:
N N N _ N AN AN
’E (Vt+1...T,a (MgY (t+1), C3' (¢ + 1))> E (Wt+1...T,a (Ma (t+1), G (t+ 1)))
< ’E (Wt]YH...T,a (M (t+1), 6 (t+1) =W, 7, (Mév(t +1),CN(t + 1))
B (Wi g (MY 4+ 1), CN @+ 1)) = VY (MY (£41),CN (¢ +1))
< OZ3LWtLg \/lo];g](N) T \/lo]\gf(N) ‘

(5.31)

The fist part of the second inequality comes from Lemma 5.18 applied to the function

m Wt]—vi-l...T,a (m, g(a, CN(t),m)) that is Lipschitz of constant Ly, Lg. The second part

comes from the hypothesis of induction. This concludes the proof in the case of a fixed
sequence of actions.

The proof for VN — WY is very similar. The first step of the proof is to write a similar

equation as (5.29) for W¥ and V¥ which can be computed by a backward induction:
W 1. (MY(1),CN(@#) = 0
W, (MN(@),CN(1) = r(MN(),CN(1))
+SupzzE (Wt].\.[.T,a (Mcﬁv(t + 1)7 6(9[(?5 + 1))) :

We then get equations similar to (5.31) but with a sup, before both expectation. The sup
can be removed using the fact that for any functions f and g: |sup, f(a) — sup, g(a)| <

sup, | f(a) = g(a)|- ]
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Chapter 6.

From Discrete to Continuous Optimization

Abstract of this chapter — In this chapter, we study the convergence
of Markov Decision Processes made of a large number of objects to optimization
problems on ordinary differential equations (ODE).

We show that the optimal reward of such a Markov Decision Process,
satisfying a Bellman equation, converges to the solution of a continuous Hamilton-
Jacobi-Bellman (HJB) equation based on the mean field approximation of the
Markov Decision Process. We give bounds on the difference of the rewards, and
a constructive algorithm for deriving an approximating solution to the Markov
Decision Process from a solution of the HJB equations.

We illustrate the method on three examples pertaining respectively to
investment strategies, population dynamics control and scheduling in queues.
They are used to illustrate and justify the construction of the controlled ODE
and to show the gain obtained by solving a continuous HJB equation rather
than a large discrete Bellman equation.

Résumé du chapitre — Ce chapitre étudie la convergence de processus
de décision markoviens composés d’un grand nombre d’objets vers des problémes
d’optimisation sur des équations différentielles. Nous montrons que le gain
optimal du processus de décision converge vers la solution d’une équation
continue de type “Hamilton-Jacobi-Bellman”. La preuve utilise a la fois des
outils classiques des modeles champs moyens et différents nouveaux couplages
entre les modeles discrets et continus qui permettent de donner des bornes
explicites. La méthode est ensuite illustrée par trois exemples concernant des
stratégies d’investissement, du controle de dynamiques de population et un
probleme d’allocation de ressources.
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6.1. Introduction

The purpose of this chapter is to study Markov decision process composed of a large
number N of interacting objects.

In Chapter 5, we considered a case where the probability than an object changes its
state between two time steps (called the intensity and denoted I(NN)) does not scale
with N, i.e. I(N) = On_oo(1). In that case, the optimization problem of the system of
size N converges to a deterministic optimization problem in discrete time. Solving the
deterministic system allows one to compute policies that are asymptotically optimal as
the number of objects grows.

In this chapter, we focus on the case where the intensity vanishes as N grows, i.e.
limy 00 I(N) = 0, which is substantially different from the case studied in the previous
chapter. In Chapter 2, we have seen that if limy_,o, I(N) = 0, then under mild conditions
the system without control converges to a continuous time dynamical system and can be
described by ordinary differential equations (ODE). In this chapter, we show that when
N goes to infinity, the optimization problem converges to an optimization problem on an
ordinary differential equation.

More precisely, we show that when the Markov decision process is such that its empirical
density measure is Markovian, then its optimal reward converges to the optimal reward
of its mean field approximation, given by the solution of an HJB equation. Furthermore,
the optimal policy of the limit continuous system is also asymptotically optimal for the
original discrete system. Our method relies on bounding techniques used in stochastic
approximation and learning [24, 17]. We also introduce an original coupling method,
where, to each sample path of the Markov decision process, we associate a random
trajectory, obtained as a solution of the ODE, i.e. the mean field limit, controlled by
random actions.

This convergence result has an algorithmic counterpart. Basically, when confronted
with a large Markov Decision problem, one can first solve the HJB equation for the
associated mean field limit and then build a decision policy for the initial system that is
asymptotically optimal.

Few papers in the literature are concerned with the problem of mixing the limiting
behavior of a large number of objects with optimization. In [52], the value function of the
Markov decision process is approximated by a linearly parametrized class of functions,
and a fluid approximation of the MDP is used. It is shown that a solution of the HJB
equation is a value function for a modification of the original MDP problem. In [145, 57],
the curse of dimensionality of dynamic programming is circumvented by approximating
the value function by linear regression.

Our results have two main implications. The first one is to justify the construction
of controlled ODEs as good approximations of large discrete controlled systems. This
construction is often done without rigorous proofs. In Section 6.4.3 we illustrate this
point on an example in the field of computer system infection by malware.

The second implication concerns the effective computation of an optimal control policy.
In the discrete case, this is usually done by using dynamic programming for the finite
horizon case or by computing a fixed point of the Bellman equation in the discounted case.
Both approaches suffer from the curse of dimensionality that makes them impractical
when the state space is too large. In our context, the size of the state space is exponential
in NV, making the problem even more acute. In practice, modern supercomputers only
allow one to tackle optimal control problems where N is no larger than a few tens.
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The mean field approach offers an alternative to brute force computations. By letting
N go to infinity, the discrete problem is replaced by a limit Hamilton-Jacobi-Bellman
equation that is deterministic and where the dimensionality of the original system has
been hidden in the density measure. Solving the HJB equation numerically is sometimes
rather easy, as in the two first examples of Section 6.4.3. It provides a deterministic
optimal policy whose reward with a finite (but large) number of objects is remarkably
close to the optimal reward.

In this chapter we focus on the finite horizon case, though the technique applies mutatis
mutandis to infinite horizon with discount.

The rest of the chapter is structured as follows. Section 6.2 contains definitions, some
notation, and hypotheses. Section 6.3 gives the theoretical results and the resulting
algorithms. Section 6.4 illustrates the application of our method on a few examples.
Section 6.5 contains proofs.

6.2. Notations and Definitions

6.2.1. System with N Objects

We consider a system composed by N objects similar to the one of Section 2.2.2. Each
object has a state in the finite set S = {1...S}. Time is discrete and the state of

the object n at step k € N is denoted XY (k). The state of the system at time & is

XN (k) def (X{¥(k)... XN (k)). For all i € S, we denote by M* (k) the empirical measure

of the objects (X{V(k)... XX (k)) at time k:

N
def 1
MY(R) = 5 dxx
n=1

where , denotes the Dirac measure in x. M™ (k) is a probability measure on S and
M} (k) denotes the proportions of objects in state i at time k (also called the density):
MY (R)i] = 300 Ly =i

The system (X N (k:)) pen 1S @ Markov process once the sequence of actions taken by the
controller is fixed. This means that there exists a kernel 'V (i1 ...ixn, j1 ... jn,a) such
that if the controller takes the action AN (k) at time ¢ and the system is in state X (k),
then:

PXNk+1) =g1... g8 XN (k) =i1...in, AV (k) = a) =TV (i1...in, j1 ... Ny ).

The main assumption on the kernel I'V is that it is invariant by any permutation of
the objects. This implies in particular that the objects are only distinguishable through
their state. Moreover, this means that the process M* (k) is also Markovian once the
sequence of actions is given. In the following, we will focus on the process of density of

the system, (MN(k))keN, whose kernel is denoted by I'VV.

6.2.2. Action, Reward and Policy

At every time k, a centralized controller chooses an action AV (k) € A where A is called
the action set. (A, d) is a compact metric space for some distance d. As pointed out in
the previous chapter, Section 5.2.1, and in Chapter 1, Section 1.3.1, we only focus on
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deterministic Markovian policies, since they are dominant. For each k, 7w is a function
from 2(S) to A. M (k) denotes the density of the system at time k when the controller
applies policy 7.

If the system has density M (k) at time k and if the controller chooses the action
AN (k), she gets an instantaneous reward r™ (MY (k), AN (k)). The expected average
reward over a finite-time horizon [0; H] starting from mg when applying the policy 7 is
defined by

LHY |
V) LE [ ST N (MY k), m(MY (k)| MY (©0) =m | . (6.1)
k=0

The goal of the controller is to find a optimal policy that maximizes the expected reward.
We denote by V.V (m) the optimal reward when starting from m:

VN (m) = sup V.Y (m).

6.2.3. Scaling Assumptions

If at some time k, the system has density M™ (k) = m and the controller chooses action
AN (k) = a, the system goes into state M (k + 1) with probabilities given by the kernel
I'N(MYN(k), AN(k)). The expectation of the difference between M (k + 1) and M™ (k)
is called the drift and is denoted by FN (m,a):

FN (m,a) € E (MY (k4 1) — MY (k)| MN (k) = m, AN (k) = a) .

In order to study the limit with N, we assume that FV goes to 0 at speed I(N) when N
goes to infinity and that FV/I(N) converges to a Lipschitz continuous function f. In a
sense, I(N) represents the order of magnitude of the number of objects that change their
state within one unit of time.

The changes of M (k) during a time step is of order I(N). This suggests a rescaling
of time by I(N) to obtain an asymptotic result. We define the continuous time process

(M N (t)) gy 3 the affine interpolation of M (k), rescaled by the intensity function,
te

i.e. MY is affine on the intervals [kI(N), (k+ 1)I(N)], k € N and

MY (EI(N)) = MY (k).
Similarly, M,ZTV denotes the affine interpolation of the density under policy 7. Thus, I(N)
can also be interpreted as the duration of the time slot for the system with N objects.

We assume that the time horizon and the reward per time slot scale accordingly, i.e.
we impose

m = |

TN(m,a) = I(N)r(m,a)

for every m € Z2(S) and a € A.
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6.2.4. Limiting System (Mean Field Limit)

We will see in Section 6.3 that as N grows, the stochastic system Mfrv converges to a
deterministic limit m,, the mean field limit. For more clarity, all the stochastic variables
(i.e., when N is finite) are in uppercase while their limiting deterministic values are in
lowercase.

An action function « : [0; 7] — A is a piecewise Lipschitz continuous function that
associates to each time t an action «(t). Note that action functions and policies are
different in the sense that actions functions do not take into account the state to define
the next action. For an action function « and an initial condition mg, we consider the
following ordinary differential equation for m(t), t € R:

m(t) —m(0) = /0 f(m(s),a(s))ds. (6.2)

Under the foregoing assumptions on f and «, this ODE satisfies the Cauchy-Lipschitz
condition and therefore has a unique solution once the initial condition m(0) = my is
fixed. We call ¢;, t € RT, the corresponding semi-flow, i.e.

m(t) = ¢¢(mo, @)

is the unique solution of Equation (6.2) with m(0) = my.

As for the system with N objects, we define v,(mg) as the reward of the limiting
system over a finite horizon [0; 7] when applying the action function « and starting from
m(0) = mg:

T
def
va(mo) ™ [ 1 (6u(mo, ). () ds (6.3)
0

This equation looks similar to the stochastic case (6.1) although there are two main
differences. The first one is that the system is deterministic. The second is that it is
defined for action functions and not for policies. We also define the optimal reward of
the deterministic limit v, (mo):

vx(mg) = sup va(mo),
(e}

where the supremum is taken over all possible action functions from [0;T] — A.

6.2.5. Summary of Assumptions

In Section 6.3 we establish theorems for the convergence of the discrete stochastic
optimization problem to a continuous deterministic one. These theorems are based on
several technical assumptions, which are given next. Since S is finite, the set Z(S)
is the simplex in R® and for m,m’ € 2(S) we define ||m| as the ¢?-norm of m and
(m,m') = 35 mym}, as the usual inner product.

(AO0) (State space and action set) The state space S is finite. The action set A
endowed with a metric d is compact.
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(A1) (Transition Kernel) Objects can be observed only through their state, i.e., the
transition kernel 'V, defined by Eq.(6.2.1), is invariant by permutations of 1...N.

There exist some non random functions I;(N) and I(N) such that limy_,o 11 (V) =
limpy o I2(N) = 0 and such that for all m and any policy 7, the number of objects that
perform a transition between time slot k and k + 1 per time slot AY (k) satisfies

E (AN (k)| MYN(k)=m) < NIL(N),
E(AY (k)| MY (k)=m) < N?I(N)L(N),

where I(N) is the intensity function of the model, defined in the following assumption
A2.

(A2) (Convergence of the Drift) There exist some non random functions /(NN) and
Ip(N) and a function f(m,a) such that imy_yoo [(IV) = imy 00 Io(IN) = 0 and

' 1

7FN(’)TL,Q) - f(m7 CL) < IO(N>
The function f is defined on Z(S) x A and there exists Lo such that |f(m,a)| < Lo.

I(N)

(A3) (Lipschitz Continuity) There exist constants L, K and K, such that for all
m,m' € P(S), a,d’ € A:
HFN(m,a) — FN(m/, a)” < Iy Hm - m'” I(N),
|f(mua) — fem' )| < K(||m — ]| + d(a '),
’T(m,a) - T(m/,a)’ < K, Hm - m/H .
Because of (A1), the simplex &(S) is bounded. Together with the compactness of A
and the continuity of r (A3), this implies that the reward is bounded and we denote

def
1"l = sup  [r(m,a)| < oo.
meP(S),acA
To make things more concrete, here is a simple but useful case where all assumptions
are true.

e There are constants ¢; and co such that the expectation of the number of objects
that perform a transition in one time slot is < ¢q and its standard deviation is < ca,

e and IV (m, a) can be written under the form ¢ (m, a, 1/N) where ¢ is a continuous
function on Ag x A x [0, €) for some neighborhood Ag of Z(S) and some € > 0,
continuously differentiable with respect to m.

In this case one can choose I(N) = 1/N, I)(N) = co/N (where ¢y is an upper bound to
the norm of the differential %), I;(N) = ¢1/N and I3(N) = (c? + c2)/N.

6.3. Mean Field Convergence

In this section we establish the main result, Theorem 6.4, which states the convergence of
the optimization problem for the system with N objects to the optimization problem of
the mean field limit. To this end we introduce two auxiliary systems. The former is the
process ¢;(mg, AY) defined below, which is a random continuous time system, coupled
to the original system with N objects. The latter is MV, also defined below, which is a
discrete time system with N objects under a deterministic action function.
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6.3.1. First Auxiliary System

Consider the system with N objects under policy . The process M_ is defined on some
probability space Q. To each w € € corresponds a trajectory MY (w). For each w € Q,

we define an action function AY(w). This random function is piecewise constant on each

interval [kI(N), (k + 1)I(N)) (k € N) and is such that AN (w)(kI(N)) < m,(MN (k) is

the action taken by the controller of the system with N objects at time slot k, under
policy .

Recall that for any mg € &(S) and any action function «, ¢¢(mo, @) is the solution of
the ODE (6.2). For every w, ¢;(mg, AN (w)) is the solution of the limiting system with
action function AN (w), i.e.

sbt(mo,AnN(W))—mo:/o F(¢s(mo, AY (w)), A (w)(s))ds.

When w is fixed, ¢;(mo, AY(w)) is a continuous time deterministic process corre-
sponding to one trajectory MY (w). When considering all possible realizations of MY,
é¢(mo, AN) is a random, continuous time function “coupled” to MY . Its randomness
comes only from the action term ALY, in the ODE. In the following, we omit to write the
dependence in w. AY and M} will always designate the processes corresponding to the
same w.

The following result is the main technical result; it shows the convergence of the
controlled system in probability, with explicit bounds. Notice that it does not require
any regularity assumption on the policy 7 (recall that M,{V is the linear interpolation of
the discrete time system with N objects).

Theorem 6.1. Under Assumption (A0,A1,A2,A3), for any e >0, N > 1 and any policy

P (02% |92 8) = om0, AV | > [[|MY(©) = mol| + Io(N)T + ] 1T | < J(]ZZT)
st= (6.4)

with

J(N.T) = 8T { L [Io(N)I(N)*+1 (N)? (T+I(N))] +5 [21(N)+I(N) (Io(N)+L2)?] }
(6.5)

Note that Io(N) and J(N,T') for a fixed T go to 0 as N — oco. The proof is given in
Appendix 6.5.1.

Let  is a policy and AY the sequence of actions corresponding to a trajectory MY as
we just defined. Eq.(6.3) defines the reward for the deterministic limit when applying a
sequence of actions. This defines a random variable v 4~ (mo) which corresponds to the
reward of System oo when applying AY. The random part comes from AY. E (v AN (m0)>
designates the expectation of this reward over all possible AY. A first consequence of
Theorem 6.1 is the convergence of V¥ (M™(0)) to E (UAQ (m0)> with an error that can
be uniformly bounded.
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Theorem 6.2 (Uniform convergence of the reward). Let AY be the random action
function associated with MY, as defined earlier. Under Assumptions (A0,A1,A2,A3),

VN (MY (0)) —E (vAév(mg))’ < B (N, || MY (0) = mol|)

with
def €L1T_1
B(N,6) = I(N)|rlle + K (6 + Io(N)T) ——
1
2

3 | K, I(N 3 1 1

+ = [ (eLlT—1+( )ﬂ I7[|% J(N, T)5. (6.6)
23 | L1 2

The proof is given in appendix 6.5.2.
Note that limy_s00 50 B(N,d) = 0; in particular, if limy_oo M2 (0) = mo almost

surely [resp. in probability] then |V~ (M N (O)) -k (v AN (mo))‘ — 0 almost surely [resp.

in probability].

6.3.2. Second Auxiliary System

We now introduce the second auxiliary system. Let a be an action function that specifies
the action to be taken at time ¢. Although « has been defined for the limiting system,
it can also be used in the system with N objects. In that case, the action function «
can be seen as a policy that does not depend on the state of the system. At step k, the
controller applies action a(kI(N)). By abuse of notation, we denote by M., the state
of the system when applying the action function « (it will be clear from the notation
whether the subscript is an action function or a policy). Similarly we define

HN
VN (mo) ¥ E > v (MY (k), a(KI(N))) | M2 (0) = mo
k=0

A second consequence of Theorem 6.1 is the convergence of M/ and of the reward:

Theorem 6.3. Assume (A0,A1,A2,A3); « is a piecewise Lipschitz continuous action
function on [0;T), of constant K,, and with at most p discontinuity points. Let M2 (t)
be the linear interpolation of the discrete time process M. Then for all € > 0:

P ( sup H]\Zfév(t) — gi)t(mo,a)H > [HMN(O) —mol| + IH(N, )T + €] el <

0<t<T
with
K, .
I§(V. ) = (V) + IOV KK (242 (14 min(1/ 1)) el )

Further,
VY (MY (0)) = va(mo)| < B (N, | MN(0) — my|) (6.8)

with B'(N, ) as in Eq.(6.6) but with In(N) replaced by Ij(N, ).

The proof is given in appendix 6.5.3.

Note that limy_,e0 50 B'(N,d) = 0; in particular, if imy_,e0 MY (0) = mg almost
surely [resp. in probability] then limy_,o0 V.Y (M™(0)) = va(mg) almost surely [resp. in
probability].
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6.3.3. Convergence of Optimization Problems

Theorem 6.4 (Optimal System Convergence). Let Under Assumptions (A0,A1,A2,A83)
hold. If limy oo M (0) = mg almost surely [resp. in probability] then:

lim VN (MN(O)) = v, (mo)

N—oo

almost surely [resp. in probability].

Proof of Theorem 6.4. This theorem is a direct consequence of Theorem 6.3 and The-
orem 6.2. We do the proof for almost sure convergence, the proof for convergence in
probability is similar. To prove the theorem we prove

lim sup VY (MM (0)) < vi(mg) < liminf V¥ (MY (0)). (6.9)
N—o0 N—o0
e Let € > 0 and «a(.) be an action function such that v, (mg) > vi(mg) — € (such an
action is e—optimal). Theorem 6.3 shows that limy_so, V.V (MM (0)) = va(mo) >
v (mg) — € a.s. This shows that lim inf y oo VN (MY (0)) > limy_seo VN (MY (0)) >
v (mo) — € this holds for every e > 0 thus liminfy_,o, VN (MN(0)) > v.(mg) a.s.,
which establishes the second inequality in Eq.(6.9), on a set of probability 1.

e Let B(N,d) be as in Theorem 6.2, ¢ > 0 and 7™ be a policy such that VN (M7 (0))
V(MM (0) + e. By Theorem 6.2, VY, (MY (0)) < E (UANN (m0)> + B(N, M)

IN A

vs(mo) + B(N, V) where 6V & [| MY (0) = mo||. Thus VN (M¥N(0)) < vi(mo) +
B(N,6N) + e. If further 6V — 0 a.s. it follows that limsupy_,. V¥ (MY (0)) <
vx(mg) + € a.s. for every e > 0, thus limsupy_,., VXV (MM (0)) < v.(mp) a.s.

(I

In particular, this theorem, along with Theorem 6.3 shows that an optimal policy for
the limiting system is asymptotically optimal for the system with N objects as N goes
to infinity. Since the reward function r(m,a) is bounded and the time-horizon [0; 7] is
finite, the set of reward when starting from the point m, {v,(m) : « action function},
is bounded. This set is not necessarily compact since the set of action function is not
closed (a limit of Lipschitz continuous functions is not necessarily Lipschitz continuous).
However, as it is bounded, for all € > 0, there exists an action function af such that
vx(m) = sup, va(m) < vae + €. Theorem 6.4 shows that a¢ is optimal up to a term 2¢
for N big enough.

In particular, this shows that as N grows, policies that do not take into account the
state of the system (i.e., action functions) are asymptotically as good as adaptive policies.
In practice however, adaptive policies might perform better, especially for small values of
N. However, it is in general impossible to prove convergence for the adaptive policy.

In fact, in many cases, policies ™ used for the control of stochastic systems are not
continuous in ¢ or m and often exhibit thresholds. In particular, when 7 is not continuous
in m, MY does not necessarily converge and obtaining asymptotics can be difficult. In
some particular case, like for the best response dynamics studied in [79], limit theorems
can be obtain but at the cost of a greater complexity. In the next Chapter 7, we show
how to tackle this discontinuity by introducing the notion of differential inclusions.
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6.4. Applications

6.4.1. Hamilton-Jacobi-Bellman equation and dynamic programming

Let us consider the finite time optimization problem for the stochastic system and its
limit on a constructive point of view. Since the state space is finite, one can compute
the optimal reward by using a dynamic programming algorithm. If U" (m,t) denotes
the optimal reward for the stochastic system starting from m at time ¢/I(N), then
UN(m,t) =sup, E (Zgﬁﬁv&v) rN(MN (k) : MN(t) = m) The optimal reward can be
computed by a discrete dynamic programming algorithm (see Algorithm 1.2 in Chapter 1)
by setting UN (m,T) = v (m) and

UN(m,t) = supE (r" (m, a) +UN(MN(t+I(N)),t+I(N))‘MN(t) =m, AN(t) =a).

acA
(6.10)
Then, the optimal cost over horizon [0;T/I(N)] is VN (m) = U(m,0).
Similarly, let us denote by u(m,t) the optimal cost over horizon [t; T'] for the limiting
system. If v(m,t) satisfies the Hamilton-Jacobi-Bellman equation:

0(m,t) + mgx{Vv(m,t).f(m,a) +r(m,a)} =0, (6.11)

and if there exists an optimal control m(m,t) attaining the max above and such that
m(t) = f(m(t),m(m,t)) has a unique solution, then v is the optimal cost for the lim-
iting system: v(m,t) = u(m,t) and the trajectory corresponding to m(m,t) is optimal
(Proposition 3.2.1 of [35]).

This might provide a way to compute the optimal reward as well as the optimal policy
by solving the partial differential equation above. Unfortunately, the Hamilton-Jacobi-
Bellman equation is often hard to solve, even numerically, as soon as the dimension of m
grows. There exist many way to solve the deterministic optimization problem, depending
on the structure of the problem. One of these, is the Pontryagin’s maximum principle,
used in [94] to solve the example presented below.

6.4.2. Numerical methods

If the continuous time optimization problem can be solved numerically, Theorem 6.4
above can be used to design an effective construction of an asymptotically optimal policy
for the system with N objects over the horizon [0, HY] by using a numerical method
described by the Procedure 6.1.

m := M (0)
Compute the limit of the drift f
Solve the deterministic optimization problem (6.11) on the interval [0, H]. This provides
an optimal control function a(t)
while k < H":
7(MN(k), k) := a(t/I(N)).

Return 7

Procedure 6.1: Static policy 7 for the system with N objects, over the finite horizon
[0; HN].
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Theorem 6.4 says that under policy 7, the total reward V.V is asymptotically optimal:
lim VY (M™N(0)) = lim inf V¥ (M7 (0)).
N—o0 N—00

The policy 7 constructed by Procedure 6.1 is static in the sense that it does not depend
on the state M (k) but only on the initial state M*¥(0), and the deterministic estimation
of M (k) provided by the differential equation. One can construct a more adaptive
policy by updating the starting point of the differential equation at each step. This new
procedure, constructing an adaptive policy 7’ from 0 to the final horizon HY is given in
Procedure 6.2.

for k < HN
ag(M,-) := solution of (6.11) over [kI(N), H| starting in M
(M, k) := Oék(¢k1(N) (M, o))

return 7’

Procedure 6.2: Adaptive policy 7’ for the system with N objects, over the finite horizon
[0; HN].

In practice, the total reward of the adaptive policy 7’ is larger than the reward of the
static policy m because it uses on-line corrections at each step, before taking a new action.
However Theorem 6.4 does not provide a proof of its asymptotic optimality.

6.4.3. Examples

In this section, we develop three examples. The first one can be seen as a simple illustration
of optimal mean field. The Limiting ODE is quite simple and can be optimized in closed
analytical form.

The second example considers a classical virus problem. While virus propagations
concern discrete objects (individuals or devices), most work in the litterature study a
continuous approximation of the problem under the form of an ODE. The justification of
passing from a discrete to a continuous model is barely mentioned in most papers (they
mainly focus on the study of the ODE). Here we present a discrete dynamical system
based on a simple stochastic mobility model for the individuals whose behavior converges
to a classcial continuous model.

Finally, the last example comes from routing optimization in a queueing network model
of volunteer computing platforms. The goal of this last example is to show that a discrete
optimal control problem suffering from the curse of dimensionality can be replaced by a
continuous optimization problem where an HJB equation must be solved over a much
smaller state space.

Utility Provider Pricing

This is a simplified discrete Merton’s problem. This example shows a case where the
optimization problem in the infinite system can be solved in closed form. This can be
seen as an ideal case for the mean field approach: while the original system is difficult to
solve even numerically when N is large, taking the limit when N goes to infinity makes
it simple to solve, in an analytical form.

We consider a system made of a utility and N users; users can be either in state S
(subscribed) or U (unsubscribed). The utility fixes their price o € [0, 1]. At every time
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step, one randomly chosen customer revises her status: if she is in state U [resp. S], with
probability s(«) [resp. a(a)] she moves to the other state; s(«) is the probability of a
new subscription, while a(«) is the probability of attrition. We assume s() decreases
with a and a() increases. If the price is large the instant gain is large but the utility loses
customers, which eventually reduces the gain.

Within our framework, this problem can be seen as a Markovian system made of
N objects (users) and one controller (the provider). The intensity of the model is
I(N) =1/N. Moreover, if the immediate profit is divided by N (this does not alter the
optimal pricing policy) and if z(t) is the fraction of objects in state S at time ¢ and
a(t) € [0;1] is the action taken by the provider at time ¢, the mean field limit of the
system is:

%ﬁ = —z(t)a(a(t) + (1 — x(t))s(a(t) = s(a(t)) — z(s(a(t) + a(a(t))) (6.12)

and the rescaled profit over a time horizon T is fOT z(t)a(t)dt. The Equation (6.12) can
be constructed directly from the description of the model. The first term —x(t)a(a(t))
corresponds to the mean number of users that leave the provider while (1 — z(t))s(«a(t))
corresponds to the mean number of user that join the provider.

Call uy(t, ) the optimal benefit over the interval [¢, 7] if there is a proportion z of
subscribers at time . The Hamilton-Jaccobi-Bellman equation is

9
gy (t2) + H <:c 5 (b 93)) =0 (6.13)

with H(z,p) = m[ax] [p(s(a) — z(s(a) + a(a)) + ax]
agl0,1
H can be computed under reasonable assumptions on the rates of subscription and
attrition s() and a(), which can then be used to show that the optimal policy is threshold
based. To continue the rest of this illustration, we consider the radically simplified case
where a can take only the values 0 and 1, in which case the ODE becomes

gj =—z(t)at)+ (1 —2z(t)(1—at) =1—z(t) — alt), (6.14)
and H(z,p) = max (z(1 — p), (1 — z)p). The solution of the HJB equation can be given in
closed form. The optimal policy is to chose action « = 1if z > 1/2 or x > 1—exp(—(T—t)),
and 0 otherwise. Figure 6.1 shows the evolution of the proportion of subscribers x(t)
when the optimal policy is used. The coloured area corresponds to all the points (¢, z)
where the optimal policy is @ = 1 (fix a high price) while the white area is where the
optimal policy is to choose a = 0 (low price).

To show that this policy is indeed optimal, one has to compute the corresponding
value of the benefit u(t, x) and show that it satisfies the HJB equation. This can be done
using a case analysis, by computing explicitly the value of u(t,z) in the zones Z1, Zs, Z3
and Zy displayed in Figure 6.1, and check that u(t,x) satisfies (6.13) in each case.

Infection strategy of a virus worm

This second example has two purposes. The first one is to provide a rigourous justification
of the use of a continuous optimization approach for this classical problem in population
dynamics. The second one is to show that the continuous limit provides insights on
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Figure 6.1.: Evolution of the proportion of subscribers (y-axis) under the optimal pricing
policy.

the structure of the optimal behavior for the discrete system. Here, the optimal action
function can be shown to be of bang-bang type for the limit problem using tools from
continuous optimization such as the Pontryagin maximum principle. Theorem 6.4 shows
that a bang-bang policy should also be asymptotically optimal in the discrete case.

This example is taken from [94] and considers the propagation of infection by a virus
worm. Actually, similar epidemic models have been validated through experiments as
well as simulations as a realistic representation of the spread of a virus in mobile wireless
networks (see [54, 139]). A susceptible node is a mobile wireless device, not contaminated
by the worm, but prone to infection. A node is infective if it is contaminated by the
worm. An infective node spreads the worm to a susceptible whenever they meet, with
probability 5. The worm can also choose to kill an infective host, i.e., render it completely
dysfunctional - such nodes are denoted dead. A functional node that is immune to
the worm is referred to as recovered. The network operator can use security patches
to immunize susceptibles (they become recovered) and can also heal infectives to the
recovered state. Let the total number of nodes in the network be N. Let the proportion
of susceptible, infective, recovered and dead nodes at time ¢t be denoted by S(t), I(t),
R(t) and D(t), respectively. Under a uniform mobility model, the probability that a
susceptible node becomes infected is fI/N. The immunization of susceptibles (resp.
infectives) happens at a fixed rate ¢ (resp. b). This means that a susceptible (resp.
infective) node gets immune with probability ¢/N (resp. b/N) at every time step.

At this point, the authors of [91] invoke the classical results of Kurtz [101] to show
that the dynamics of this population process converges to the solution of the following
differential equations.

% = —BIS—qS
5k _

However, this does not show that the corresponding optimization problem converges.
This system actually satisfies assumptions (A1, Aa, A3), which allows us not only to
obtain the mean field limit, but also to say more about the optimization problem. The
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objective of the worm is to find v(-) such that the damage function D(T") —I—fOT fUL(¢))dt is
maximized under the constraint 0 < v < vpax (Where f is convex). In [94], this problem
is shown to have a solution and the Pontryagin maximum principle is used to show that
the optimal solution v*(-) is of bang-bang type:

Jt€[0...7)s. t. v*(t) =0for 0 <t <t and v*(t) = Vmax for t1 <t < T.

Theorem 6.4 makes the formal link between the optimization of the model on an
individual level and the previous resolution of the optimization problem on the differential
equations, done in [94]. It allows us to formally claim that the policy v* of the worm is
indeed asymptotically optimal when the number of objects goes to infinity.

Brokering problem

Finally, let us consider a model of a volunteer computing system like BOINC http:
//boinc.berkeley.edu/. Volunteer computing means that people make their personal
computer available for a computing system. When they do not use their computer, it is
available for the computing system. However, as soon as they start using their computer,
it becomes unavailable for the computing system. These systems become more and more
popular and provide large computing power at a very low cost [98].

Cluster 1 :

Q¥ proc.

g Emes
broker j IID_:>

\J/

UN users

Figure 6.2.: The brokering problem in a desktop grid system, such as Boinc

The Markovian model with N objects is defined as follows. The N objects represent
the users that can submit jobs to the system and the resources that can run the jobs.
The resources are grouped into a small number of clusters and all resources in the same
cluster share the same characteristics in terms of speed and availability. Users send jobs
to a central broker whose role is to balance the load among the clusters.

The model is a discrete time model of a queuing system. Actually, a more natural
continuous time Markov model could also be handled similarly, by using uniformization.
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There are U users. Each user has a state # € {on,off}. At each time step, an active
user s ends one job with probability pY and becomes inactive with probability p;/N. An
inactive user sends no jobs to the system and gets on with probability p,/N.

There are C clusters in the system. Each cluster ¢ contains QY computing resources.
Each resource has a buffer of bounded size J.. A resource can either be valid or broken. If
it is valid and if it has one or more job in its queue, it completes one job with probability
te/N at this time slot. A resource gets broken with probability py/N. In that case, it
discards all the jobs of its buffer. A broken resource becomes valid with probability

pu/N.

At each time step, the broker takes an action a € Z({1...C}) and sends the jobs it
received to the clusters according to the distribution a. A job sent to cluster ¢ joins the
queue of one resource, k according to a local rule (for example chosen uniformly among
the QY resources composing the cluster). If the queue of resource k is full, the job is
lost. The goal of the broker is to minimize the number of losses plus the total size of the
queues over a finite horizon (and hence the response time of accepted jobs).

This model is represented in Figure 6.2.

The system has an intensity I(NV) ) /N. The number C' of clusters is fixed and does

not depend on NN, as well as the sizes J. of the buffers. However, both the number of
users UV, and the number of resources in the clusters QY , are linear in N. Finally, by
construction, all the state changes occur with probabilities that scale with 1/N.

The limiting system is described by the variable m,(t), that represents the fraction
of users who are on, and the variables ¢ ;(t) and b.(t) that respectively represent the
fraction of resources in cluster ¢ having j jobs in their buffer and the fraction of resources
in cluster ¢ that are broken. For an action function «(-), we denote by a.(-) the fraction
of jobs sent to cluster c. Finally, let us denote by m the fraction of users (both active
or inactive) and ¢, the fraction of processors in cluster c¢. These fractions are constant
(independent of time) and satisfy m + ¢1 + -+ 4+ go = 1. The drift function can be
computed directly from the description of the system and we get the following equations:

a”gj(t) = —pimo(t) + po(1m — my(t)) (6.16)
8%8,(;(15) = pabelt) - ch,o(t) oot — Pogeo(®) (6.17)
&qcc%(t) - W(qw’—l(t) —Gc,i(t)) + pe(Qejr1 — dej) — Puye,;(t) (6.18)
W = M%L—l(ﬂ — Hele,J. — Pole,. (t) (6.19)
e
Je
abgit) = —pube(t) +pp ; qej (1), (6.20)

where (6.17) and (6.19) hold for each cluster ¢ and (6.18) holds for each cluster ¢ and for
all j < J.. Each term of these equations is given by the probability for an event to appear
multiplied by the drift induced by this event and rescaled by I(N). For example, the
term —p;m,(t) of Equation 6.16 corresponds a user going from state “on” to state “off”.
If the proportion of user in state “on” is m,(0), This appears with probability p;m,(t).
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The cost associated to the action function « is:

T C J. c o(pemo(t) c Je
/ DD g () + [ D =T e (6) +be(8) + D py Y e (1) | dt.
0 =1 =1 =1 Qe -1 j=1
(6.21)
The first part of (6.21) represents the cost induced by the number of jobs in the system.
The second part of (6.21) represents the cost induced by the losses. The parameter ~y
gives more or less weight on the cost induced by the losses.

The HJB problem becomes minimizing (6.21) while the variables uq, qx;, by, satisfy
Equations (6.16) to (6.20). This system is made of (J + 2)C ODEs. Solving the HJB
equation numerically in this case can be challenging but remains more tractable than
solving the original Bellman equation over JV states. The curse of dimensionality is so
acute for the discrete system that it cannot be solved numerically with more than 10
processors [31].

6.5. Appendix: proofs
6.5.1. Theorem 6.1

The proof is inspired by classical proof for stochastic approximation algorithm and is
similar to the proof of Theorem 2.1, recalled in Chapter 1. The main idea of the proof is
to write

k-1
| MY (k) — ¢k1(N)(m07AfrV)H < || MY (k) — MY (0) - ZfN(j)
=0
k-1
+ ||MN(0) + Z () - Grrvy (Mo, AY)
=0

where fV(k) L pN (MY (k), 7, (MY (k))] is the drift at time k if the empirical measure

is MN (k). The first part is bounded with high probability using a Martingale argument

(Lemma 6.6) and the second part is bounded using an integral formula.

Let is define 47N (¢) < a2y (Lﬁp i.e. MY (kI(N)) = MN(k) for k € N and MY

is piecewise constant and right-continuous. Let AY (k) be the number of objects that
change state between time slots k and k + 1. Thus,

| MY (k+1) — MY (k)| < NT'V2AN (k) (6.22)
and thus
NN (t) — NN (t)H < N~LV2AN (k) (6.23)
as well, with k£ = Lﬁj Define
k—1
ZY (k) = MY(k)—MN(0) = FN (MY (), 7 (MY (7)) (6.24)
j=0
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and let ZN () be the continuous, piecewise linear interpolation such that ZN (kI(N)) =

ZN (k) for k € N. Recall that AN( ) = WLt/[( ) (MN([t/I(N)])) — AN(t) is the action
taken by the controller at time ¢/I(N). It follows from these definitions that:

MN@) = Mﬁ(ow/otl(lmFN (MY (s), AN (s)) ds + Z (1)

tq A .
= M0+ /0 " (VIX (s), AN (5)) ds + 22 (1)

+/0t I(lN) [FN (MY (s), AN (s)) — FN (Mév(s),AfTV(s)ﬂ ds.

Using the definition of the semi-flow ¢;(mg, AY) = mqg + fo (¢s(mo, AN, AN (s))ds,
the quantity MY (£)—(mo, AY) is equal to:

MY (0) —mo + 27 (1)

i [ (312 90,A46) = B (0ulmo, A1), 436 s

t L N m N NS o m N Ns s
+/0 [I(N)F (¢5( 07A7r )7A7r( )) f(¢s( 07A7r ),Aﬂ( )):| d

+/Ot [(1N) [FN (MY (s), AN (s)) — FN (Mf(s),AQ’(s)ﬂ ds.

Applying Assumption (A2) to the third line, (A3) to the second and fourth lines, and
Equation (6.23) to the fourth line leads to:
Ll

|42 ) = 6u(mo, AY)

EE AR

+L1/ HMN — ps(mo, AM)| ds
fL I(N "N)J
FIo(N)t 4 L2222 Z AN (k
For all N, , T, by > 0 and by > 0, define
0 = {wGQ sup ZAN >b1},
0<k<I(N) =0 (625)
Q=qwe: sup HZfrV(k:)H > by o .
0<k< 71y

Assumption (A1) implies conditions on the first and second order moment of AN (k).
Therefore by Lemma 6.5, this shows that for any b; > O:

2
P@) < T(g [IQ(N) ‘;1(% (T+ I(N))] . (6.26)
Moreover, we show in Lemma 6.6 that:
P(2) < 252b2 [25(N) + (V) [(To(N) + Lo)[?] (6.27)
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Now fix some € > 0 and let b; by = €/2. For w € Q\ (21 Uy) and for

0<t<T:

— Ne
2v2L1I(N)’

|92 @) = 6u(mo, AY)

) < ||MY(0) —mo|| + e+ L(N)T

t
+L1 [ [0 () = 6o, A3 | s
0
By Gronwall’s lemma:
HM;TV(t) — dy(mo, AN) ‘ < [|[MY(0) = mo| + € + Io(N)T] . (6.28)

and this is true for all w € Q\ (21 UQ2). We apply the union bound P (21 U Qs) <
P (21) + P (Q2) which, with Eq.(6.26) and Eq.(6.27), concludes the proof.
The proof of Theorem 6.1 uses the following lemmas.

Lemma 6.5. Let (Wy),cy be a sequence of square integrable, nonnegative random
variables, adapted to a filtration (Fy),cy, such that Wy = 0 a.s. and for all k € N:

E(Wig1| Fr) <
E (Wi |Fe) < 8.

«,

Then for alln € N and b > 0:

P < sup (Wo+...+Wg)>b (6.29)

< nB+n(n +1)a?
0<k<n o .

b2
Proof. Let my, = fn+n(n+1)a? and Y, = Y7, Wy. It follows that E (Y;,) < an and
E (Y2, Fn) < B+2na” +Y,7
so that Z,, = Yn2 — my, is a supermartingale w.r. F,. Let T, be the first time k < n at
which Y > bif it exists, otherwise T;, = n, so that Y7, > bif and only if supg<y<,, (Yz) > b.
By the optional stopping theorem [127, Thm 6.4.1]:
E(Zp,) <E(Zy) =0
thus E (Yr_,%n) < E(mg,) < my. By Markov’s inequality, P (Yz, > b) < m,,/b?. O
Lemma 6.6. Define ZY as in Eq.(6.24). For all N >2,b>0, T >0 and all policy w:

Pl sw [|ZY0) >0 gzs?bz2 205 (N) + I(N) [(Io(N) + Lo)]2] .

sk

Proof. The proof is inspired by the methods in [17]. For fixed N and h € RS, let

Ly = (h, Z7 (k).
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By the definition of ZV, L; is a martingale w.r. to the filtration (Fk)pen generated by
MY . Thus

E (L = Lo Fi) = B ((h MY (k+1) = MY ()] Fi)
+(h, FN (MY (k), m (MY ().
By Assumption (A2):
[(h, EN (MY (k), (MY (F))))| < (Io(N) + La) I(N) ||| -

Thus, using Eq.(6.22) and Assumption (A5):

E ((L,c+1 _ Lk)Q‘ ]-"k>

IN

[P [N722E (AN (k)] F) + [(To(N) + Lo) I(N)P]

IA

IR0 [21(N) E2(N) + [(Io(N) + L2) I(N)P?]

We now apply Kolmogorov’s inequality for martingales and obtain

P < sup Ly, > b) < o5 bl 21(N)I(N) + [(Io(N) + L2) I(N)?] .

0<k<n

Let Z, be the set of w € Q such that supg<y<, (h, ZX (k)) < b and let = be defined by

z def N +z,i—1..5 =n Where € Is the ith vector of the canonical basis of RS, Tt follows
that, for all w € Zand 0 < k < nand i =1...5: [(ZY(k),&)| < b. This means that for
all w € Z: HZ7]TV(I<:)|| < +/Sb. By the union bound applied to the complement of =, we
have

1= P (3) < 2555 [I(N)I(N) + [(lo(N) + La) I(V)P] -

Thus we have shown that, for all b > 0:

P <Ogggn 122w > ﬁb) < 25" 1 () 4 1) (1) + L))

which, by changing b into b/ V'S, shows the result. O

6.5.2. Proof of Theorem 6.2

We use the same notation as in the proof of Theorem 6.1. By definition of V¥, v and
the time horizons:

HNI(N)
VY (MY (0)~E (vay(mo)) = E( / r(Mf,Ws),A;V<s>>—r<mAg<s>,A;V<s>>ds>

— ! rim S NS S
E(/HNI(N) (man (), AY( >>d>.

The latter term is bounded by I(N) ||7||,,. Let € > 0 and Qp = ©Q; U Qy where 1,5 are
as in the proof of Theorem 6.1. Thus P (£2y) < % and, using the Lipschitz continuity
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of r in m (with constant K, ):

2||rflo J(N, T)
€2

)
KoE (Lugoy [ W) — may ()] s )
0

For w & Qp and s € [0,T7: fOT HMT{V(S) - M}TV(S) ds < eé(L]\lf) and, by Eq.(6.28),

i HM;V(S) —mAsz(s)HdS < (|| M (0) = mo|| + To(N)T + €) <=L thus

VNMN(0) — E (vay (mo) )| < I(N) Il + +

VMY (0)) = E (way (mo) )| < Be(N,[|MY (0) = mo]|) (6.30)

where

el —1 N K I(N) 2 7]l J(N,T)

def
N,$) = I(N
Be(N,0) = I(N) |Irlloo + K (6 + Io(N)T + €) —1 2L, €2

This holds for every € > 0, thus

V(MY (0)) = E (vay (mo) )| < BON, [M¥(0) = mo) (6.31)

where B(N, 0) e infeso Be(N, §). By direct calculus, one finds that infesq (ae + b/e?) =
3/2%a%b% for a > 0,b > 0, which gives the required formula for B(N,4).

6.5.3. Proof of Theorem 6.3

Let & be the right-continuous function constant on the intervals [kI(N); (k + 1)I(N))
such that a¥(s) = a(s). @ can be viewed as a policy independent of m. Therefore, by
Theorem 6.1, on the set Q\ (21 U Qy), for every t € [0;T]:

|31a(8) = om0, )| < [[[MY (0) = mol| + To(N)T + ] €417 +u(d)
with u(t) oo |pe(mo, &) — ¢y (mo, a)|. We have

ult) < /0 £ (da(mo, @), als)) — F(a(mo,a™),a" (s))] ds

< / K (|| 8s(mo, ) — ba(mo,a™)|| + d(als),a” (s)) ds

0

t
< K/ u(s)ds + Kdy
0

where d; % f(;[ Ha(t) —aV (t)” dt. Therefore, using Gronwall’s inequality, we have
u(t) < Kdye®T.

By Lemma 6.7, this shows Eq.(6.7). The rest of the proof is as for Theorem 6.2.
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Lemma 6.7. If a is a piecewise Lipschitz continuous action function on [0;T], of
constant Ky, and with at most p discontinuity points, then

T
/ d(a(t),a (t))dt < TI(N) <K; +2 (1 +min(1/I(N),p)) HaHOO) .
0

Proof of lemma 6.7. Let first assume that T'= kI(N). The left-hand side
dy = fOT d(a(t),a™ (t))dt can be decomposed on all intervals [{I(N), (i + 1)I(N)):

LT/I (+1)1 N
d = —a d
1 Z /I(N) |a(s) — & (s)]| ds

LT/ I(N

(+1)1
Z /I(N) |a(s) — a(iI(N))]| ds.

If o has no discontinuity point on [iI(N), (i + 1)I(NN)), then

IN

(i4+1)I(N) I(N)
/ d(a(s),a(il(N)))ds < / Kasds < K 2I(N)2.
iI(N) 0

If @ has one or more discontinuity points on [iI(N), (i + 1)I(N)), then
(i+1)I(N) (i-+1)I(N)
/ d((s)aliI(N)))ds < / 2o, ds < 2 oo I(N).
iI(N) GI(N)

There are at most min(1/I(N),p) intervals [¢1(N), (i + 1)I(N)] that have discontinuity
points which shows that

dy < TIN)(CS2 4 min(1/1(V), p)2 o).

If T # kI(N), then T = kI(N)+t with 0 < ¢ < I(N). Therefore, there is an additional

term of kaI((NA; " d(as), @M (s))ds < 2 el o I(N). O
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Chapter 7.

Non-smooth Mean-Field Models

Abstract of this chapter — In this chapter, we study deterministic
limits of Markov processes made of several interacting objects. While most
classical results assume that the limiting dynamics has Lipschitz properties,
we show that these conditions are not necessary to prove convergence to a
deterministic system.

We show that under mild assumptions, the stochastic system converges
to the set of solutions of a differential inclusion and we provide simple way
to compute the limiting inclusion. When this differential inclusion satisfies a
one-sided Lipschitz condition, there exists a unique solution of this differential
inclusion and we show convergence in probability with explicit bounds.

This extends the applicability of mean field techniques to systems exhibit-
ing threshold dynamics such as queuing systems with boundary conditions or
controlled dynamics. This is illustrated by applying our results to several types
of systems: fluid limits of priority queues, best response dynamics in games,
push-pull queues with a large number of sources and a large number of servers
and self-adapting computing systems.

Résumé du chapitre — Dans ce chapitre nous étudions le comportement
limite de processus de Markov composés de multiples objets en interaction. Alors
que la plupart des résultats classiques supposent que la dynamique limite a des
propriétés de régularité de type Lipschitz, nous montrons que ces conditions ne
sont pas nécessaires pour prouver la convergence vers un systéme déterministe.
Nous montrons que sous des hypotheses assez faibles, le system stochastique
converge vers la solution d’une inclusion différentielle et nous donnons un moyen
simple d’obtenir cette inclusion différentielle limite. Quand elle satisfait une
condition de semi-Lipschitz, il existe une solution unique a cette inclusion
différentielle et nous montrons la convergence en probabilité en donnant des
bornes explicites.

Cela permet d’étendre 'applicabilité des techniques de champs moyen a des
systemes avec des dynamiques a seuil, comme c’est le cas pour des systemes
de files d’attentes. Ceci est illustré par 'application de nos résultats a des
files “push-pull” avec un grand nombre de sources de paquets et un grand
nonbre de serveurs, qui constituent des modeles naturels de systemes de calculs
a volontaires.
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7.1. Introduction

Let us consider a discrete stochastic dynamical system composed by a large number of
objects. Under classical smoothness assumptions, there exist general results that show
that the limiting system (when the number of objects goes to infinity) can be described
by a system of deterministic ordinary differential equations

y(t) = f(y(t)). (7.1)

Such models are known as mean field limits and described in Chapter 2.

In most cases, the limiting drift function f in (7.1) is assumed to be Lipschitz. This
strong condition hampers the applicability of these results in many practical cases, in
particular, for systems exhibiting thresholds dynamics or with boundary conditions. This
chapter studies the limiting behavior of such a system when the dynamics is non-smooth.
Let us consider a simple queuing system with one buffer and many processors that can
serve one packet per unit of time, on average. If y denotes the number of packets in the
queue, then the average decrease of y is one packet per unit of time (under a proper
rescaling of time) if the queue is non-empty (i.e. y > 0) and zero if the queue is empty.
This leads to a deterministic limit behavior:

gt) = —1 if y(t) >0 and §(t) =0 if y(t) = 0. (7.2)

This dynamics is not continuous and therefore non Lipschitz which makes the classical
approach inapplicable in that case.

Actually, most work using mean field limits for networks do not involve queues or
when they do, the number of queues scale with the number of objects (as in the previous
chapter), or convergence is obtained using ad hoc proofs (see for example [13]).

In the case of a non-continuous right-hand side, the differential equation (7.1) is not
well-defined since there exist no function y that is differentiable and that satisfies (7.2).
The proper way to define solutions of (7.2) is to use differential inclusions (DI) instead.
Equation (7.1) is replaced by the following equation

y(t) € F(y(t), (7.3)

where F is a set-valued mapping: if y # 0 then F(y) = {—1} and F(0) = {u: —1 < u < 0}.
Of course a differential inclusion problem may (or may not) have multiple solutions.

In the following, we will provide generic convergence results of mean field type that
show that under few conditions on the system, its behavior converges to the solutions of
a differential inclusion (7.3) (Theorem 7.5). This result is generic and does not require
any Lipschitz property on the set function F. In particular, it shows that when (7.3) has
a unique solution, the behavior of the system converges to it. Moreover, we also show
that when F satisfies a one-sided Lipschitz condition (7.9), we can bound the gap with
the limiting dynamics with explicit bounds (Theorem 7.7).

The rest of the chapter is organized as follows. In Section 7.2, we briefly describe the
general framework of our work and we give several examples. We will briefly recall some
definitions and properties of differential inclusions in Section 7.2.1. Section 7.3 states
the main theoretical results, Section 7.4 extends the results to time continuous Markov
chains and Section 7.5 describes several application examples.
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7.2. Description of the Model and Notations

We consider of system composed by N objects evolving in a finite state space & =
{1...S}. Time is discrete and the state of object n at time step & is denoted X2 (k) and
XN (k) = def (XN(k),..., XY (k). The objects all evolve in a common environment, called
the contert. The context at time step k is denoted by CV (k) € R%. The state of the
global system at time & is (X (k),C™ (k)). We denote by M™ (k) the empirical measure
associated with the N objects:

def 1 al
MOEE-DIIE
n=1

Since an object has S possible states, MY (k) can be represented by a vector with S
components, its ith component being the proportion of objects in state :

def 1 Z]'XN

The system (MY (k), CNV(k))j is assumed to be a Markov chain. In particular, this is
true if the objects all have a Markovian dynamics, if the evolution of the context is
deterministic and if the law of the whole system is invariant by any permutation of the
N objects. The state space of this Markov chain is included in RS*%. To simplify the
notations, we call YV (k) dof (MN(E),CN(E)).

If at time k, the system is in state YV (k) =y, then the expected difference between
YN(k +1) and YV (k) is called the drift and is denoted f(y):

AN CEXYE+1) - YNER)YN (k) =y). (7.4)

This only defines fV on the state space of YV, which is a subset of R¥*S. Outside the
state space of YV, fN(y) is not defined at this point.

We assume that as N grows, the drift vanishes with speed I(/V). This means that
there exists a function I(NV), called the intensity of the model, a set-valued function F'
and a continuation of the function fV on all R*S such that

e The intensity vanishes: lim I(N) = 0.
N—o0

o fV converges uniformly to F in the following sense: there exists J(N) with
limy 00 J(N) = 0 and a function f such that f(y) € F(y) for all y € R¥+9,

satisfying
() H
su — < J(N). 7.5
s |5 - )| < 700 (75)
where ||| denotes the L? norm.

Actually, the following results (Theorems 7.5 and 7.7) remain valid under a weaker
convergence condition of fV to F. Instead of assuming that fV has a limit f, one could
simply assume that

)

I(N)

sup  inf
yERA+S uEF(y)

- uH < J(N). (7.6)
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All the foregoing proofs would hold by replacing f by any h achieving the infimum in the
above equation (7.6). However, in most practical cases (and in all the examples of this
chapter), the rescaled drift f%v/I(N) converges indeed to a (non-continuous) function f,
so that we focus on that case in the following.

Finally, we assume that the second order of the drift is bounded. This means that
there exists b > 0 such that:

g (YN E+D = YY(k) - YO (R)
| )

2
) <b. (7.7)

All these assumptions are more or less necessary to use a mean field approach. The
notable important feature of our model is that we do not assume any regularity property
on the function f.

7.2.1. Differential inclusions

In Section 7.3, we will see that under mild conditions, the system described by the variables
(MN(.),CN(.)) converges to the solutions of a deterministic differential inclusion. In
this section, we recall the main concepts on differential inclusions. For a more complete
description, the reader is referred to [1]. In all that follows, (x,y) denotes the classical
inner-product on R and ||z = \/{z,z) (L? norm) and ||A|| = sup,c 4 ||=||-

Definition 7.1. Consider a differential inclusion problem:

y(t) € F(y(®)),  y(0) = yo, (7.8)

where F is a set-valued function mapping each point y € RS to a set F(y) C RS,
Let I C R be an interval with 0 € 1. A function y : I — RS is a solution of the DI
(7.8) with initial condition y(0) = o if there exists a integrable function ¢ : I — RIS
such that:

(i) for allt € I: y(t) = yo + [y (s)ds;
(ii) for almost every (a.e.) t € I: ¢(t) € F(y(t)).

In particular, (i) is equivalent to say that y is absolutely continuous. (i) and (ii) imply
that y is differentiable at almost every t € I with §(t) € F(y(t)).

Definition 7.2 (Upper Semi-Continuous (USC)). The function F is said to be upper
semi-continuous (USC) if for any y € RS, F(y) is a non-empty closed, convex and
bounded set and if for any open set O containing F(y), there exists a neighborhood V' of
y such that F(V) C O.

Definition 7.3 (One-Sided Lipschitz (OSL)). A set-valued function F is one-sided
Lipschitz (OSL) with constant L if for all y, 7 € R*S and for allu € F(y) u € F(3):

{y—gu—u) < Lly—gl*. (7.9)

These two definitions give sufficient conditions for the existence (resp. uniqueness) of
solutions for the differential inclusion (7.8). We recall the following results.

Proposition 7.4 (Theorems 2.2.1 and 2.2.2 of [100]).
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o If F is USC and if there exists ¢ such that ||F(x)| < ¢(1+ ||z||) then for all initial
condition yo, (7.8) has at least one solution on [0;00) with y(0) = yo.

e If F is OSL, then for all T > 0, there exists at most one solution of (7.8) on [0;T].

Of course (USC) and (OSL) combined insure that the DI has a unique solution.

7.2.2. A set valued function for the drift

In our framework, if fV(.) is the drift of the system defined in Equation (7.4), we define
an adapted set-valued function F' by:

N VA
P = Jim, U oo {70551l < o (7.10)

>0 N>K

where conv(A) is the closure of the convex hull of a set A. It should be clear that
Equation (7.10) defines a set-valued function F' such that for all y:

. . N B _
ngmooueu;fy)!\f (y)/I(N) —ul| = 0.

Therefore, Equation (7.6) is satisfied as soon as this convergence holds uniformly in y.
Furthermore, the function F' defined in (7.10) is USC.

If we assume instead that the drift fV converges uniformly to some function f, meaning
that || fV(y)/I(N) — f(y)|| < J(N), the set valued function F' associated to the drift can
be defined as:

Fly) = (eomw {£() : |12 — yll < e (7.11)
e>0
In that case, if the function f is continuous in a point y, then F' is a singleton: F(y) =
{f(y)} while if f is discontinuous in y, F(y) is the convex closure of the limit set of f at
point .

7.3. Convergence results

This section contains the two main theoretical contributions of this chapter. The first
one is Theorem 7.5 that shows that if F' is USC then the stochastic system converges
to the set of solutions of the differential inclusion. In particular, this implies that if
the differential inclusion has only one solution, the stochastic system converges to this
solution (Corollary 7.6).

This theorem does not give any bound on the speed of convergence. In fact, without
further conditions, the convergence may be arbitrarily slow. However, when the differential
inclusion is both USC and OSL, the the solution of the differential equation is unique
and the speed of convergence can be lower-bounded (Theorem 7.7).

The rest of this section is organized as follows. We first state the two convergence
results and then discuss their applicability. The proofs of the two theorems are postponed
in the appendix. The proof of the first theorem is similar to classical proofs for the
existence of solutions of differential inclusions while the second one is more similar to
classical proofs of the convergence of stochastic approximation algorithms, like the proof
of Theorem 2.1 in Chapter 2 or the proof of Theorem 6.1 in the previous chapter.
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Let us now recall that at time step k, the system is in state YV (k) & (MN(k), CN(k))
and let us denote YV (¢) the piecewise affine interpolation of YV (k) when we scale time
by a factor I(N). Let us first define the continuous function YV (¢) as the component-wise
linear interpolation of {YV (k)}yen: for all 4,

> def
T % (1= )Y (1)) + ¥ (1),
with a =t — |t].

Then, by scaling time, YV (¢) &f YN(t/I(N)).

Let us denote by -#7(yo) the set of the solutions of the DI (7.8) starting from y(0) = yo,
we can show that Y'(.) converges (in probability) to #7(yo). More precisely, the following
theorem holds.

Theorem 7.5. Let F be the limit of the drift defined by Equation (7.5). Assume that
the drift satisfies (7.7) and that

o F is USC and there exists ¢ > 0 s.t. [|[F(y)| < c(1+ |yll),
e YN(0) 2, Yo (convergence in probability).

Then for all T > 0:

int V) -y S o.
et e VR =yl =

Proof. The proof is given in Section 7.6.1. 0

This theorem shows that if IV is large enough, the trajectory of the stochastic system
YN on T/I(N) steps is close to a solution of the differential inclusion (7.8) over [0, T.
In general a differential inclusion may have multiple solutions. Here, Y may converge
to any solution of the DI, depending on its random innovations, making this result rather
inefficient for performance evaluation. This result is of greater interest if the DI starting
from yo has a unique solution: .#7(yo) = {y}. In that case, as a direct corollary of the
preceding result, YV converges in probability to y on all intervals [0; T7.

Corollary 7.6. Under the conditions of Theorem 7.5, if the DI (7.8) has a unique
solution vy, then for all T':

sup [|[YN () —y(t)|| 2> 0.
o<t<T

In some cases, like the example of push-pull queues described in Section 7.5, the
limiting differential inclusion clearly has a unique solution which makes the preceding
corollary directly applicable. The main drawback of the previous theorem is that it does
not give any insight on the speed of convergence on the stochastic system towards its
limit.

This limitation can be overcome when the function F satisfies the one-sided Lipschitz
condition (7.9). Firstly, this ensures the uniqueness of the solution. Secondly, one can
get precise bounds on the gap between the stochastic system and its limit in that case.

142



7.4. Extension to Non-smooth Density Dependent Population Processes

Theorem 7.7. Under the conditions of Theorem 7.5 and if F is OSL with constant L,
then the DI (7.8) has a unique solution y and there exist constants Ar, By, Ct depending
only on T, L and c such that for all €,

P < sup [|[YN (@) —y@)| = [[YN(0) — y(0)|| " + /I(N)Ar + /J(N)Br + e>

0<t<T

I(N)
€2

< Cr.

The constants Apr, By and Cr are given by

Ap 62LT\/I(6]V)02(1 + K7) + %(C(l + Kr) + J(N));

def  VEpe?tT

By € YL .
T \/Z
@t €T )
Cr = <7 (4¢*(1 + Kr)* + b)

with Kr = max{[y(0)]| + . [y | + (c + JOVDT) V5V + (e + JN)T + VBT}eT fe
and c is defined in Theorem 7.5 and b in Equation (7.7).

Proof. The proof is given in Section 7.6.2. O

Note that if F'(.) is bounded by some K the terms ¢(1 + K7) can be replaced by Kp.
This is in particular true if YV is constrained to stay in a compact space of RS or if
the drift is bounded for all y € RS,

These constants are of a similar order than bounds that can be obtained in the case
where f is Lipschitz, such as the one of Theorem 6.1 of the previous chapter. However,
the convergence speed with respect to N is in O(y/I(NN)) (compared with O(I(N)) is
the Lipschitz case).

7.4. Extension to Non-smooth Density Dependent Population
Processes

In this section, we show that our results can be adapted to the case of continuous time
Markov chains and in particular for the famed model of density dependent population
processes, described in Chapter 2, Section 2.2.1. The two theorems 7.5 and 7.7 can be
transposed in this case.

Let (DN )n be a density dependent population processes: DV is a continuous Markov
chain on $Z¢ (d > 1) and there exists a set £ C Z¢ (with 0 ¢ £), such that for each
(€ L and x € N71Z%, the rate of transition from x to x + £/N is NS,(x) > 0, where
Be(.) does not depend on N. Let us assume that 3, sup,cza ||Be(z)]| = 7 < oo and let
us define f(x) = >, Be(x)? (in the following, we assume that this sum is well-defined).

If f is Lipschitz, then DV (.) converges to the solution of the equation d(t) = f(d(t))
(see Theorem 2.1 in Chapter 2). Using uniformization of the Markov chain and the
results from Section 7.3 we now show that this convergence still holds for general drifts,
replacing f by its set-valued counterpart F, defined in (7.11).
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Theorem 7.8. If sup,cza Y pcp Be(x) =7 < 00, if D ycp 1] B (y) < b < o0 and if F
is USC and satisfies || F(z)|| < ¢(1 + ||z|), then for all T > 0:

inf DN — a2
a2y oS 107 @ = d)]| = o,

where ST (yo) is the solution set of the DI (7.8) starting in yo.
Moreover, if F is OSL of constant L, then

! Yy Cr+r7
P (021% [D%(@) = d@)]| = |V (0) = ()| " + —=Ar + (1+c(1+KT))6) <=7

where Ar,Cr and Kt are defined as in Theorem 7.7 with I(N) = N~ and d(-) is the
unique solution of the differential inclusion (7.8).

Proof. Since T < oo, the rate of transition of DV (.) is bounded by N7. Using uniformiza-
tion of continuous time Markov chain (see Theorem 1.2), there exists a Poisson process
AV of rate N7 and a discrete time Markov chain YV (.) such that DV (t) = YN (AN (¢))
and YV and AN are independent. Moreover, for all z and £ € L,

P <YN(k +1)=xz+ %’YN(/C) = :E> = ;ﬁz(m),

PYNE+L ) =aYN() =2) = 1—%2&(@.

For all y € RY, the drift of YV(.) is E(YN(k+1) = YN (k)|[YN(k) =y) = (N7)"Lf(y).
2 _

Moreover, E (VN (k+ 1) = YN (k) = F)| YN () = 4) < (N7) 2 Sy 1P Bily) <

b. Therefore, Y7 (k) satisfies the conditions of Theorem 7.5. Moreover, F' also satisfies

the conditions of Theorem 7.5 which shows that infyc g,.(,0) SUpi<r HYN(tN) —y(t) H =0.

When F satisfies the OSL condition of Theorem 7.7, we further get the result with
explicit bounds.

As AV is a Poisson process of rate N7, }AN (t) —tN 7"2 is a sub-martingale and by
Doob’s inequality, P (sup;<r |AN(t) — tN7| > N7e) <E (‘AN(T) - TNT!Q) /(NT€)? =

(TNT)/(NTe)? = T/(N7e?). If y is a solution of the DI (7.8) on [0; T, for all t,s € [0, 77,
ly(t) — y(s)|] < (14 KY)|t — s| where K¥ is defined in Lemma 7.11. This shows that if
y is a solution of the differential inclusion, with probability greater than T//(N7e?), we
have:

DY) —y@)] = [YNANE®) = ()]
< oo ()] « b (557) -
AN(t)

< HYN(AN(t))—y( ~ >H+c(1+K%)e.

T

which concludes both parts of the theorem. ]
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7.5. Examples

7.5.1. Fluid limit of a system of parallel queues

Fluid limits are very popular for studying the dynamics of flows in a queuing network
[56]. In this section, we show that our framework can be applied directly to prove
the convergence of a queuing network to its corresponding fluid limit. Moreover, the
differential inclusion approach allows us to compute the limiting dynamics as a direct
application of Theorem 7.8.

We consider a simple model of a system composed by one server. There are two
classes of customers: customers with high priority (HP) and customers with low priority
(LP). High priority customers and low priority customer enter the system with rate A
(independently). If there are one or more HP customers in the queue, the server serves
HP customers at rate 3A. Only when there is no HP customer in the HP queue, can the
server serve LP customers (with rate 3X). Let C1(t) and Ca(t) are the numbers of high
priority and low priority customers at time ¢. This model is depicted in Figure 7.1(a)
where each queue corresponds to a class of customers. The fluid limit of this system
corresponds to the limiting behavior of the system when the initial state is scaled by a
factor going to infinity.

size of queue 2: C(t)

7

\
\\
\\

(a) The queuing system
with two class of customers

size of queue 1: CV ()
(b) Drift of the system

Figure 7.1.: System and the corresponding drift

This model fits in our density dependent population process framework by considering
a system with 0 object and only a shared resource CV = (O, CY). At time 0, let us
define an arbitrary initial state with, say, 4N high priority customers and N low priority

customers. Thus CV(0) ey (4,1). It should be clear that the expected variation of
CN(t) is fN(c1,c0) = (=20 A) if CN(t) > 0 and fN(c1,c0) = % (X, —2X) if CN(¢) = 0.
Therefore, the intensity of the system is I(N) = 4 and the limit of the drift is f(c1,c2) =
N fN(cy,c2) and is depicted in Figure 7.1(b).

As shown on Figure 7.1(b), the drift is constant for all C{¥ > 0 but is discontinuous
for C¥ = 0. Because of this discontinuity, there is no absolutely continuous function ¢
such that ¢(t) = f(c) almost everywhere: the axis ¢; = 0 both attracts the trajectories
from ¢; > 0 and repulses the trajectories starting from ¢; = 0.

However, the intuition tells us that when C{¥ () = 0, C{V(¢) should remain close to 0
and that the server should serve in average A HP customers and 2\ LP customers. To
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Chapter 7. Non-smooth Mean-Field Models

show that this intuition is correct, let us compute the set-valued function F' corresponding
to f (defined as in Equation (7.10)). For ¢; > 0, F'(c) is single-valued and F(c) = {f(c)}.
For ¢; = 0, F(c) is the convex hull of the vectors {(p, —2p), (—2p, p)} and corresponds to
the dashed line of Figure 7.2(a).

size of queue 2: C (t)

queue 1 is empty

(a) The set-valued drift for size of queue 1: C{V (t)

(1 = 0 s the set of vectors
displayed by the dashed (b) Unique solution of the differential inclusion.

line.

Figure 7.2.: Convex hull of the drift at C; = 0 and unique solution of the fluid limit.

It should be clear that the model satisfies all the hypothesis of Theorem 7.5 and that
the differential inclusion has a unique solution, depicted in Figure 7.2(b). Although this
result can be shown directly, our framework provide an easy way to construct the fluid
limit and prove the convergence of the original process.

7.5.2. Best Response in Rock-Paper-Scissors

The second example is taken from game theory and shows that the best response dynamics
typically leads to a non-smooth limit system. In this case the limiting system will be USC
and will have a unique solution but it will not satisfy a one-sided Lipschitz condition.

We consider a set of IV individuals playing the game of rock-paper-scissors. The state
of one individual can either be rock, paper or scissors. At each time step, 2 players are
chosen at random. The first player cannot change its choice while the second can decide
to play one of the three choices. The goal of the second player is to beat player one (the
rule of the game is rock beats scissors, scissors beat paper and paper beats rock).

The best response of player two is the following. If there is a majority of rock (resp.
paper or scissors), the second player should play paper (resp. scissor or rock). The
corresponding limiting dynamics is drawn on Figure 7.3. The drift is not Lipschitz on
the frontiers and the limit dynamics is non-smooth. The differential inclusion is USC
but not OSL. However, for all initial conditions, the solution of the differential inclusion
is unique and has at most one cusp point before converging in finite time to its unique
attractor (1/3,1/3,1/3), at constant speed.

7.5.3. Volunteer Computing

Here, we consider a model of a volunteer computing system, such as BOINC http:
//boinc.berkeley.edu/. The system is made of a single buffer and N desktop machines,
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Figure 7.3.: (Vector field for the best response dynamics. The first (second) coordinate
M (Ms) is the proportion of Rocks (Paper).The proportion of Scissors is
Ms =1 — M; — M,. Two trajectories starting in M(0) = (.8,.1,.1) are
shown. One corresponding to a stochastic system with N = 10 players and
one for the deterministic limit.

offered by their owners (volunteers), that serve the jobs of this buffer. However, as soon
the owner of a processor wants to use it, she preempts it and the processor becomes
unavailable for the computing system. As for the incoming jobs, they are assumed to
arrive in the buffer according to a Poisson process at rate A. These kinds of systems are
often called push/pull models: The distributed applications push jobs to a central server
that stores them in a buffer and whenever a processor becomes available, it pulls a job
from the buffer and executes it.

Such systems fit our density dependent population process framework. The context
C'(t) represents the size of the buffer while the N objects represent both the applications
sending jobs and the hosts executing them. The state of a host is its availability and its
idleness (whether it is executing a job or not). The non-smooth part of the dynamics
comes from the buffer size. When C(t) > 0, if a host asks for a job, it gets it with
probability one while when C(t) = 0, a host asking for a job will get nothing. In that
case, one can show that this dynamics satisfies the conditions of Theorem 7.8 that can
be used to study the limiting behavior of the system when the number of hosts and
applications grows.

In the simplest case, the intensity of the system is I(N) = 1/N and an application
sends a job to the system at rate A while jobs are completed at rate p by each server.
To represent the communication delays, every host gets jobs at rate . It becomes
unavailable with rate p,,, and available with rate p, if C'(¢t) > 0 and 0 otherwise. If b, a,u
denote respectively the proportion of busy, available and unavailable hosts, the limiting
system is described by a DI:

b(t) = —pb(t) +va(t)le)>o
a(t) = p(t)b(t) + pau(t) —va(t)lew>o
’[L(t) = _pau(t) + pua(t

Ct) = —va(t)lowso + Alow) <o -

The formal DI is obtained by replacing va(t)1¢ (>0 by the singleton {ya(t)} if C(t) >0
and the interval [0;ya(t)] when C(t) = 0.
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Buffer Size
0.9 Off and idle ------- i
: On and busy -~
@ 08 . 1
&
2 o07f 1
[1] N
~ 06 1
S
2 05t , 1
g
g
S 04t 1
S 03 ]
S
£ 02 i
8
& o} 0 T~ B
o ~ o
0 b _
-0.1 ! \ ) | I
0 0.5 1 15 5 Py t

Time

Figure 7.4.: Limit dynamics of a volunteer computing system. A non-differentiable point
occurs when the buffer becomes empty.

At time ¢ = 0, we consider that the size of the buffer is C'(0) = 0.2 and that all
processors are available and are serving a job. The behavior of the system is represented
in Figure 7.4. One can see that there is a point of non-differentiability in the behavior of
the system when the size of the buffer reaches 0.

7.5.4. Volunteer Computing: Day and Night Scenario

We now consider a similar model as the previous one except that the processors follow a
day and night behavior. We consider that some of the processors are turned off at night.
Therefore, the availability is larger during the day (between 7am and 5pm) than at night.
The limiting dynamics can be represented by a differential inclusion that depends (not
continuously) on time:
dy(t)
ot
In the previous theorems, we assumed that the function F was time-invariant. There
are three ways to tackle this problem. The first one is to adapt the proofs to the time
dependent case. An other idea that can used here is the fact that for all finite interval of
time, there is only a finite number of discontinuity points (7am, 5pm,. .. ), and to apply
the convergence results on a first sub-interval [0; 7am]. Using the fact that YV (7) — y(7),
the convergence holds on [Tam,5pm], and so forth. Yet another solution is to write

Z(t) oy (Y(t),t). Then the differential inclusion (7.12) can be written:

€ F(y(t), ). (7.12)

0z(t)
5 C (F(z(t)),1). (7.13)

The fact that F' is not continuous in ¢ (and therefore in z(t)) is not a problem in our
differential inclusion setting. It should be clear that in that case there is still a unique
solution to the differential inclusion (7.13).

On Figure 7.5 we can observe two kinds of non-differentiable points. The first ones are
the points representing the change from day time to night time. The other ones occur
when the buffer becomes empty. The small oscillations of the buffer size around 0 and
of the proportion of busy processors are just numerical integration artefacts (typical of
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Figure 7.5.: Limit dynamics for volunteer computing under day and night availability.

numerical integration of differential inclusions). In both cases the exact solutions do not
exhibit these jumps.

7.5.5. Join the Shortest Queue in Volunteer Computing

This example is similar to the one of Section 7.5.3 but with two identical time-homogeneous
volunteer systems. Each time a job arrives, it is routed to the system with the smallest
number of jobs. Here, the routing of jobs introduces a new cause of non-smoothness:
there is a threshold in the dynamics of the system when both backlogs are equal.

Figure 7.6 shows the behavior of the limit differential inclusion. Once again, the limit
behavior is unique once the initial condition is given.

1.2 T T T T
Buffer of queue 1 ———
Buffer of queue 2 ---—----
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@ Total Jobs in Queue 2
o Active procs Queue 1 ————
5 v Active procs Queue 2 -~
@ 08 E
5 R
8 06 E
< n
[e%
k] T EmE—
c 04r T —
S =
§_
S 02 7 B
o P

s

SN T

0 - _ 1 1 =
0 2 4 6 8 10 12
Time

Figure 7.6.: Join the shortest queue for volunteer computing

As expected, new non-differential points appear when both buffers are equal.

7.5.6. OSL dynamics: energy-aware distributed computing system

The previous examples have dynamics for which the drift function did not satisfy an OSL
condition. However, OSL conditions are commonly assumed in the non-smooth system
litterature [18, 107]. In this section, we recall sufficient condition for a dynamical system
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to be OSL and provide some examples of dynamics that are OSL. Recall that a set-valued
function F is OSL with constant L > 0 if for all y,7 € R? and u € F(y),u € F(y):
v—g,u—a) < Lly—gl> )

Let us first examine the example of Section 7.5.3. Let y = (b, a,u,C) and § = (b, a, u, 0),
then (y — 7, f(y) — f((v))) = —p b — 5‘2 +~va(b — b) — ya. When b — b is small enough
and positive, this expression is of order a(b — b) which is greater than L ||y — g||* =
L(|b— 5‘2 + C?). In fact, there are two types of non-smoothness in these equations.
The first one is that the dynamics of C' depends not continuously on C' but in a OSL
way (see below). The second type of discontinuity is that the dynamics of b depends
non-smoothly on C. This latter discontinuity always leads to a term of order (b—b) which
is greater than L Hb — 5”2 whenever b — b is small enough. This is a general problem for
the applicability of OSL: whenever the derivative of one coordinate depends non-smoothly
on a other coordinate, the dynamics is never OSL. This is actually the case in all the
examples of Sections 7.5.1 to 7.5.5.

Sufficient conditions to prove OSL

The next lemma links conditions on the drift function f to its set-valued counterpart.

Lemma 7.9. Let f : R* — R? be a single valued function and F be the convez set-valued
function associated to f, defined by

F(y) = (eonv {f(2) : |z =yl < e}

e>0

where conv denotes the convex hull of a set. Then:
(i) F is OSL with constant L iff f is OSL with constant L.
(ii) If f is Lipschitz of constant L, then F is OSL of constant L.

Sketch of proof. (i) — The proof of (i) is straightforward from the definition of OSL. The
main idea is to use the fact that since R? is a d dimensional space and by the definition of
F, any u € F(y) can be written as the limit of a convex combination of d points u; ... uq
such that w; = f(y;) and ||y — y;|| < e. Using a similar combination for @ € F(y) and
playing with the coefficient of the convex combination leads to (7).

(ii) — The proof of (ii) comes from the Cauchy-Schwartz inequality. If f is Lipschitz

with constant L, then for all y,§ € R%: (y — 7, f(y) — (7)) < ly — 7l 1 f(y) = fF@] <
L|ly — 7||*. This shows that f is OSL. By (i), this implies that F is OSL. O

In order to show that a particular dynamic is OSL, we can also use the fact that the
sum of two OSL functions is OSL. However, unlike in the case of Lipschitz functions, the
product or the composition of two OSL functions is not necessarily OSL.

Lemma 7.10. If F} and Fy are two OSL with constant L1 and Lo, then Fy + Fy is OSL
with constant Ly + Lo, where F1 + F5 is defined by:

(F1 + F2)(y) = {w1 +ug s ur € Fi(y),u2 € Fa(y)}.

The basic example of a OSL function is the fluid limit of a single M/M/1 queue. Let us
assume that jobs arrive in the system at rate N\ > 0 and are served by a server with rate
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Npu > 0. Let YV (t) be the number of packet at time ¢ in the queue rescaled by % and let
assume that YV (0) = x. The drift of the system is f(y) = A — p if y > 0 and f(0) = A
(that can be extended to f(y) = A for y < 0). The set-valued drift corresponding to f is
Fly)={AN—u}ify>0, Fly) ={\} if y <0and F(0) = [A — pu; \]. This function F
satisfies a OSL condition with constant 0. Indeed, let v,y € R. If y and 3 are both
positive or both negative, f(y) — f(y') =0. If y > 0 and ¢/ <0,

=o'\ fy) = f))=ly—y,—p) <0<0lly -y (7.14)

Therefore, the dynamics of a M/M/1 queue is OSL with constant 0 and one can apply
Theorem 7.7 with K7 = X\, I(N) = 1/N, J(N) = 0 and any L > 0. Note that Theorem 7.7

requires L > 0 because of a term in ¢*/7/y/L that comes from I(N) Z;TFZ/II(N)(I +
ALI(N))! < exp4LT/(4L). When L = 0, this term can be replaced by 7. The dependence
in T of the constants Ay, By and Cr is €*T when L > 0 and T when L = 0.

Let us now consider a more sophisticated computing model made of a single buffer and N
computing resources. Jobs arrive at rate N\ in the buffer (where A may vary) and CV(t) is
the number of jobs in the buffer rescaled by N. The buffer size is upper bounded by Ciax -
In order to optimize energy consumption, the computing resource can compute at rate
p1 or pg > pp. If there is a proportion M{¥(t) = my resources at speed py and M (t) =
mgy = 1—my resources at speed g, the drift of OV (¢) is f.(c,m1, ma) = A—mypu1 —mapus if
0 < ¢ < Cmax, 9(0,m1,mg) = X and fo(Crax,m1,ma) = —mqpu; —meopz. A computation
similar to (7.14) shows that f, is OSL.

The computing resources can not communicate and each resource updates it speed
independently of the others as a function of the load C™(t) of the system. To do
so, each resource measures the size of the queue CV(t) at rate . If the size of the
buffer is ¢ and the speed of the resource is u;, the speed is set to fast (i.e. ug) with
probability p;(c) (and is set to slow with probability 1 — p;(c)). Therefore, the drift
of M (t) is fi(c,m1,ma) = v(—mip1(c) + ma(l — p2(c))) and the drift of M (¢) is
fa(e,mi,ma) = — fi(c, m1,ma). If b — p;(c) is Lipschitz, the functions f; and fo are
both Lipschitz. This shows that the drift of the whole system (which is the sum of f., fi
and fy) is a OSL function.

T T T T
buffer size (rescaled)
fraction of fast processors -------

‘ buffe‘r size (‘rescaléd)

fraction of fast processors -------

Proportion of ressources / Buffer size

Proportion of ressources / Buffer size

S Vj |

0 C Il Il Il Il Il Il Il
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
Time Time
(a)y=1 (b)y=1

Figure 7.7.: Differential inclusion dynamics of the energy-aware distributed systems for
v =.1and v =1 and Cpax = 2. The y axis represents proportion of
resources that are fast (i.e. ma(t)) or the buffer size, depending on the curve.

In practical situation, measuring ¢ and changing power of a computing resource is
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costly in terms of time and energy. Thus, the choice of v is a compromise between the
reactivity of the system and the time and energy spent to adapt the power to the load.
Figure 7.7 shows two examples of the evolution of the differential inclusion dynamics for
two values of v: v = .1 and v = 1. The parameters of the system are u; = .5, s = 2 and
Cmax = 2. On each figure, p;(c) = ¢/Cpax. When t € [0;100] or ¢ € [200;300], we set
A = .6 while for ¢ € [100;200] or ¢ € [300;400], A = 1.5. Figure 7.7(a) shows that when ~
is small, a brutal change of the arrival rate leads to a long period of oscillation of the
system. When going from A = .6 to 1.5, some jobs are lost at the beginning. Then, the
system overreacts before stabilizing. When v = 1 as in Figure 7.7(b), these oscillations
have disappeared, except for a small burst at the beginning.

7.6. Proofs of Theorem 7.5 and Theorem 7.7

The idea of the proofs is to write the evolution of the system as a stochastic approximation
algorithm. The state of the system at time k£ + 1 can be written as

YN+ = YVR) + TN FY(R) + (FY YN (R) = TI(N) F (YN (R)))
+ (YN (1) =Y (B) - N (YN (R))) (7.15)

where f is defined in (7.5). This equation can be seen as an Euler discretization of the
DI (7.8) plus two error terms:

o EN(k) ¥ N(YN(k))/I(N) — f(YN(k)) which by Equation (7.5) is such that

|EN (k)| < J(N);
o UN(+1) Y (YN(k+1) = YN (k) — fN(YN(k))) /I(N) which by Equation (7.4)
is such that E (U ,i\fr1| ]-",ﬁv ) = 0 where ]:,ﬁv denotes the filtration associated with the

process (Y (k))x. Moreover, by Equation (7.7), E (HUIﬁIHQ‘ F,ﬁv) <b.

Using this notation, and the definition of F'(y) by Equation (7.10), Equation 7.15 can be
rewritten

YNk +1) e YN(&) + I(N) (F(YN (k) + EN (k) + UN(k+ 1)) . (7.16)

Equation (7.16) is called a stochastic approximation with constant step size associated to
the DI (7.8). The term constant step size comes from the fact that I(NN) does not vary
with time. Both proofs of Theorem 7.5 and Theorem 7.7 are based on the convergence of
such stochastic approximation (7.16) as N goes to infinity.

7.6.1. Proof of Theorem 7.5

This proof is inspired by classical proofs on differential inclusions, for example the proof
of Theorem 2.2.1 of [100]. It is somewhat similar to the proof of Theorem 4.2 of [19]
although there are two main differences. First, we focus on constant step size and are
interested in the convergence over a finite time-horizon. Second, we do not need any
assumption on the boundedness of the stochastic process since this is a consequence of
the hypothesis in the finite time-horizon.

The idea of the proof is to show that for all sub-sequence of YV, there exists a sub-
sequence Y?(N) (of this sub-sequence) such that d(Y7M), Dy (o)) £ 0. In all that
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follows, let Y2V) be a sub-sequence of Y. In order to simplify the notations and because
we will take several sub-sequences of sub-sequences, we omit the o in the notation and
we denote all sub-sequences Y. In the first part of the proof, we consider the problem
from a probabilistic point of view in order to make sure that the random part of the
process goes almost surely to 0. Then we consider the problem from a trajectorial point
of view using analytic arguments.

Developing the recurrence (7.16), the value of YV (k 4 1) is equal to:

k k k

NE+1) =YN(0)+ > TN YN @) +I(N) D> EN(@)+I(N) YUY (i+1). (7.17)

=0 1=0 =0

We define two functions ZV(t), and V¥ (¢) to be piecewise affine functions such that for
all i, ZN(KI(N)) = 520 I(N) (YN (3)) and VN (RI(N)) = S50 I(N)UN G +1). By
Kolmogorov’s inequality for martingales and since E (HU Nk +1) H2 \FN ) <b

2
P( sup HVN(t)H>e> :73< sup >e> wa.
0<t<KI(N) 0<k<K

k—1
I(N)Y UM+ 1
SOMRCR B
Therefore, for all T

T | (V)2

P ( sup HVN(t)H > e) <P sup HVN(t)H >e| < ——5—b (7.18)
0st=T 0<t<[L I(N) €

This shows that supy<;<p HVN (t)H converges in probability to 0. Therefore, there exists
a sub-sequence of V'V such that Sup;<r HVN (t)” converges almost surely to 0.

We now reason from a trajectorial point of view. Let us now consider a trajectory
w € 2 of the system such that sup,<p HVN (t) H converges to 0. In particular, this implies
that HVN(t)H is bounded for all N and ¢: supy 0<t<T HV H < d < o0. Using (7.17)
and since ||F(y)|| < (14 ||z]]), for all k < T/I(N HYN (k + 1)|| can be bounded by:

¥E+D) < [[YT0) H+ZI 1+ @D +sup V]

< |[YM0)| + ekI(N) +d+ZI )YV )|

< (HYN(O)H + ¢TI +d) exp (cT) /e, (7.19)

where we used the discrete Gronwall’s lemma and the fact that kI(N) <T.

Once we know that sup y g<;<7 HYN(t) H is bounded, the rest of the proof can be adapted
from classical results on the convergence of the Euler approximation for differential
inclusions, see [100] for example. There exists e > 0 such that supy g<i<r HYN (t)H <e.
Thus || f(Y™(k))|| < ¢(1+ €) < co. This shows that the functions ZV are Lipschitz with
constant ¢(1+e). Thus the sequence of functions (ZV)y are equicontinuous and bounded.
Therefore by the Arzéla-Ascoli theorem, for all sub-sequence of (ZV)y, there exists a sub-
sequence that converges to some z : [0;T] — R%. In the following, we will show that z is
a solution of (7.3) which shows that d(ZV,.%r(yo)) — 0. As || ZV = YN|| = |[|[V¥]| — o,
this implies that d(Y™,.#r(yo)) — 0. To prove this, we will construct a function ¢ such
that:
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(i) for all t: z(t) = 2(0) + fg o(s)ds
(ii) for almost every t: ¢(t) € F(2(t)).

Let o™ (t) be a step function, constant on the intervals [kI(N), (k + 1)I(N)) and such
that for ¢t = kI(N), oN(t) = f(YN(k)). Therefore, the sequence ¢" is bounded in
Ly([0; T],R%). Thus, there exists a sub-sequence of ¢V converging weakly in Ly to a
function . Since Lo is a reflexive space, if a sequence of functions ¢’V converges to ¢,
this means that for all function v in Lo, there exists a sub-sequence of ¢ such that

(v, ) = (v, ). Let £ € R? and t € [0;T]. Let the function v be defined by v(s) def 13

for s < ¢ and v(s) 00 for t > s. Since ™ converges weakly to p and ZN(t) — z(t), we
have:

ZV0.6 > (=(0).€)
V). = (Z <>,s>+</0 N(s)ds, €)
SDN
v)

As this is true for all £ € R?, this shows that z is absolutely continuous: z(t) = fot o(s)ds

It remains to show that for a.e. ¢, ¢(t) € F(z(t)). Let t" denotes the greater multiple
of I(N) less than t (N % [t/T(N)| I(N)). Using that f(Y™N(k)) < c(1 + €) and that
2N converges uniformly to y, for all § > 0, there exists Ny such that N > Ny implies
|2(t) = YN(#N)|| < 6. Defining Fo(y) o Us:|z—y||<sF'(2), this shows that oM (t) €
F9(z(t)). Since F is convex and z bounded, {a € L? : a(t) € F°(z(t))} is convex and
closed. This shows that this set is weakly closed (see [128], Theorem 3.12). Therefore,
for all t, ¢(t) € FO(t). As this is true for all § and F' is USC, this shows that for a.e. ¢,
B(t) € Ns=oF?(t) = F(2(t)). Thus, z is a solution of the DI.
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7.6.2. Proof of Theorem 7.7

This proof is based on two Lemmas. Lemma 7.12 shows the rate of convergence of an
Euler scheme without error to the solution of a differential inclusion. Lemma 7.13) shows
that the gap between the deterministic Euler scheme and the stochastic approximation
can be bounded in probability with explicit bounds. The combination of the two directly
implies Theorem 7.7.

We define by y,]gv the Euler scheme associated with the differential inclusion (7.3) with
step I(N) starting in YV (0). That is:

v = YN0
yz’ffl =y +I(N) (f) + EN(K)) (7.20)

for some f(yY) € F(yY). Again, y" (¢) denotes the piecewise interpolation of yI where
the time is scaled by a factor I(N). More precisely, y” (t) is a piecewise affine function
such that for k € N: y™(kI(N)) = y. Finally, we denote by y(t) a solution of the DI
(7.3) (which is unique if the DI is OSL by Proposition 7.4).

We first start by a technical lemma that bounds the growth of the functions.

Lemma 7.11. If F' s USC and OSL with constant L and if there exists ¢ such that
for all z, |F(z)|| < c(1+ ||z|), then: if y is the piecewise interpolation of the Euler
scheme (7.20) with |EN (k)| < J(N) and y(.) the unique solution of the DI starting

N
in yo, then there exist constants K¥, K% and KX such that supg<i<r |y(t)|| < K7,

SUPp<¢<T HyN(t)H < K%N a.s. and supg<i<r \/IE <Hf(YN(t))H2) < K%/N where

cT
def €
Ep = (lyO) +¢)—

N o ecT
K (4 e+ T 0))T)
Kyy (}}%N]\+(c+J(N))T+¢ﬁ)€ZT

Proof. By the definition of y} of Equation (7.20) and since || F(y)|| < ¢(1+||y||), we have

lyeall =

k
u +I(N)> (f) + EN@))
;=0

)

k

<l + 1) Y (e [l¥]]) + 7 ()
=0
= |lwo' [ + (k + DIN) (e + J(N ZH%NH

Therefore, for all k < T/I(N), by the discrete Gronwall’s lemma, ||yp || < K:yFN with

K% def (lv¥[| + (¢ + J(N)T)eT Je. Similarly, [ly(t)]] < [ly(O)[| + [ (1 + [ly(s)|)ds <
(ly O] +Ct) /e
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Similarly to the computation for yi', and focusing on Y (k) leads to:

[YNE+D] < YN + (k+ 1)I(N)(c+ J(N))
k k

N> UM +1) N)e> |y ()]
=0 =0

which shows that |[ YN (k)|| < (||| + (c + J(N)T + I(N) sz;o UN (i + 1)H)ecT/c.
Since E (UN(k +1)| FiY) =0,

k
N> UNG+1)
=0

Using the Jensen inequality on z +— (1 + /x)?, this implies that for all k < T/I(N)

k
MY E (HUN(i + 1)\\2‘ f,ﬁv) < bkI(N).
=0

e2cT
E (YN ®)I) < (Y]] + (e + JN)T + VAT
0

Lemma 7.12. If F' is USC and OSL with constant L and if there exists c such that
for ally, ||F(y)|| < e(1+ ||yll), then: if yN(.) is the piecewise interpolation of the Euler
scheme (7.20) with HEN(k)H < J(N) and y(.) the unique solution of the DI starting in
Yo, then

sup [y (t) —y(®)|| < " |lug" — wol| + VI(N)Ar + /J(N)Br

0<t<T

where

e I(N K
Ap e2LT\/(6)62(1 +K) + o7 (e(1+ K) + J(N));
aer VELT
VL
and K7 % max{Ky,K%N} with KY. and K%N defined as in Lemma 7.11.

If ¥ is bounded, then for T fixed, A is bounded for all N. This shows that the
convergence of y™ (t) to y(t) is of order O(y/I(N)). In fact, the rate of convergence of
the Euler’s method can be improved if the solution of the differential inclusion satisfies
some properties. For example, if the solution has a finite number of point at which it is
not differentiable the rate of convergence is O(I(N)), see for example [107], Theorem 4.1.

Br

Proof. Let us fix N and let us call t; = iI(N). Let r(t o ™ (¢ y(t)HQ. Since

y™N(.) is piecewise affine and y(.) is absolutely continuous, 7 is absolutely continuous and
differentiable for almost every t. Therefore, for a.e. t such that t; <t < t;11, we have

i) = 2N () —y®), FN () + BN () — fy))
= 20N (t) —y(@), fFN () — Fy) + 27N () — y™N (), FN (E) — Fy(t))
+2(yN (t) — y(t), EN (1))

= 20" (t:) —y(@), Fy" () — F(y(1)) (7.21)
+2((t—t:) (fy™ (1) + BV () . f(y™ (1) — F(u (D)) (7.22)
+2(y™ (1) —y (1), BY (1)) (7.23)

156



7.6. Proofs of Theorem 7.5 and Theorem 7.7

Equation (7.21) can be bounded by the OSL condition and is less than 2L ||y™ (t;) — y(t) H2

which is equal to 2L ||y~ (t;) — y(t:) + y(t:) H < AL(r(t;) + |ly(ts) — y(8)]|?). More-
2

over, since ¥ is a solution of the DI (7.8), |ly(t ) —y(t)|l = Hftz fly(s))ds|| < ((t—ti)e(1+

K))2. By Cauchy-Schwarz inequality, the two terms of Equation (7.23) are bounded by
2t —t;))(c1+ K)+ J(N))2K + 4K J(N).
Since 7(t) is absolutely continuous, r(ti+1) = r(t;) + [, "L (#)dt. Thus

r(tiv1) < r(t;) (1 +4LI(N)) + %I(N)BCZ(l + K)?
+I(N)*(c(1+ K) + J(N))2K +4KJ(N)I(N).

Using that (1 4+4LI(N))? < e*!i and that 2511(1 +4LI(N)) = (1 +4LI(N))* —
1)/(4LI(N)) < e*Fi /(4LI(N)), we get by a direct induction that:

4Lt ettt (ALI(N)? 2
r(t;) <e*ir(0)+ 1L < 3 14+ K)*+2KI(N)(c(14+ K)+ J(N)) +4KJ(N)
(7.24)
This quantity is maximized for ¢; = T'. Therefore, we have
I(N K KeAlT
sup r(t) < e (0)+I(N)etT <() (1+K)+ —(c (l—i-K)—i-J(N)))—i—J(N) S
0<t<T 6 2L L
This gives the results using va + b + ¢ < v/a + Vb + \/c. O

The following lemma states the convergence in probability of YV (k) to the Euler
scheme 3™V (k) with explicit probabilistic bounds. Together with Lemma 7.12, it shows
that YV converges to the solution of the solution of (7.8) with explicit bounds (i.e.
Theorem 7.7).

Lemma 7.13. If F' is USC and OSL with constant L and if there exists ¢ such that for
ally, |F(y)|| < (1 + |ly|)), then if yN(.) is the affine interpolation of the Euler scheme
(7.20) and YN(.) the affine interpolation of the stochastic approzimation (7.16) with

o |EN(K)|| < J(IV)

o B (UL FY) =0 and B (|[U2 ]| 7Y) <

then for all T and all € > 0,

_ I(N)eZLT N N
YVNO -V @) > el < — (2 (A1+ KV Y+ 1+ KX )? .
P(OiltlET‘ t)—y (t)‘ _e) <= 51 ( c (( + K )+ 1+ Ky ) )—i—b)

where K%N and K}/N are defined as in Lemma 7.11.

In particular, this shows that limy_, P (supgc;<r [Y V() — 4™ (t)| > €) goes to 0
with rate I(N).
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Proof. Using the equality ||z +y + 2[|* = [|l2]|* + 2((z, ) + (z,2) + (1, 2)) + ly]|* + |12
and the definitions of YV (k + 1) and g}, (Eq. (7.16) and (7.20)), [|[ YN (k+1)—y, ||
can be rewritten

(k) — g + (V) (F(YV (k) — £l + UY (k1) ||
= V) - o
+2A(N)YN (k) — Y, FYN () — F ) (7.25)
+2I<N>< Nk) =y + FOV (k) — F), UN (k1)
FINP V) — FO)|* + 1V)? | UN (k1))
(14 2LI(N)) [[YN (k) — o (7.26)
N2 (PN 0) = FI + [UN G D)F) (7.27)
F2AI(NYYN (k) =yl + FYN (k) ), UN (k+1)). (7.28)

where we use the OSL to go from (7.25) to (7.26).
Let us define a real valued sequence W (k) by W (0) = 0 and for all & > 0:

YN -lal” = YV

IN

WXk +1) = (L4 2T (k) + T2 (| 7 () = S| + U™ (1))
F2U(N)YN (k) =y + FOYV(R) = Fur), UN (k+1)).
Because of Equation (7.26)-(7.27)-(7.28), for all k

> 0,0
WH(k + 1) (almost surely). Moreover, since E (U™ (k + 1 ‘ )| Fi.
(7.28) knowing F;¥ is also 0. This shows that:

< YV
) =0, the expectation of

E (WX D] FY) = (210 ) + 1002 (Y () — )|
E(o¥w+n|P| 7)) (7.29)
> W(k).

This shows that W (k) is a positive sub-martingale. Therefore, by Doob’s inequality, for
€ >0, P (supgeic WV (i) > €?) <E (W¥(k)) /€. Moreover, using Equation (7.29), the
definition W™ (0) = 0, Lemma 7.11 and the hypothesis (7.7) on E <HU(k + 1)]\2’ f,ﬁv),
E (W (k+ 1)) can be bounded by:

E (W™ (k+1)) =E (B (W" (k+1)] 7))

<(I+2LIN)E (WY () + 1(V)? (B (| £V ()= £~ )] + )

<(1 4 2LI(N))* 1w (0)
k
F IS (14 2LI(N)) (262 (14 K22+ (1+ KF)?) +b)

M
)

(1+2LI(N))F1 -1

=I(N) o7 (2(:2 ((1+K%N)2+(1+K¥N)2) +b).

where K%N and Kr}/ ™ are defined in Lemma 7.11. Note that we use Jensen’s inequality
on z +— (1+ /x)? to showthatE(Hf(YN || ) <c? 1—|—KYN)
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Taking the value for k = T'/I(N), using the preceding remarks and the fact that for
a>0, (1+a) <e® we have

P ( sup HYN(t)—yN(t)H > 6) < P < sup W) > €2>
0<t<T

0<i<T/I(N)
< Y N\2 YHNN\2 )
< 57 <20 ((1+KT 24 (14 KY ))+b>
0
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Chapter 8.

Infinite Labeled Trees: from Rational to
Sturmian Trees

Abstract of this chapter — This chapter studies infinite unordered
d-ary trees with nodes labeled by {0,1}. We introduce the notions of rational
and Sturmian trees along with the definitions of (strongly) balanced trees and

mechanical trees, and study the relations among them.

In particular, we show that (strongly) balanced trees exist and coincide
with mechanical trees in the irrational case, providing an effective construction.
Such trees also have a minimal factor complexity, hence are Sturmian. We also
give several examples illustrating the inclusion relations between these classes of

trees.

Résumé du chapitre — Dans ce chapitre, nous étudions certaines classes
d’arbres non orientés étiquetés par {0, 1}. Nous introduisons les notions d’arbres
rationnels et sturmiens ainsi que les définitions d’arbres (fortement) équilibrés

et étudions les relations entre ces différentes classes.

En particulier, nous montrons 'existence d’arbres (fortement) balancés
et que ceux ci correspondent aux arbres équilibrés dans le cas irrationnel.
De plus ces arbres sont de complexité minimale et donc sturmiens. Nous
présentons de nombreux exemples illustrant les relations entre les différentes

notions présentées.
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8.1. Introduction

Let us consider the following question: how to distribute ones and zeros over an infinite
sequence w = (wy )nen such that the ones (and the zeros) are spread as evenly as possible.
In a more formal way, the sequence w is balanced if the number of ones in a factor
Wi, ..., wiyr¢e—1 of length ¢, does not vary by more than 1, for all ¢ and all ¢. Such
sequences exist and are called Sturmian words when they are not periodic.

Sturmian words are quite fascinating binary sequences: they have many different
characterizations formulated in terms coming from as many mathematical frameworks,
in which they always prove very useful. For example, Sturmian words have a geometric
description as digitalized straight lines and as such have been used in computer visualiza-
tion (see [97] for a review). They can also be defined with an arithmetic characterization
using a repetitive rotation on a torus or continued fraction decompositions. From a
combinatorial point of view, yet another characterization of Sturmian words is based
on the balance between ones and zeros in all factors, as mentioned before. They are
also used in symbolic dynamic system theory because they are aperiodic words with
minimal factor complexity or because they have palindromic properties. Most of these

equivalences have been known since the seminal work in [116]. More recently, Sturmian
sequences have also been used for optimization purposes: they are extreme points of
multimodular functions [85, 5, 76] and this has applications is scheduling theory [75].

Since then, there have been several constructions of generalized Sturmian words in the
literature.

The first one concerns words over more than two letters. Billiard sequences in hy-
percubes extent the torus definition of Sturmian sequences while episturmian sequences
[29] extend the palindromic characterization of Sturmian words, however, the other
characterizations of Sturmian words are lost in both cases. Another extension is to
two dimensions. A complete characterization of two-dimensional non-periodic sequences
with minimal complexity is given in [50], here again the alternative characterizations are
lost. Yet another extension of Sturmian words concerns discrete planes. Indeed, several
characterizations of Sturmian lines can be extended to discrete planes. There exists
interesting relations between multidimensional continued fraction decomposition of the
normal direction of an hyperplane and the patterns of its discretization. These relations
mimic what happens for Sturmian sequences, [63]. Finally, another generalization is to
ordered trees [30], where Sturmian trees are defined as infinite binary automata such
that the number of factors (subtrees) of size n is n + 1. The other characterizations of
Sturmian words are lost once more.

The aim of this chapter is to do the same for unordered trees where things work
better in the sense that several extensions coincide. We introduced in [67] a new type
of infinite trees: unordered labeled trees, for which the left and right children of each
node are not distinguishable and gave a brief presentation of their main properties. Here,
we make an exhaustive study of such trees. We show that the balance property (even
distribution of the labels over the vertices of the tree) coincides with a characterization
of trees using integer parts of affine functions (called mechanicity). Furthermore these
strongly balanced trees have a minimal factor complexity. Therefore, they can be seen as
a natural extension of Sturmian sequence in more than one aspect. This brings some
hope to use them as extreme points for adapted optimization problems.

Our purpose in the chapter is two-fold. The first part of the chapter is dedicated to the
study of general unordered infinite trees with binary labels. In section 8.2, we provide
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definitions of the main concepts as well as the basic properties of unordered trees with
a special focus on the notion of density (the average number of ones) and rationality.
Section 8.3 is dedicated to the study of the rational trees.

The second part of the chapter investigates balanced unordered trees and their prop-
erties. In particular, we show that strongly balanced trees (defined in section 8.4) are
mechanical (so that they have a density and all labels can be constructed in almost
constant time). Furthermore their factor complexity is minimal among all non-periodic
trees. We also investigate the general shape of strongly balanced rational trees (section
8.5). We show that there essentially exists a unique strongly balanced tree with a given
rational density. Also, once a strongly balanced tree is given, its density is easy to com-
pute and we provide an efficient algorithm with polynomial complexity to test whether
a rational tree is strongly balanced. Finally, Section 8.6 presents several examples and
counter examples that illustrate the different notions presented in the chapter.

8.2. Infinite Trees

8.2.1. Ordered Infinite Trees or Tree-automata

Ordered infinite trees (also called tree-automata here) have been studied in [55, 30].
Ordered infinite trees are automata with an infinite number of states. An automata is a
tree-automaton if it has one initial state and each state has a uniform in-degree equal to
one (except for the initial state, whose in-degree is 0) and a uniform out-degree d with
labels ay,--- ,aq on the arcs. Every node v is labeled by ¢(v) = 1 (resp. 0) if it is final
(resp. non-final).

The language accepted by the tree-automaton 7T is a subset of A* (where the alphabet
A = {ai1,...a4}) and is denoted by L(7). Thus, a word w in the free monoid A*
corresponds to a node in 7, and a word w in £(7T) corresponds to a node in 7 with
label 1. Conversely, a unique tree-automaton can be associated to any subset L of A*,
by labeling by one the nodes corresponding to the words in L.

Classically for automata, a family of equivalence relations can be defined over the
nodes of tree T: v ~ w if £(v) = £(u), v ~py1 wif v ~p, w and for all ¢, the ith child of u,
ua; and the ith child of v, va; satisfy ua; ~, va;. By definition of ~,,, u ~,, v if and only
if the subtree rooted in u of height n is the same as the subtree rooted in v of height n.

L(T) is recognized by its minimal deterministic automaton (possibly infinite), say
A(T). Actually, A(T) can be obtained from the tree 7 by merging all the states in the
tree in the same equivalence classe of ~,, for all n.

An example is given in Figure 8.1 where the infinite tree-automaton and the minimal
automaton recognizing all the prefixes of the Fibonacci! word over the alphabet {a, b} is
given together with the corresponding minimal automaton (which has an infinite number
of states).

The number of distinct subtrees of height n in T is called the complexity P(n), of T.
P(n) is the number of equivalence classes of ~,,. If P(k) < k for at least one k, then
it can be shown [30] that the complexity P(n) is bounded by k. This implies that the
minimal automaton A(7) has less than k states. The tree is therefore rational, since it
recognizes a rational language.

'the Fibonacci word is the limit of the sequence fri2 = fnfnt1 With fo = a and fi = b, see [109] for
more details.
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Qo000

a,b

Figure 8.1.: The tree-automaton recognizing the Fibonacci word f and the corresponding
minimal automaton. The states of this later are 0,1...,00. The final nodes
are filled in black. There is a transition between nodes 7 and ¢ 4+ 1 labeled by
the ith letter of f and one between nodes ¢ and oo labeled by the opposite
of this ith letter.

If a tree-automaton 7 is such that P(n) = n + 1 for all n, then it has a minimal
complexity among all non-rational trees. Such trees have been shown to exist and are
called Sturmian in [30] by analogy with the factor complexity definition of Sturmian
words (Figure 8.1 gives an example). In [30] several classes of Sturmian tree-automata
are presented. However such trees are not balanced and no constructive definition (as
the mechanical construction for words) is known.

8.2.2. Unordered Trees and Minimal Graph

In this chapter, we rather consider a different type of trees, namely infinite directed
graphs with labels 0 or 1 on nodes and with uniform in-degree 1 and out-degree d > 2.
Up to our knowledge, these types of trees have not yet been considered in the literature.
The similarities as well as the discrepancies with ordered trees will be discussed all along
the chapter.

In such trees, one node is special (with in-degree 0) and is called the root. Also, the
children of a node are not ordered. Thus, the main difference with the previous type
of trees is the fact that arcs are not labeled. Therefore such trees cannot be bijectively
associated with languages.

We define the minimal multigraph (i.e. with multiple arcs) G(T), associated with the
tree T, mimicking the construction of the minimal automaton for ordered trees. To do
that, we first introduce a family of equivalence relations =,, over the nodes of T

e v =p u if u and v have the same label: ¢(u) = £(v)

e v =,.1 u if v =, u and if there exists a bijection F' between the children of v and
the children of u such that for all child w of v, w =, F(w).

Therefore, v =,, v if and only if the subtree with root v of height n is isomorphic to the
subtree with root u of height n. By merging the nodes of 7" when they belong to the same
equivalence classe =, for all n, one gets the minimal multigraph G(T") of the factors of
T: all nodes merged in the same vertex of G(T') are roots of the same subtrees, of every
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height. In G(T'), the node corresponding to the root of T" is distinguished. (graphically,
this is done by adding an arrow pointing to the node).

An example of an unordered tree T is given in Figure 8.2. Actually, most figures in this
chapter will represent binary trees (with out-degree d = 2), although all the discussion is
carried throughout for arbitrary degrees. The nodes of the associated multigraph G(7")
are numbered arbitrarily and nodes with label 1 are displayed with a bold circle. The
node corresponding to the root of the tree is pointed by an arrow.

Figure 8.2.: A tree T and the associated minimal multigraph G(T"). The label of the
black (white) nodes is 1 (0). The arcs are implicitly directed from top to
bottom.

There exists a way to associate an ordered tree-automaton 7 to a tree T' by choosing
an order on the children of each node. This can be done by seeing G(T) as an automaton
by labeling arcs in G(T') with letters aq,...aq in an arbitrary fashion. Conversely, a
tree-automaton 7 can be converted into a graph T by removing the labels on the arcs.
This graph is called the unordered version of 7. Figure 8.2 is the unordered version of
the tree recognizing the Fibonacci word displayed in Figure 8.1. Note that while the
minimal automaton is infinite, the minimal graph G(T') is finite, with only two nodes;
one corresponds to the subtree where all labels are 0 and the other one to the subtree
with a branch with label 1 everywhere and all the other nodes with label 0 (Figure 8.2).

8.2.3. Irreducibility and periodicity

By analogy with Markov chains, we say that a tree T is irreducible if G(T) is strongly
connected.

A non-irreducible tree, G(T') is made of strongly connected components , inter-connected
by an acyclic graph. Also, an irreducible tree T is periodic with period p if the greatest
common divisor of the lengths of all cycles in G(T) is p. A tree with period 1 is also
called aperiodic.

8.2.4. Factors, complexity and Sturmian trees

In this chapter, we will study properties of factors of infinite trees. For this purpose, we
introduce two definitions:
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e A factor of height n (and base 0, by default) is a subgraph of T which is a complete

subtree of height n. The number of nodes in a factor of height n is denoted by
def gn_q

e A factor of height n and base k (with root v), is a subgraph of T which is the

subtree of height k£ + n rooted in v minus the subtree of height k, rooted in v (see

Figure 8.3 for an illustration). Such a subgraph is also called a factor of shape

(n, k) in the following. The number of nodes of a factor of height n and base k is

def gn+k_ gk
S(n, k) = 4 d—1d .

.
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9
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Figure 8.3.: Example of factors of a tree. On the left a factor of height 3 (and base 0) is
surrounded in black. On the right is a factor of height 2 and base 2.

Similarly to what has been done for words or ordered trees, the factor complexity
Pr(n) of a tree T is the number of distinct factors of height n and base 0.

The complexity of a tree Pr(n) can be bounded by the total number of ways to label
trees of height n and degree d, say A,. It should be clear that A; = 2 (a node can be
labeled 0 or 1) and that A,+1 = 2M (A, d) where M(x,y) is the number of multisets
with y elements taken from a set with x elements. Therefore using binomial coefficients,

A, +d—1
=2,

This is a polynomial recurrence equation of degree d. A change of variable, u, =
log A, + ﬁ log % yields a new recurrence equation w1 = (d + €y)u, where €, = o(1).
This implies that A,, = ¢%"T°(") for some ¢ with 1 < ¢ < 2.

As for lower bounds on the complexity of a tree, it will be shown in Section 8.3 that
trees such that Pp(n) < n for at least one n are rational, i.e. have a bounded number of
factors of any size (this implies that its minimal multigraph is finite). Therefore, trees T’
such that G(T) is infinite and with a minimal complexity should satisfy Pp(n) =n + 1.
These trees will be called Sturmian trees by analogy with words. This definition is close
to the one of [30] for ordered trees. It is not difficult to exhibit such trees. For example,
for any Sturmian word w, a d-ary tree such that all nodes on level i have label w; is
Sturmian.

Another more interesting example is the Dyck tree, represented on Figure 8.4. This tree
is the unordered version of the tree-automata recognizing the Dyck language (language
generated by the context-free grammar S — aSbS|e), introduced in [30] and it is not hard
to see that this tree is Sturmian. For that, consider the graph G(T') associated with the
Dyck tree T, also displayed in Figure 8.4. There are two factors of height 1 in T": those
with a root labeled 1 (all associated with node 0 in G(T")) and those with a root labeled 0
(associated with nodes oo, 1,2,--- in G(T')). This corresponds to the equivalence classes
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for =¢. All factors of height n with a root associated to nodes co,n,n+1,n+2,... have
labels equal to 0: no path of length n in G(T') reaches the only node with label 1, namely
node 0. The factors of height n starting with a root i of G(7T") with 0 < i < n are distinct:
their first node with label 1 is at level ¢ + 1. In other words, the equivalence classes for
=, are {oo,n,n+1,...},{0},{1},...,{n — 1}. The number of distinct factors of height
nisn+ 1.

0lo:0:0:0:08

Figure 8.4.: The Dyck tree and its minimal graph.

8.2.5. Density

The density of a tree T is meant to capture the proportion of ones in the tree. For any
node v and any height n > 0, the proportion of nodes with label 1 in the factor of height
n with root v is denoted by d,(n). Let r be the root of the tree T'. If the following limits
exist, they define four notions of density:

e The rooted density of the tree is the limit of the density of the subtrees of the root
r:
lim d,(n).

n—o0

e The rooted average density of the tree is the Cesaro limit of these densities:
1 n
Jim 5 2 (0.
=

e The density of the tree is « if it has an identical rooted density for all nodes:

Vo : lim d,(n) = a.
n—oo

e The average density of the tree is « if it has an identical rooted average density for
all nodes:

1 n
Vo @ lim —Zdy(i) =a.
i=1

n—00 N 4

From the definitions, the following implications are direct: if a tree admits a density,
then it admits an average density. In turn, a tree with an average density also has a
rooted average density. Also, a tree with a density has a rooted density. See Figure 8.5
for some examples. These examples will be further developed in the following section on
rational trees.
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Figure 8.5.: The first tree has a density of 1/2, the second one an average density equal
to 1/2 but no density. The last one has a rooted density 1/2 but no average
density.

8.2.6. Ordered trees vs unordered trees

One of the main features of ordered labeled trees is the fact that there exists a bijection
between ordered trees with finite degree and languages over finite alphabets, so that
ordered trees benefit from the power of language theory formalism [55]. However, as
shown in [30], the generalization of binary words to ordered trees with binary labels is
surprisingly difficult. One of these difficulties comes from the combinatorial explosion
due to the distinction of left and right children replacing a unique successor for words.

This is the basis for the introduction of unordered trees, where the unique successor is
replaced more naturally by a pair (or more) of successors and indeed more properties
of words can be generalized. Let us anticipate with the results shown in the following
sections. First, the notion of density of a tree is very natural for unordered trees
(definitions in Section 8.2.5) and leads to an algorithmic construction of balanced trees
using a mechanical process based on the density and the phase of the root (Proposition
8.8). This can be viewed as a natural extension to trees of the mechanical construction
of balanced words.

Also, the two main results of the chapter, namely the fact that the strongly balanced
trees are the mechanical trees and have minimal complexity (Theorems 8.9 and 8.15) as
well as the fact that rational strongly balanced trees are unique once the density is given
(Theorem 8.16) are specific to unordered trees and generalize nicely the corresponding
results for words.

8.3. Rational Trees

Definition 8.1. A tree T' is rational if the associated minimal multigraph G(T) is finite.

An example of a rational tree T is displayed in Figure 8.6 together with its multigraph
G(T). Note that this tree is not irreducible. It has one final strongly connected
component of period 2 (corresponding to the alternating subtrees starting with ones and
zeros, displayed as a left child) and a strongly connected component with period one
(corresponding to the subtree with all its labels equal to one (displayed as a right child).

It is also possible to characterize rational trees using their complexity P(n), as shown
in the following theorem.

Theorem 8.2. The following statements are equivalent
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@5;)3

O=0

Figure 8.6.: A rational tree made of two distinct subtrees and its associated multigraph

1. the tree T is rational;

2. there exists n such that P(n) < n;

3. there exists n such that P(n) = P(n+1);

4. There exists B such that for all n, P(n) < B.

Proof. The proof of this result is similar to the proof for words.

1 implies 2: If G(T') is finite, then the number of factors of height n in 7" is smaller than
the size of G(T'), therefore, there exists n such that P(n) < n.

2 implies 3: Since P(1) = 2 and P(n) < n and since P is non-decreasing with n, there
exists 1 < k < n such that P(k) = P(k + 1).

8 implies 4: If P(n) = P(n + 1) = p then let us call by AY,... A} all the distinct factors
of height n in 7. Since P(n+ 1) = p, each A} is prolonged in a unique way into a tree of
height n + 1, called A?H. Now, each subtree A?H is composed of a root and d factors
of height n, in the set {AY},... A7}, In turn, they are all prolonged into trees of height n
in a unique way. Therefore, P(n + 2) = p. By a direct induction, P(k) = p for all k > n.
4 tmplies 1: If the number of factors of height n is smaller than B for all n, then this
means that the number of equivalence classes for =,, is smaller than B for all n, this
means that G(T) has less than B nodes. O

8.3.1. Density of rational trees

Let T be a rational tree and let G(T') be its minimal multigraph. The nodes of G(T") are
numbered vy - - - ,vg, with v corresponding to the root of T'.

G(T') can be seen as the transition kernel of a Markov chain by considering each arc of
G(T) as a transition with probability 1/d. If G(T) is irreducible then the Markov chain
admits a unique stationary measure 7 on its nodes. The density of T and the stationary
measure 7 are related by the following theorem.

Theorem 8.3. Let T' be an irreducible rational tree with a minimal multigraph G(T') with
K nodes. Let { = ({1,...0K) be the labels of the nodes of G(T) and let m = (m1,...,TK)
be the stationary measure of the Markov chain over the nodes of G(T).

If T is aperiodic, then T admits a density o = wlt (where €' stands for the transpose of
).

If T is periodic with period p then T admits an average density oo = /®.
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Proof. Let V' be the Markov chain corresponding to G(T"). Since G(T') is irreducible, V'
admits a unique stationary measure , say m = (71,...,7x). Let us call P the kernel of
this Markov chain: P; ; = a/d if there are a arcs in G(T') from v; to v;.

Now, let us consider all the paths of length n in T', starting from an arbitrary node
v;. By construction of G(T"), the number of paths that end up in the node v; of G(T')
is given by the vector d"e; P", where ¢; is the vector with all its coordinates equal to 0
except the ith coordinate, equal to 1.

The number of ones in a subtree of height n starting in v; is hy(v;) = €; ZZ;& dk Pkt

Let us first consider the case where P is aperiodic. We denote by II the matrix with
all its lines equal to the stationary measure, 7 and by Dy, the matrix P*¥ —II. When P is
aperiodic, then limy_, || Dg|[1 = 0. Therefore for all k > n,||Dg||1 < €, — 0.

Then the density of ones da,(v;) = d2" 1h2n(vz) can be estimated by splitting the
factors of height 2n into a factor of height n at the root and d™ factors of height n. One
gets

d 1 n 1 2n—1
_ — k pk pt B k pk pt
don(vi) = W_leizcz PR+ e > dh PR,
= k—n+l
2n—1
= dePk+ > d*Dy+ Z dF10)
k=n-+1 k=n-+1

When n goes to 1nﬁn1ty, the first term goes to 0 because e; > p_, d*Pket < dtl. As
for the second term dgn lez Zzn n}H dk D0t < d2"en This goes to 0 when n goes
to infinity.

As for the last term, %ei zil:lil dFILE = —
when n goes to infinity.

The same holds by computing the density of factors of shape 2n + 1 by splitting them
into the first n + 1 levels and the last n levels. This shows that the rooted density of all
the trees in 7' is the same, equal to 7',

d2n

i (d?" — d"2) (e; 1) € goes to ml!

Let us now consider the case when the tree is periodic with period p. In that case, the
kernel of p steps of the Markov chain can be put under the form

Plol]---]o0
pr_ | 0P| |0
00 [...]Pn

The submatrices P; ... Py, are the kernels of aperiodic chains defined on a partition
Sy ... Sy of the nodes of G(T'). Let us denote by ay ..., the densities of the factors
of height np, starting in S; ... Sy, respectively (they exist because this has just been
proved for aperiodic trees).

Starting from a node v the average density of a tree of size n = pq, + 1y, 7 < p is

1 n
nkzodk(

The first term goes to (a1 +. ..+, )/m while the second term goes to zero, when n goes
to infinity, independently of the root. Finally, (ay+...+au,)/m = (7l +- - -+xl L) /m =

Tn

1
pe—— Z Z daptbr(V piqn e Z di(v)).

Pin =0 b=0 k=0
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ml" where ©},---, 7, are the stationary probability for the kernels Py, ..., P, and
l1,...L,, are the vectors of the labels in S7...5,,. O

An example illustrating the computation of the density of an aperiodic irreducible
rational tree is given in Figure 8.7. The stationary measure of the Markov chain is
T =(2/9,3/9,4/9). Therefore, the density is o = 2/9¢; 4+ 3/902 + 4/9¢3 = 4/9.

Figure 8.7.: An irreducible aperiodic rational tree and its minimal graph. The stationary
probabilities over the associated Markov chain are m = (2/9,3/9,4/9). The
density of the tree is o = 4/9.

As for the reducible case, it should be easy to see that a rational tree may have different
(average) densities for some of its subtrees (this is the case for the rightmost tree in
Figure 8.5). Therefore, a reducible tree does not have a density nor an average density
in general.

Let us call Sy - - - Sy, the final strongly connected components of G(T'). Let «; . .. ay, be
the average densities of the components Sy - - - S, respectively. Finally, let r = (r1...7,)
be the probability of reaching the components S - - - S, starting from the root vy, in the

Markov chain associated with G(T"). Then, the following theorem holds.
Theorem 8.4. A rational tree has a rooted average density o = (ay, . .. am)rt.

Proof. If P is reducible, P can be decomposed into

Ql K| | K Q"| K| |- | K,

O| P |---] O O [P|---] O
P=|— and P" = ;

ol o|---]P, olo]---|pP

where P ... P, are the transition matrices of the final strongly connected components.

Considering all the paths in G(T") of length n, starting in the root, the number of paths
ending in component Sy is Ny(n) =d" ), s, Pli- Let us decompose all the paths ending
in Sy into two subpaths: one (of length k) before entering Sy and one (of length n — k)
inside Sy, we get from the decomposition of P™, Ny(n) = d" ZZ:O(LO...O)Qngug,
where wuy is a vector whose coordinates are 1 in .S, and 0 everywhere else.

The number of 1 in the rooted subtree of T" of height 2n is the number of ones in all
the paths of length n plus the number of ones in the subtrees of height n. When n is
large, the number of ones in the paths can be neglected with respect to the number of
ones in the end trees.

Finally, the number of ones in a tree of height 2n is the number of ones in each possible
end-tree of height n times the number of such trees, namely Ny(n). When n goes to
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infinity, the density of ones goes to >, 4 ,, a¢(1,0,...,0)(I — Q) ' Kpup = (ay -+ a1t
with 7, = (1,0,...,0)(I — Q)" Kyuy. O

An example of a reducible rational tree is given in Figure 8.6. The previous result can
be used to compute its rooted average density. The graph G(T') has two final components,
one aperiodic component with density 1 and another one with period 2 with average
density 1/2. Starting from the root, both components are reached with probability 1/2.
Therefore, such a tree has an average rooted density a = 1/2.(1/2) +1/2 = 3/4.

Also, it is not difficult to show that if all final components have a density (rather than
an average density), then the tree has a rooted density, given by the formula given by
Theorem 8.4.

Finally, it is fairly straightforward to prove that since the transition matrix P of
the Markov chain associated with G(7T') has all its elements of the form a/d, then the
stationary probabilities 7 as well as the average rooted density « of a rational tree are
rational numbers of the form ¢/b with 0 < ¢ < b < d¥+1 This fact will be used in
the algorithmic section 8.5 to make sure that the complexities of the algorithms do not
depend on the size of the numbers.

8.4. Balanced and Mechanical Trees

In this section, we introduce the notions of strongly balanced trees and mechanical trees
and explore the relations between them. In particular we will prove that in the irrational
case they represent the same set of trees, giving us a constructive representation of this
class of trees. These results are very similar to the ones on words, which are summarized
below.

8.4.1. Sturmian, Balanced and Mechanical Words

One definition of a Sturmian word uses the complexity of a word. The complexity of an
infinite word w is a function P, : N — N where P,,(n) is the number of distinct factors
of length n of the word w. A word is periodic if there exists n such that P, (n) < n.
Sturmian words are aperiodic words with minimal complexity, i.e such that for any n:

Pu(n) =n+1. (8.1)

If x is a factor of w, its height h(z) is the number of letters equal to 1 in z. A balanced
word is a word where the letters 1 are distributed as evenly as possible:

Vx,y factors of w, |z| = |y| = |h(x) — h(y)| < 1. (8.2)

A mechanical word can be constructed using integer parts of affine functions. Let
a € [0;1] and ¢ € [0;1). The lower (resp. upper) mechanical word of slope « and phase
¢, w=wiws... (resp. w = wiwh...) is defined by:

w; = [(I+Da+¢| — [ia+ ],
f=T0+Da+ ¢ — [ia+ ¢].

These three definitions represent almost the same set of words. In the case of aperiodic
words, they are equivalent: a word is Sturmian if and only if it is balanced and aperiodic
if and only if it is mechanical of irrational slope. For periodic words, there are similar
relations:

Vi> 1 (8.3)
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e A rational mechanical word is balanced.
e A periodic balanced word is ultimately mechanical.

A word is called ultimately mechanical if it can be written as xw where x is a finite word
and w is a mechanical word. An example of a balanced word which is not mechanical
(and just ultimately mechanical) is the infinite word only made of zeros except for one
letter 1. For a more complete description of Sturmian words, we refer to [109].

8.4.2. Balanced and strongly balanced trees

Using the two definitions of factors of a tree, we define two notions of balance for trees:
the first one and probably the most natural one, is what we call balanced trees and the
other one is called strongly balanced trees.

Definition 8.5 (Balanced and strongly balanced trees). A tree is balanced if for all
n > 0, the number of nodes with label 1 in any two factors of height n, differs by at most
1.

A tree is strongly balanced if for all n,k > 0, the number of nodes with label 1 in any
two factors of height n and base k, differs by at most 1.

As the name suggests, strong balance implies balance (by taking k& = 0). Actually, this
notion is strictly stronger (Section 8.6 displays an example of a balanced tree that is not
strongly balanced). Although the balance property is weaker and seems more natural for
a generalization from words, the following mostly focuses on strongly balanced trees that
have almost the same properties as their counterparts on words.

Density of a balanced tree

Before beginning the full investigation of balanced trees, we start with a rather straight-
forward property: a balanced tree has a density.

Let us recall the definition of the density (section 8.2.5): for all node v and all height
n, we call hy(n) the number of 1 in the factor of root v of height n and d,(n) the density
of this factor, d,(n) f %hv(n). Using this notation, we can write the following result.
Proposition 8.6 (Density of balanced tree). A balanced tree has a density «.

Moreover for all node v and for all height n:

|hy(n) — | S(n)af| < 1. (8.4)

Proof. Let m, be the minimal number of 1 in all factors of height n. Since the tree is
balanced, for all nodes v and n > 1:

My < hy(n) <m, + 1. (8.5)

Now let us consider a factor of height n 4+ k and root v. It can be decomposed into a
factor of height k of root v and d* factors of height n at the leaves of the previous factor.
The number of ones in these factors can be bounded by expressions depending on m,,
and my:

my + d¥my, < mppr < mp 4+ 1+ d¥(my, +1). (8.6)
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hy(n)
S(n)

The density of a factor of height n is g% < dy(n) =

o) < matl Using these facts,
we can bound d,(n + k) — dy(n):

S(n)

Mptk My +1

Mpig + 1 Mn
< dy(n+ k) — dy(n) < _
St k) Sm) =Wtk —dn)

~— S(n+k) Sn)

Using (8.6), the left inequality can be lower bounded by

d*m, +mi  m, +1 My +mg/d¥ my, +1
> —1

> @1,

__1

S(n)’

my, _mn—l—l)
n—1 dr—1

The same method can be used to prove that d,(n + k) — d,(n) < %, which shows
that for n big enough, |d,(n + k) — d,(n)| is smaller than €, regardless of k. Thus d,(n)
is a Cauchy sequence and has a limit o = lim,, % Because of Equation (8.5), this
limit does not depend on v and the tree has a density.

Let us now prove that |d,(n) — [ S(n)a|| < 1: dividing the Inequality (8.6) by S(n, k)
and taking the limit when k goes to oo leads to:

(d—1)my, + « o< (d—l)mn+1+a‘
dr - - dr
This shows that: S(n)a —1 < m,, < S(n)a, which implies Equation (8.4). O

Similar ideas can be used to show that Equation (8.4) can be improved in the case of
strongly balanced trees. In a strongly balanced tree, for all base and height &, n > 0, the
number of ones h(n, k) in a factor of height n and base k satisfies:

|h(n, k) — |S(n, k)af| < 1. (8.7)

This is false in general for balanced trees.

8.4.3. Mechanical Trees

Building balanced tree is not that easy. According to formula (8.4), each factor of height
n must have [aS(n)| or |aS(n)] + 1 or [aS(n)] — 1 nodes labeled one. This leads to
the following construction, inspired by the construction of mechanical words.

Definition 8.7 (Mechanical tree). A tree is mechanical with density o € [0;1] if for all
nodes v, there exists a phase ¢, € [0;1) that satisfies one of the two following properties:

Vi : hy(n) = {S(n)a + ¢’”J , (8.8)
or Vn : hy(n) = [S(n)a - M . (8.9)

In the first case, ¢, is an inferior phase of v. In the second case, ¢, is a superior
phase of v.
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This definition suggests that the phases of all nodes could be arbitrary. In fact, we will
see that there exists a unique mechanical tree once the phase of the root is given. The
second question raised by this definition is the existence and uniqueness of the phase: we
call ¢, “a” phase of a node ¢, and not “the” phase of ¢, since there may exist several
phases leading to the same tree. This is further discussed at the end of this section.

We begin by a characterization of mechanical trees.

Proposition 8.8 (Characterization of mechanical trees). Given a € [0;1] and ¢ € [0;1),
there exists a unique mechanical tree of density o such that ¢ is an inferior (resp. superior)
phase of the root.

Moreover, if ¢ is an inferior (resp. superior) phase of a node then ¢g < -+ < pg_1
are inferior (resp. superior) phases of its d children, with

¢_a+id_(o‘_qﬂ>. (8.10)

:¢+a+i—La+¢J
d

. (-

Proof. The proof will be done in two steps. Firstly, we will see that if we define the
phases as in (8.10) then the tree is mechanical. Secondly, we will see that this is the only
way to do so.

Existence. Let o € [0;1] and ¢ € [0;1). We want to build a mechanical tree whose
root has an inferior phase ¢ ( the case of a superior phase if similar and is not detailed
here). Let A be an infinite tree. To each node v, we associate a number ¢, defined by:

® Droot = .
e If the phase of a node v is ¢y, its d children satisfy Equation (8.10).

Then we build a labeled tree by putting to each node v the label |« + ¢, |. Let us prove
by induction on n that the following relation holds.

For all v : hy(n) = {S(n)a + ¢>vJ . (8.11)

By definition of the labels, (8.11) holds when n = 1. Let n > 0 and let us assume that
(8.11) holds for n. Let v be a node with phase ¢, and let ¢ ...®4_1 be the phases of its
children. We assume that o + ¢, < 1, which means that the label of the node is 0 (a
similar calculation can be done in the other case (a + ¢, > 1)).

Using the well-known formula Z?:_ol |z + 4| = |dz], we can compute hy(n + 1):

d—1
ho(n+1) = > [S(n)a+ ¢
1=0

d—1 )
B d*—1 a+¢+1i
- ;Ld—laJr T
B d" —1 a+ ¢

= |[S(n+1)a+ ¢].

Therefore, (8.11) holds for all n which means that the tree is mechanical.
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Uniqueness. Now, let A be a mechanical tree of density «. Let v be a node and
®0, - .., ®4—1 be the phases of its children. Let ¢ and j be two children and let h;(n) be
the number of ones in the ith subtree (of phase ¢;). We want to prove that either (for all
n: hi(n) < hj(n)) or (for all n: hi(n) > hj(n)). If the two nodes are both inferior (resp.
superior), this is clearly true: hij(n) < hj(n) if and only if ¢; < ¢; (resp. ¢; > ¢;). If i is
inferior and j is superior, it is not difficult to show that ¢; < 1 — ¢; implies h;(n) < hj(n)
and ¢; > 1 — ¢; implies h;(n) > hj(n).

Therefore we can assume (up to an exchange of the order of the children) that for all

n:
ho(n) < hi(n) <--- < hg-1(n).

Moreover as hg—1(n) —ho(n) < 1, there exists k such that ho(n) = hi(n) =--- = hg(n) <

higt1(n) =+ = hg_1(n). As Z?;()l h;(n) does not depend on ¢y, ..., d4—1, then for each

n there is only one k that works and therefore there is only one possibility for h;(n) for
all n and all 7. By induction of the depth of the children, this implies that for every node
v" in the subtree of root v, h,(n) is fixed and therefore the tree with root v is unique.
As we have seen in the beginning of the proof, the phases ¢; defined in (8.10) provide
correct values for h;(-). Therefore such a phase ¢; is a possible phase for the ith child. [

This theorem shows that when the phase is fixed the tree is unique. The converse is
false and one can find several phases that lead to the same tree (for example, when o = 0
all phases define the tree with label 0 everywhere) but we will show next that the set of
densities « for which the phases are not necessarily unique has Lebesgue measure zero.

If for all n, S(n)a+ ¢ € N, then [S(n)a + ¢| = [S(n)a + ¢ — 1]. In that case, if
¢ is an inferior phase of a node then 1 — ¢ is a superior phase of the node. Therefore
-except for particular cases- there exists at least two phases of a node: one inferior and
one superior. Let us now look at the possible uniqueness of the inferior phase.

Let us denote frac(z) € [0;1) the fractional part of a real number x and let us consider
the sequence {frac(S(n)a + ¢)}, oy If this sequence can be arbitrarily close to 0, this
means that for all ¢ < ¢, there exists k such that |S(k)a+¢| < |S(k)a+ ¢| and ¥
can not be a phase of the tree. Also, if this sequence can be arbitrarily close to 1, then
one can show similarly that for all ¥ > ¢, 1 is not a phase of the node. Conversely, if
there exists > 0 such that frac(S(n)a + ¢) > 0 (resp. < 1 —¢) for all n and if we set
¢ = ¢ —¢e (resp. ¢ = ¢ +¢), with e <, then | S(n)a+ ¢] = [S(n)a+ ¢'] for all n.

Thus, a phase ¢ is unique if and only if 0 and 1 are accumulation points of the sequence
{frac(S(n)a+ ¢)},,.

Let us call z < ﬁa and y def ¢ —x and x1,...,2k,... (resp. y1,Y2,...) be the
sequence of the digits of  (resp. y) in base d (also called the d-decomposition). We want
to study the sequence frac(S(n)a + ¢) = frac(zd™ — y).

(Thn — yp)d .

hE

n
zd" —y = Z zpd™ R+
k=1

=
eN

=
Il

1

Therefore, frac(zd™ — y) is arbitrarily close to 0 implies that for arbitrarily big k, there
exists n such that

Ty oo Tpih—2 =Yl -Yk—1, Tpik—1 > Yk, or frac(zd” —y) = 0. (8.12)
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Also, frac(zd™ — y) is arbitrarily close to 1 implies that for arbitrarily big k, there exists
n such that

Tpy ooy Tn+k—2 = Y1y -+, Yn—1, Tn+k—1 < Yn,

or the d-development of y is finite (i.e. with only zeros after some point ¢ : y =
Yiy.--,9e,1,0,0...) and that for arbitrarily big k, there exists n such that

Ty e ey Tpik-2=Y1,---,Y,0,1, ... 1. (8.13)
Using this characterization, three cases can be distinguished.

e If ;% is a number such that all finite sequences over 0,...,d — 1 appear in its
d-decomposition, then every phase is unique. In particular, all normal numbers' in
base d verify this property and it is known that almost every number in [0, 1] is
normal (see [16] or [59]).

o If @ € QQ, then the sequence frac(S(k)a + (Z>)) is periodic and there are no phase ¢
such that ¢ is unique.

e If o is neither rational nor has the property that all d-sequences appear in «, then
some ¢ can be unique and some others may not. For example, for d = 2, if « is (in
base 2) the number

o =(0.101100111000111100001111100000... .,

then if frac(ov — ¢) = 0, ¢ is unique (because « satisfies both Equations (8.12) and
(8.13)). However ¢; and ¢y such that frac(a — ¢1) = 0.10100 and frac(a — ¢2) =
0.1010 are equivalent (generate the same tree).

Other examples of the same type are the rewind trees, drawn on figure 8.16. The
sequence of digits in base 2 of the density of such a tree is a Sturmian word. Half of
the nodes of the tree are associated with node 0 in the minimal graph and therefore
could have the same phase whereas the phases computed using Equation (8.10) are
not all the same. Therefore, phases are not unique here.

Phases of a tree

Let us call ®, the set of numbers that can be phases of a node v and ® the set of the
possible phases of a tree. ® is the union of all possible phases of its nodes: & = U,®,.
The set ® may be countable or uncountable. Countable for example when «a/(d — 1) is
normal since there are at most as many phases as nodes. Uncountable for example for
the tree with all label 0, for which for each node, all phases in [0;1) work.

In all cases, the set of possible phases is dense is [0;1). Indeed, at least all phases
defined by the relation (8.10) are in ®. If ¢ is the phase of the root, then all nodes at
level k have a phase which is the fractional part of:

%4—044-%71 o i . .

d d+ ha +1:a(;—k...$)+%+%+"-+%, (8.14)

with 0 < ¢; < d for all j. Conversely all of these numbers are the phases of some node at
level k.

! A number is normal in base d if all sequences of length k appear uniformly in its d-decomposition
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As k goes to infinity and using a proper choice of i1,..., 1 the fractional part of this
number can be as close as possible to any number in [0;1]. Thus the set of phases of the
tree is dense in [0; 1].

If the density is -24—1) (with n + k& minimal) one can show that the set of all possible

dnt+k _gk
. N mo_ . m—+1__
phases for a given node is [ddf Lo; min(4 1 La, 1)) for some m €0,...,n+k—1. As

® is dense in [0; 1), it contains all these intervals. Therefore, ® = [0;1) and the tree has
exactly n + k different factors of height greater than n + k. Hence its minimal graph has
exactly n + k nodes.

8.4.4. Equivalence between strongly balanced and mechanical trees

As seen in section 8.4.1, there are strong relations between balanced and mechanical
words. This part shows the same results between strongly balanced and mechanical trees.
This result is formally stated in the following theorem.

A tree is ultimately mechanical if all nodes are mechanical (i.e. satisfies Equation (8.8)
or (8.9)), except finitely many.

Theorem 8.9. The following statements are true.
(i) A mechanical tree is strongly balanced.
(ii) An irrational strongly balanced tree is mechanical.
(iii) A rational strongly balanced tree is ultimately mechanical.

This theorem is the analog of the theorem linking balanced and mechanical words. The
word 0F10% is balanced but not mechanical, only ultimately mechanical. Its counterpart
for trees would be a tree with all labels equal to 0 except for one node which has label 1.
The label 1 can be put as deep as desired, which shows that we can not bound the size
of the “non-mechanical” beginning of the tree. A more complicated example is drawn in
Figure 8.8.

Let us begin by the proof of the first part of the theorem:

Lemma 8.10. A mechanical tree is strongly balanced.

Proof. Let n,k € N. For all nodes v, hy(n, k) is the number of 1 in the factor of height
n and base k rooted in v. We want to prove that for all pairs of nodes v and v’:
|hy(n, k) — hy (n, k)| < 1.

By proposition 8.8, we can assume that all phases of the tree are inferior (the case

where all phases are superior is similar). We call ¢ (resp. ¢') a phase of the node v (resp.
V).

1a+¢>’J.

hy(n, k)—hy (n, k) = | 1

dn+k_1 k‘_l dn+k_1 , dk_
ﬁa‘i‘(lﬂ—Ld_l OH‘M—LﬁOH‘CbJ"‘Ld_

Using the well-known inequality x — 2/ — 1 < |z] — |2'| < 2 — 2’ + 1, one can show that
—2 < hy(n, k) — hy(n, k) < 2.

As hy(n, k) and h,(n, k) are integers, we have —1 < h,(n, k) — hy(n, )k < 1 which ends
the proof of the lemma. O
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We will see in the next section 8.4.5 that a strongly balanced tree is rational if and
only if its density can be written as ﬁk) (p, k,n € N), therefore we will do the proof
of theorem 8.9 distinguishing strongly %alanced tree with density of this form from the
others.

Lemma 8.11. If A is a strongly balanced tree of density o which can not be written as
% (p,k,n € N) then A is mechanical.

Proof. Let T be a real number and v a node. At least one of the two following properties
is true:

Vn > 1: hy(n)
Vn >1: hy(n)

[S(n)a+7],

<
> [S(n)a+T].

(8.15)
(8.16)
To prove this, assume that it is not true. Then there exists k, n such that hy,(n) < |S(n)a+
7] and hy(k) > [S(k)a+7]. In that case the number of 1 in the factor of height n and base
n—k (or k,k—nif k > n) is hy(n) — hy(k) < [S(n)a+¢| - |S(k)a+¢] -2 < E=La 1
which violates Formula (8.7).

Let us now define the number ¢ as the minimum 7 that satisfies (8.15):

b= iITlf {For all n: hy(n) < [S(n)a+ 7] }

For all 7 > ¢, the equation (8.15) is true, while for all 7/ < ¢, the equation (8.16) is
true. This means that for all € > 0 and all n:

Sn)ja+¢p—e—1<|Sn)a+¢—e| <hy(n) < |Sn)a+o+e| <Sn)a+ep+e (8.17)
Taking the limit when e tends to 0 shows that:
S(n)a+ ¢ —1< hy(n) < Sn)a+ ¢. (8.18)

Therefore, unless S(n)a+ ¢ € N, hy(n) = [S(n)a+ ¢| = [S(n)a+ ¢ —1].

If there exists n € N such that S(n)a + ¢ € N, then, as a ¢ {%,p,k,q € N},
there are no other £k € N (k # n) such that S(k)a + ¢ € N. If for this particular
n hy(n) = S(n)a + ¢ = |S(n)a + ¢], the node is inferior of phase ¢. Otherwise,
hy(n) = S(n)a+ ¢ —1=[S(n)a+ ¢ — 1] and the node is superior of phase 1 — ¢. [

Lemma 8.12. Let A be a strongly balanced tree such that there exist n and k such that
all factors of shape (n, k) have the same number of nodes with label 1. Then the tree is
mechanical.

Proof. Let us take n and k satisfying the property, such that n 4+ k is minimal and let p

be the common number of ones in the factors of shape (n, k). Obviously, the tree as a
p(d—1)

dF(dn—1)

Let v be the root of the tree. The same proof as in the irrational case can be used to

establish that there exists ¢ such that

density a =

S(n)a+ ¢ —1< hy(n) < S(n)a+ ¢,

and that the root is inferior of phase ¢ if there is no j such that h,(j) = %a +¢—1-

resp. superior of phase 1 — ¢ if there is no ¢ such that h,(i) = ‘g:lla + ¢. Therefore the
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tree is mechanical unless there exist ¢ and j satisfying these equalities. Let us show that
if there exist such i and j, there is a contradiction.
Lai:mmﬂmﬁqzﬁQM+¢}m@j:nmwmxﬂ:uﬁja+¢—u.mma
i < jori>j,let us assume that j < 4, the other case is similar. The number of ones in
the factor of height 7 — 5 and base j is p’ = dzl:‘i” a + 1. In that case we have i > k 4+ n,
otherwise this would violate the minimal property of n + k. If j — i > n the factor of
height i — j and base j is composed of a factor of height i — n and base j and d*~"*
factors of height n and base k — that have exactly p nodes labeled one as assumed in the

previous paragraph — and then the number of 1 in this subtree is:

i—n

di=n — @i
— o +1,

ho(i) — ho(5) —d " Fp4+ ¢ +1=a yp—

which violates the minimality of 4.

Then if all factors of shape (k,n) have exactly p nodes labeled 1, the tree is mechanical.
O

Lemma 8.13. If A is a strongly balanced tree with o density o = % then it has at
most n factors of shape (n,k) with p+ 1 ones or p — 1 ones.

Proof. Using Equation (8.7), each factor of shape (n, k) has p—1, p or p+ 1 nodes labeled
by 1. As the tree is strongly balanced, either there is no factor with p — 1 ones or no
factor with p 4+ 1 ones. Let us assume that there is no factor with p — 1 ones (the other
case is similar). We claim that there are at most n factors of shape (n, k) with p + 1
nodes labeled by 1.

Indeed, let f be a factor of shape (n/,k") with n’ = ¢n,i € N, k' > k. This tree is
composed of j blocks of shape (n, k) (where j depends on ¢ and k' ) and using Equation
(8.7) again, the number of nodes with label 1 is either jp — 1, jp or jp + 1. Therefore at
most one of the (n, k) blocks has p + 1 nodes labeled by 1.

If there were more than n + 1 blocks of shape (n, k) with p + 1 ones in the whole tree,
starting respectively at line /1, ... and [,,41, there would be two blocks with /; = [; mod n
and the block of height [; — I; + n,l; would have jp + 2 ones, which is not possible.
Therefore there are at most n blocks of shape n, k with p + 1 nodes labeled by 1 in the
whole tree. O

An example of a rational tree strongly balanced but not mechanical is presented in
Figure 8.8.

Lemma 8.14. A strongly balanced tree with density o = %, p,n, k € N, is ultimately
mechanical. Furthermore, if the tree is irreducible, it is mechanical.

Proof. Using Lemma 8.13, there are at most n factors of height n and base k with p+ 1
nodes labeled 1, in the rest of the tree all factors of shape (n, k) have exactly p ones.
Then the tree is ultimately mechanical by Lemma 8.12.

If the tree is irreducible, a factor appears either 0 or an infinite number of times. As
there are at most n factors of shape (k,n) with p 4+ 1 nodes labeled 1, there are no such
factors and the tree is mechanical by Lemma 8.12.

Note that this lemma concludes the proof of Theorem 8.9. ]
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Figure 8.8.: Example of a rational tree that is strongly balanced but not mechanical. On

the left is the tree itself. In the middle the mechanical suffixes of the tree
are displayed and its minimal graph (reducible) is displayed on the right.
There is one strongly connected component — the one corresponding to the
nodes 3-4 — and two corresponding suffixes: Aj, starting with a 0, and Ay,
starting with a 1.
One can verify on the picture that the beginning of this tree is strongly
balanced and as it continues with density exactly 1/3, the whole tree is
strongly balanced. However this tree is ultimately mechanical but not
mechanical since in a mechanical tree of density 1/3, all factors of height 2
should have |1+ ¢| = 1 node labeled by one.

8.4.5. Link with Sturmian trees

In the case of words, Sturmian words are exactly the balanced (or mechanical) aperiodic
words. The case of trees does not work as well since the Dyck Tree (Figure 8.4) and
more generally all examples of Sturmian trees given in [30] are not balanced. However,
the reverse implication holds as seen in the following theorem:

Theorem 8.15. The following propositions are true.

o A strongly balanced tree of density different from % (for any p,n,k € N) is
Sturmaian.

e A strongly balanced tree of density % (p,n, k € N) is rational.

This result has a simple implication: a strongly balanced tree is rational if and only if
P

there exist p,n, k € N such that its density is SR
Proof. Let us consider the case of inferior mechanical trees (the superior case being
similar).

Let A be a mechanical tree of density «, let v be a node and let n > 0. According to
Proposition 8.8, the factor of root v of height n only depends on the phase ¢, of its root.
In fact, one can show in the proof of Proposition 8.8 that this factor only depends on the
values | 4=La + ¢, ] (1 <1 < n). If we write fi(¢) e 2= a+¢| (i>0,¢€[0:1]), the
number of factors of height n only depends on the values f1(¢)... fn(®).

As seen in (8.14), the set of phases is dense in [0; 1], therefore they are exactly as many
trees as tuples fi(¢),..., fn(¢) when ¢ € [0;1) by right-continuity of f;.

Each f; is an increasing functions taking integer values and h;(1) — h;(0) = 1. Thus
there are at most n + 1 different tuples and then at most n + 1 factors of height n and a
mechanical tree is either rational or Sturmian.
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Moreover if o & {ﬁkn)/p, n,k € N}, we can not have ¢ # j and %a—i—qﬁ, %a+¢ €

N and then there are exactly n + 1 factors of height n.

Ifa= %, then the number of factors of height n is at most n. Therefore the tree

is rational using Theorem 8.2 (see Section 8.4.3).
If the the tree is not mechanical, then Theorem 8.9 says that the tree has a density

o= % and is ultimately mechanical: there exists a depth D > 1 after which the tree

is mechanical. Therefore, there are at most S(D) + n factors of any height (n in the
mechanical children because of the value of « plus S(D) in the prefix subtree). In that
case the tree is rational by Theorem 8.2. O

8.5. Algorithmic issues

8.5.1. Testing if a rational tree is strongly balanced

Given a finite description of a rational tree, let us consider the problem of checking
whether this tree is strongly balanced. An algorithm that works in time 0(N?3) where N
is the number of vertices of the minimal graph of the tree is presented.

The first focus is on the description of the special structure of the minimal graph of
a rational strongly balanced tree. Then an algorithm for irreducible rational trees is
described as well as a sketch of the algorithm for the general case.

Graphs of rational strongly balanced trees

The aim of this section is to study the general form of the minimal graphs of rational
strongly balanced trees. In fact, we will see that they have a very particular form. The
main results of this section are summarized in Theorem 8.16 and illustrated by Figures
8.9 and 8.10.

Theorem 8.16. The following statements are true:

(i) Two rational mechanical trees of the same density o have the same minimal graph
Gq, up to the choice of the initial node of this graph. Moreover G, is irreducible.

(i) The minimal graph of a strongly balanced tree of density « has a unique strongly
connected component that is final, G .

Proof. (i) Let us first consider a rational mechanical tree of density a. We know that
exactly n + k nodes, and for any node, the set of all possible phases of all its descendants
is [0;1). Therefore, the graph is strongly connected and unique. The only difference
between two rational mechanical trees of the same density is to which node the root of
the tree is associated. Figure 8.9 displays several examples. The (unique) minimal graph
of the mechanical trees of density 1/3,1/7,4/15 and 2/15 are displayed.

(ii) If the tree is strongly balanced but not mechanical, it is ultimately mechanical (see
proposition 8.14) which means that after a finite depth k, all suffixes are mechanical trees
with the same density. All of these trees have the same graph, therefore the minimal
graph has a unique final strongly connected component which is reached in at most &
steps. Therefore, the minimal graph of a strongly balanced tree can be decomposed into

a finite acyclic graph and one final strongly connected component, like in Figure 8.10.
O

there exist p, k,n > 0 such that a = . Using section 8.4.3, the minimal graph has
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B = ol 00
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Figure 8.9.: All mechanical trees of the same density « have the same minimal graph
Gq. These graphs represent G, for « =1/3, 1/7, 4/15 and 6/15 = 2/5. For
all graphs with n nodes, there are exactly n different mechanical trees of
this particular density, depending on which node is associated to the root.
Note that the first three graphs have a very similar structure (Figure 8.16
displays more mechanical trees with this structure).

@<@\/_\@=) Strongly

Connected

Figure 8.10.: General form of the graph of a reducible strongly balanced tree: an acyclic
graph ending in a unique strongly connected component.

Irreducible trees

Testing if two graphs with a given fixed out-degree are isomorphic can be done in
polynomial time [110]. Therefore using the result shown in the previous section 8.5.1, an
algorithm to test if a graph represents a mechanical tree can be obtained by computing
the density a of the graph and testing if the graph is isomorphic to the graph of all
mechanical trees with density a. However this is not very efficient and here we propose
an algorithm that tests the balance property directly.

Consider an irreducible rational tree A and let ng be the number of vertices of its
minimal graph. Theorem 8.15 says that it is strongly balanced if and only if it is
mechanical. In that case its density is m for some p, kg € N and all subtrees of
shape (ko,ng) have exactly p nodes with label 1. Such factors will be called basic blocks
in the following.

Recall that the tree is strongly balanced if all factors of shape (n, k) have |aS(n, k)] or
|aS(n, k) 4+ 1] nodes of label one. We want to show that testing it for all n,k < ng + ko
is sufficient.

Let v be a node and n, k > 0 and let h,(F') be the number of labels 1 in the factor F
of shape (n, k) with root v.

Starting from F', we construct a new factor F’ by adding a new factor on top of F' of
shape ng, k—ng. This new factor can be partitioned into d*~0~%0 basic blocks. The total
factor F' is of shape (n+ng, k—ng) and its number of ones is h, (F') = h,(F)4dF—m0=kop
(see Figure 8.11).

The augmentation of the factor can be repeated until its shape n’, k' is such that
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k' < ko + ng. Its number of ones is hy,(F') = hy(F) + H where H does not depend on v.

k—no
k
—
h(n, k) + Ty, n + no
n

Figure 8.11.: The first transformation: if & > ng + ko, we add a level of factors of shape
ng, ko that all contain exactly p ones. The shape of the factor becomes
(n + no, k —ng). We repeat the transformation until the shape is (n', k)
with k' < ng + ko. In the figure, T}, stands for pd*—"0=kop,

The second phase consists in building a new factor F” by removing a factor from
F' of shape ng, k¥ +n' — ng. The removed part can be partitioned into d”' =00 basic
blocks. Therefore the number of ones in F” is hy(F") = hy(F') — d¥~"0%op. This
transformation is illustrated in Figure 8.12.

I |

K K

Figure 8.12.: The second transformation: if n’ > ng + kg, we can remove a level of
factors of shape (ng, ko). The shape of the factor becomes (n’ —ng, k’). We
repeat the transformation until the shape is (n’, k') with n’ < ng + ko (here,
Ty = pd™ ~"o—ko),

By repeating this transformation as long as n” > ng + kg, we get a final factor F"”
whose shape is (n”, k") with n” < ng + ko, k" < ng + ko and whose number of ones is
hy(F") = hy(F) + H — K, where H and K do not depend on v but only on n and k.

Since hy(F) = hy(F") — H + K, it is enough to compute the number of ones in all
factors with shape (n”, k") where n” < ng + ko, k" < ng + ko, to be able to obtain the
number of ones in all factors on any shape.

Also, it is enough to test if all factors with shape (n”,k”) where n” < ng + ko,
k" < mg + ko satisfy the strong balance property for all factors on any shape to have the
same property.
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There are at most n factors of a given height and base. For b < m, let us call h; j, ,, the
number of 1 in the i*" factor of height b and base b+m. Let us call v(i) = (v1(i), ..., vq())
the set of the d children of the tree rooted in . h;},, can be computed using the formula:

hizo = (i)
Ripn = hipo = L)+ Xjepm) hip-10 (8.19)
Ripm = 2jeu) Rip—1m—1

These considerations yield the Algorithm 8.1. The main steps of the algorithm are:
1. Compute the density « of the tree (cf Theorem 8.4).
2. If a can not be written as pd}é%ldk, the tree is not strongly balanced.

3. Check the strongly balanced property on the factors of shape (n,k) < (N, N).

Require: Minimal graph G of a irreducible rational tree
Ensure: The tree corresponding to G is strongly balanced
N:= number of vertices of G
Compute the density a of the Markov Chain
if for all k:2=%"o ¢ N then
return “not strongly balanced”
end if
for 1 <i,n,k <N do
Compute h; , 1, according to (8.19)
if Bipg # | S=La) and iy # | %=L a] + 1 then
return “not strongly balanced”
end if
end for
return “strongly balanced”

Algorithm 8.1: Testing if a irreducible rational tree is strongly balanced

Solving the Markov chain to get a takes at most O(N?) operations. Writing the density
under the form —xP— is linear in N and computing all h;, takes O(N?) operations

using the formula (8.19). Therefore the algorithm runs in time O(N?).

General case

The general case is more complicated since there can be some factors of shape (ng, ko)
with p+ 1 (or p — 1) nodes labeled by 1. However the structure of the minimal graph of
strongly balanced trees made in Section 8.5.1 can be useful.

e Indeed, the minimal graph must have only one strongly connected component and
it must corresponds to a strongly balanced tree.

e If the density of the strongly connected component is Mﬁ, all factors of shape
no, ko in the strongly component have exactly p nodes labeled by 1.

Therefore, using the same techniques of reduction of the size as in Figure 8.11, one
can show that we just have to test the balanced property for factors of shape at most
(N, N) where N is the number of vertices in the graph.
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8.5.2. Counting

In this part, we address the problem of counting all possible factors of a mechanical tree.
We will focus on trees of degree 2 and will compare this to the total number of possible
factors of binary trees.

There are 2" finite words on a binary alphabet of length n. Not all these words can be
factors of a Sturmian words, for example 0011 can not since it is not balanced. In fact,

the number of factors of length n of Sturmian words (see for example [31]) is:
1+ (n—i+1)¢(i), (8.20)
i=1

where ¢ is the Euler function (¢(7) is the number of integers less than ¢ and coprime
with 7). Asymptotically, the number of factors is equivalent to n®/72.
The number a,, of unordered complete binary trees of height n satisfies the equation:

an+1 = anla, + 1) (8.21)

According to [133], there is no simple solution of this equation but using the method
described in [2], one can show that a,, is the nearest integer close to 62" —1/2, where 6§ ~
1.597910218.... is the exponential of the rapidly convergent series In(3/2) + 3, o In(1 +

(2a, +1)72).

In section 8.4.5, we have seen that the number of factors of height n of a mechanical
tree is the number of tuples (f1(¢, @),..., fn(o, ) where fi(¢,a) = | (2" —1)a+ ¢]. Let
us call u,, this number.

To count the number of these tuples, consider the lines a — (2" — 1)a mod 1, with
0 < a < 1(see Figure 8.13). The number of tuples is the number of different zones in
this figure.

Figure 8.13.: On the left picture (resp. on the right one) the number of distinct factors of
height 3 (resp. 4) are represented. The lines drawn are o — (2" —1)a mod 1
for 1 <n <3 (resp. n <4). Each zone corresponds to a distinct factor of
height 3 (resp. 4) of all mechanical trees. On the left picture, we can count
that there are 20 factors of height 3. The difference between the left and
the right picture is the addition of the lines a +— (2* — 1) mod 1. This
leads to 60 factors of height 4.

188



8.6. Glossary

An exact computation of u, is cumbersome but good bounds can be computed easily.
Up41—Un corresponds to the number of zones added by adding the lines o — (Q"Jrl —1a—i.
Each of these 2" — 1 lines:

e add at least a new zone if it only crosses other lines at points ¢ = 0 or ¢ = 1. This
is a very low estimate since it is only true for ¢ = 0 or ¢ = 2™ — 2, in the other cases
it crosses at least the line o — ¢.

e add at most 1+ n zones if it crosses the n lines corresponding to a + (29 —1)a — ij,
1 < j < n and if all these points are pairwise distinct.

Therefore we have an estimation for all n > 2:
2+ 22" = 3) <upig —up < (n41)(2" 1), (8.22)
This leads to the bounds for n > 3:
22 <y, < 2T (8.23)

Improving these bounds seems difficult. To do so, one would have to count whether
a “new” intersection has already been counted or if it is on the boundary ¢ = 0. By
simulation, it seems that the number of trees is closer to n2"*! than to 2"t

8.6. Glossary

The aim of this part is to show the big picture and to provide several examples of trees
that are either balanced, strongly balanced, reducible, irreducible, rational or Sturmian.
In particular, we will give counter-examples that show that the inclusions between these
classes are strict. The Figure 8.14 summarizes these results.

1. Reducible Sturmian tree that is not balanced — contrarily to the case of words where
Sturmian words are balanced, there exist Sturmian trees that are not balanced.
The Dyck tree (Figure 8.4), is one of them.

2. Irreducible Sturmian trees that are not balanced — An example of a Sturmian tree
that is irreducible (but not balanced) is the reflected random walk tree represented
in Figure 8.15. It is Sturmian since the equivalence classes of the relation =,, are

{0},...;{n—-1},{n,n+1,...}.
3. Irreducible rational trees — see Figure 8.7.
4. Reducible rational trees — see Figure 8.6.

5. Irreducible strongly balanced rational tree — see discussions in section 8.5.1 and
Figure 8.9.

6. Rational reducible strongly balanced trees that are not mechanical — strongly balanced

trees are not necessarily mechanical: if they are reducible, they are only ultimately
mechanical, see Figure 8.8 for an example.

189



Chapter 8. Infinite Labeled Trees: from Rational to Sturmian Trees

) Balanced Trees

2 &

: =

E 5 Irreducible
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Figure 8.14.: Relations of inclusion linking the different classes of trees. Each number
refers to an example detailed in section 8.6. For example, zone 6 is the
set of trees that are rational, reducible, ultimately mechanical, strongly
balanced, balanced and neither mechanical nor Sturmian.

070:0:0:08

Figure 8.15.: The reflected random walk tree: each node of type n is followed by one of
type n — 1 and one of type n + 1 (except for 0 that is followed by 0 and 1).

7. Reducible mechanical trees — let a be a normal number and consider the mechanical
tree of density a and phase 0 at the root. As « is normal, there is a unique phase
corresponding to each node of order k which is the fractional part of:

1 1 i i1
a4+ )+ == 8.94
(dk+ +d)+dk+ + (8.24)
for a unique sequence i1, ..., i (see the end of section 8.4.3 for details about normal
numbers and phases). If two phases corresponding to i1, ...,%; and 7},...,1}, are

equal, then we have

koK
1 1 ZZ]' Z i
frac(a(cﬂC+"'+cl"”“)+j:16ij_j:1 '):O'

% ‘ms\'

i’

As o is normal, it is irrational. Therefore k = &" and frac(3_, ;. & — > j<p 77) = 0.
By uniqueness of the decomposition of a number in base d, this implies that the
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two sequences are equal. This shows that two different nodes in the tree have a
different phase. Thus the minimal graph of this tree is exactly the tree itself which
is in a sense the most reducible tree.

8. Irreducible mechanical trees — let w be a mechanical word and consider a graph
with vertices {0,1,...,}, where a node i > 0 has label one if and only if w; = 1.
The node ¢ has two outgoing arcs: one ending in ¢ 4+ 1, one ending in 0. We call
this graph a restart tree since for a node n, we have the choice between restarting
back in 0 or continuing in n + 1, an example is displayed in Figure 8.16.

Figure 8.16.: Example of the restart tree corresponding to the word aabaaab. ..

wz+1
wz+2
wz+4

Figure 8.17.: Number of ones in a factor of the restart tree of height 5

As seen in Figure 8.17, the number of ones in a factor of height n that corresponds
to the node ¢ is

hz(n) =W; + -+ Wigp—1 + ho('l’L — 1) + -+ ho(l), (8.25)
and the number of ones in a factor of height n and base k is
hi(n, k) = hi(n) — hi(k) = wg + -+ + Witn—1 + ho(n — 1) +--- + ho(k). (8.26)

Therefore the tree is strongly balanced if and only if the word w is balanced. Since
the tree is irreducible, in that case the tree is also mechanical. Moreover one can show
that for any word w the tree has a density which is lim,, . ;zo(n) = PR+

Thus for any aperiodic balanced word, this provides an example of an irreducible
irrational strongly balanced tree.

9. Rational balanced tree that is not strongly balanced — An example of a rational
tree that is balanced but not strongly balanced is presented in Figure 8.18. One
can show that all of its factors of height 3 have exactly 4 nodes with label one.
Using this fact, one can show that the number of ones in a factor of height 3n + 4
(0 <i < 3) rooted in a node j is:
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10.

192

Height Node 1 Node 2 Node 3 Node 4

8"—1 8"—1 8" —1 8"—1
3n4+1 | 1424520 0424520 0424871 14248

3n+2 | 14448521 14448520 2444570 24448

This shows that the tree is balanced. It is not strongly balanced since there are
factors of shape (1,1) with 2 nodes labeled by one and others with 0 nodes labeled
by one as seen in the bottom right part of figure 8.18. Also its minimal graph is
not isomorphic to the unique minimal graph of a mechanical tree of density 4/7
that has only 3 nodes (see the discussion about graphs of strongly balanced tree in
Section 8.5.1).

- (2)
O==0

Figure 8.18.: A Rational Balanced Tree that is not strongly balanced

Irrational balanced tree that is not strongly balanced — Building an irrational tree
not strongly balanced requires more work. We consider a tree which has a root r
labeled by 0 and two children that are mechanical trees of density o and respective
phases ¢ and ¢ + a. We will see that under some conditions on «, ¢ and a, this
will be an irrational tree that is balanced but not strongly balanced nor rational,
nor Sturmian.

/O\
@] (@it

The two children of the root are balanced trees which means that the tree is
balanced if and only if for all n:

(2" — Da] < hp(n+1) < [(2"T = 1)) + 1. (8.27)
Let us call k = [ (2" — 1)a + ¢| and x = frac((2" — 1)a + ¢).

hp(n+1) = [2"=Na+¢|+ (2" - Na+¢+a]
= k+|k+x+al.
As (2" — 1)a = 2k + 22 + o — 2¢, the equation 8.27 holds if for all x € [0;1), we

have:
0<k+|k+z+al—[2k+20+a—2¢] <1.

which holds if for all z € [0;1):

0<|z+a]—[2x+a—2¢] <1.
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This equation is satisfied if and only if

(r+a<land —1<2x—2¢p+a<1l)or(r+a>1and0<2z—2¢p+a<2).

Looking at the extremal cases for x +a < 1 and z +a > 1 which are x = 0,1 —a, 1,
one gets 4 relations:

21—a)—2¢+a < 1
-1 < 20+«
2-20+a < 2
0 < 2(1—a)—2¢+a.

Therefore the tree is balanced if and only if

1
%<¢§%<¢+a<1. (8.28)

Moreover if a + ¢ > 1 and 3a + ¢ < 2, the tree is not strongly balanced since its
beginning is

There are lots of triples «, ¢, a satisfying conditions (8.28). For example a tree with
o= % +¢€, ¢ =0.6 and a = 0.2 where € € R\ Q with € small enough (for example
e < 0.01 works since $ ~ 021 < 0.6 < 2 ~ 0.71 <08 <1l and a+ ¢ > 1,
3a+ ¢~ 1.9 < 2).
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Chapter 9.

Distributed Delay-Power Control Algorithms
for Bandwidth sharing in Wireless Networks

Abstract of this chapter — In this chapter, we formulate a Delay-
Power Control (DPC) scheme for wireless networking, which efficiently balances
delay against transmitter power on each wireless link. The DPC scheme is
scalable, as each link autonomously updates its power based on the interference
observed at its receiver; no cross-link communication is required. It is shown
that DPC converges to a unique equilibrium power and several key properties are
established, concerning the nature of channel bandwidth sharing achieved by the
links. The DPC scheme is contrasted to the well-known Foschini-Miljanic (FM)
formulation for transmitter power control in wireless networks and some key
advantages are established. Based on the DPC and FM schemes, two protocols
are developed, which leverage adaptive tuning of DPC parameters. One of them
is inspired by TCP and exhibits analogous behavior. The chapter primarily
focuses on the theoretical underpinnings of DPC and their practical implications
for efficient protocol design.

Résumé du chapitre — Dans ce chapitre, nous présentons un algorithme
de controle de puissance pour les réseaux sans fils. Ce mécanisme est un
algorithme distribué dans lequel chaque émetteur essaie de trouver un équilibre
entre la puissance consommeée et le délais subis par les communications. Nous
montrons que 'algorithme converge vers un point d’équilibre indépendant du
point de départ étudions les propriétés de 1’équilibre vers lequel il converge.

En se basant sur DPC et sur l'algorithm de Foschini-Miljanic, nous
développons deux protocoles dont le but est d’adapter les parametres de
I’algorithme. Ce chapitre se concentre principalement sur les aspects théoriques
de DPC et ses implications pratiques dans la construction d’un protocole de
communication.
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0.1. Introduction

Transmitter power control (and related rate control) is important in wireless networking
for maintaining communication quality in the presence of interference, increasing network
capacity, reducing power consumption, etc. It has received considerable attention in the

past.
The prevalent formulation of the transmitter power control problem for streaming
traffic is due to Foschini & Miljanic [64, 65]. It asserts that each communication link i in

the shared wireless channel sets a target SINR 4; (signal to interference plus noise ratio).
It then aims to achieve 4; in each time slot, by autonomously updating its transmitter
power P}, using the control algorithm

Pit+1 — lipzt’ (9‘1)
(2
in consecutive time slots, where 4! is the link SINR observed in time slot ¢. If the target
SINRs 4; are feasible for all links, then the algorithm will provably converge to the set of
SINR targets 4;. If not, all powers will diverge to infinity. The asynchronous version of
the Foschini-Miljanic (FM) control (9.1) converges or diverges similarly [113].

The 4; is measured at the receiver of link ¢ and communicated to its transmitter (say,
over a separate control channel). Hence, there is intra-link communication from the
receiver to the transmitter. However, there is no cross-link communication and each
link acts autonomously, a highly desirable property for scalability. In this sense, the FM
algorithm (9.1) is distributed, except that there is need for a global guarantee that the
links are feasible at their SINR targets ;. Without it all links will go unstable (powers
explode). Therefore, this is an essential global requirement, compromising somewhat the
distributed nature of the algorithm.

Note that by targeting SINR, 4; in the FM formulation, link ¢ essentially targets a preset
effective transmission rate, hence, link communication delay. Therefore, this formulation
is not geared towards managing the delay/power tradeoff, a fundamental one in wireless
communication.

Another formulation [151] of the power control problem aims to maximize the minimum
SINR of any link sharing the wireless channel, instead of managing the power/delay
tradeoff. Game theoretic approaches to the problem are taken in [131, | and utility
maximization ones in [135, 80], requiring various degrees of link coordination and not
controlling the delay vs. power tradeoff explicitly. The latter, however, is controlled
in a ‘queueing dynamics sense’ in the approach of [129, 91], where the power control
instantaneously responds to the current packet backlog in the transmitter buffer and the
interference observed at the link receiver. An optimal control is approximated, utilizing
a model reduction where each link is considered operating in a random interference
environment, generated by the others sharing the channel. This approach, however, uses
instantaneous backlog information, which the FM one does not (neither the DPC one, as
seen later).

The above approaches are very different from the one taken in this chapter. Specifically,
the key idea here is that each wireless link manages selfishly its power vs. delay tradeoff,
responding to the interference generated by other links sharing the channel, as follows.
At each point in time, the link balances

1. the per-packet expected transmission energy spent overall until the packet (infor-
mation block) under transmission is successfully received,
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2. against the per-packet expected transmission delay until the packet is successfully
received.

Additionally, if packets arrive continuously to the link transmitter buffer, the second
concern can be extended to include the queueing delay of buffered packets. This idea is
developed below and leads to a distributed Delay-Power Control (DPC), which is shown
to reach a collective unique equilibrium when used by each link (even asynchronously).
In contrast, the FM approach (9.1) does not exhibit ‘awareness’ of this balance. Both
the FM and DPC approaches use the same minimal information (interference on link
receiver) to control power.

The organization of the chapter is as follows. In Section 9.2 we introduce the wireless
transmission model. In Section 9.3 we develop the rationale behind the DPC formulation
and establish certain key DPC properties. In Section 9.4, we mathematically analyze DPC
and prove that under general conditions it converges to a well-defined unique equilibrium'
in a fully distributed and asynchronous way. Various useful mathematical properties of
the DPC equilibrium are established, including that all feasible SINRs are attainable by
DPC. The DPC behavior is demonstrated with selected numerical experiments. In Section
9.5, DPC is leveraged for designing protocols that automatically tune its parameters
aiming to achieve efficient bandwidth sharing and avoid over-saturation (where high
power is wasted for small SINR gains). We introduce two protocols, a Saturation-Averse
DPC (which backs off from saturation when that settles in) and a Rate-Aggressive DPC
(which aims for highest SINRs and link rates, up to the point of avoiding saturation).
The latter is somewhat inspired by TCP and, not surprisingly, exhibits some analogous
behavior. We report several interesting observations made in numerical experiments
using the protocols. Finally, in Section 9.6 we discuss certain current and future lines of
research.

Overall, the focus of this chapter is to introduce DPC and develop its theoretical
underpinnings and core provable properties. Based on the latter we develop DPC-based
protocols and investigate them via numerical experiments. It is not, however, within
the scope (and limited space) of this chapter to study the mathematical properties of
these protocols, which form highly non-linear complex systems; this is a topic of future
research.

0.2. Transmission Model

Consider L communication links, indexed by i € £ = {1,2,..., L}, sharing the same
wireless medium and interfering with each other. Time is slotted, indexed by t =
{1,2,3,..}.

The power transmitted by the transmitter of link 4 in time slot ¢ is P! and is constant
throughout the slot. The power received at the link’s receiver from its transmitter is
G;i P!, where Gj; is the constant power gain (attenuation) between the transmitter and
the receiver of link .

'We opt to take a direct system-theoretic point of view in this chapter, based on map iterations
converging to a unique fixed point. However, as becomes evident later, the problem and results can
equivalently be viewed within a game-theoretic framework, where iterations of best-responses of individual
players eventually converge to a unique Nash equilibrium. The correspondence is immediate and we do
not discuss it any further.
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The thermal noise at the receiver of link ¢ is constant /V; in all time slots. The power
gain (attenuation) from the transmitter of link j to the receiver of link i is G;; and is
also constant in time. Hence, Giij‘F is the interference induced on the receiver of link
i by the transmitter of link j7 € £ — 4 in time slot ¢. The total interference plus noise
experienced by link ¢ in time slot ¢ is N; + Zj# GijP} and the signal to interference plus
noise ratio (SINR) of link 7 at time ¢ is

pt
Vi = o (9.2)
where N o
AL ij ot
b=+ > o b (9.3)
7 ]751 A2

is total noise plus interference of link %, rescaled by the intra-link power gain G;;. In the
following, we liberally refer to b} as interference (when no confusion arises).

In each time slot, the transmitter of each link transmits a packet to its receiver. If the
packet is successfully received, it is removed from the transmitter buffer and the next one
(if any) is transmitted in the next time slot. If the packet is not successfully received (due to
corruption by interference/noise), it is repeatedly retransmitted until successfully received.
It is assumed that transmission success/failure events are statistically independent with
probabilities that depend on each link’s SINR. Specifically, S;(v;) = S;(P;/b;) is the
probability that the packet transmitted in a time slot on link ¢ will be successfully
received, when the link’s SINR is ;.

The success probability S;(;) may be different for each link, depending on the modu-
lation scheme used, the radio propagation environment, etc. We do not place any specific
restrictions on S;(7;) at this point (see Def. 9.3 later), except that it is naturally assumed
to be an increasing function' of the SINR ~; of link i € £. Note® that Si(;) is the
effective packet transmission rate of link ¢ under SINR, ~;.

At the end of each time slot, the receiver of each link needs to communicate to its
transmitter 1) the interference it observed during the ending time slot, and 2) acknowledge
whether the transmitted packet was received correctly or not. For simplicity, we assume
that this reverse-communication occurs on a reliable network control channel, separate
from the channel shared by the links. This control channel is a low-rate one, since the
information transmitted per slot is minimal (interference value and acknowledgements).
In any case, at minimum the receiver needs to acknowledge success/failure in packet
reception (interference values could be piggy-backed on the Acks/Nacks). Note that this
unavoidably introduces intra-link communication, but no cross-link communication is
needed. Therefore, the concept of being autonomous or distributed here is at the level of
individual links, as opposed to that of distinct transmitters/receivers.

9.3. Delay-Power Control (DPC)

We first develop the delay-power control rationale with reference to the head-of-line
packet in the transmitter queue of each link. We then complete in section 9.3.1 this
rationale, by incorporating packet arrivals and queueing delay.

! For example, typical SINR functions include S;(v:) = v:/(€ + i) for some positive constant &, and
Si(yi)=1-— e~%% for some positive constant &, depending on system-specific particulars.

2 We later extend S; to include non-probability functions like Si(7v:) = In(1 4 7;), akin to information
theoretic effective bit rates (see below).
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Each link i controls its transmitter power autonomously, as follows. It first observes
the interference b; = b}, which is communicated to the transmitter at the end of slot t.
Then, link ¢ reasons that

1. if all other links would not change their powers and
2. link 7 would transmit at constant power P; in the future,

it will have to transmit the head-of-line packet for an average of 1/ Si(%) time slots at
power P;, before it is successfully received. Recall that packet transmission success/failure
events are statistically independent. Therefore, the link will incur

1. an average transmission delay cost: 1/ S,-(%)

1

2. an' average power cost: P; /Si(%)

until this packet is successfully received. Hence, the link chooses its power in the next
slot ¢t + 1 to minimize the (weighted) sum of the per-packet’ power and delay costs, as

Pf“ = ®;(b}) = argmin Qi + b
' po Sl Sif)

b ol

(9.4)

The minimization is taken over p € [0, 00). The weight factor a; reflects how link i weighs
delay vs. power. A delay sensitive (power conscious) link will chose a larger (smaller) o
value.

Each link performs the power update (9.4) autonomously, without any cross-link
communication, so the power control scheme is distributed (per link). Of course, after
each power update the b! changes and the scheme has to be applied again.

Under DPC (9.4) each link optimizes selfishly (over the link set) and myopically (over
time) its delay-power tradeoff per transmitted packet, assuming that all other links will
not change their powers. As the latter do, the link repeats the process. Another way to
view DPC (9.4) is as directly responding to interference b via P/ = &;(b).

Remark 9.1. For ezample, when S;(z) = x/(x + 1) we get ®;(b;) = V/ou;b; via direct
calculations in (9.4), and the SINR of link i is \/c;/b;. In general, ®;(b;) may not be
obtainable in closed form and would have to be computed off-line and coded into a look-up
table at node 1.

! Note that this is actually energy cost, but we liberally use the terms ‘power’ and ‘energy’ inter-
changeably in this chapter for simplicity, as time is slotted and the distinction is easily seen.

2 A ‘networking’ (packetized) point of view is taken here. Each link can transmit a packet per
slot, which is successfully received with probability Si(%'), which is assumed to have certain natural
properties (discussed in Def. 9.3). The precise formula of S;(£) does not matter and may actually not

i

be computable in closed form. In principle, we may have to estimate it empirically via experiments for
given link topology and technology. The key assumption, though, is that packet transmissions in various
slots and links are statistically independent, which is standard in this line of research.

We can also ‘twist’ the above view into a ‘digital communication’ one. Indeed, the following results for
DPC (9.4) under the ‘networking’ point of view (where S;(-) is a probability) do hold true when we set
Si(%) =1In(1+ %), which can be greater than 1 and is not a probability. How can then one (roughly)
interpret the cost combination minimized in the DPC (9.4) algorithm?

Let us take a ‘digital communication’ point of view, seeing In(1 + %) as the effective bit rate. Then
1/In(1+ %) an be (roughly) viewed as the (on average) delay between two successful bit transmissions,
hence, the per bit delay. And P;/In(1 + %) can be (roughly) viewed as the power during the average

per-bit delay 1/1In(1 + %), hence, it is the average power per bit.
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9.3.1. Incorporating Packet Arrivals and Queueing Delay

We now extend the control rationale to include packet arrivals and queueing delay, beyond
the per packet transmission delay 1/5;(;) already taken into account.

Suppose that in each time slot a packet arrives at the transmitter queue of link ¢ with
probability A;. Packet arrival events are statistically independent of each other and all
packet transmission success/failure events. If the interference were not to change on
link 7, then its transmitter queue could be modeled as a standard discrete-time queue
(birth-death chain) with arrival rate \; and service rate S;(7;). The average queueing
delay (buffering plus transmission time) incurred by a packet in the queue would simply
be 1/(Si(vi) — Ai). Therefore, each user could be trying to selfishly and myopically
optimize the weighted sum of the average per-packet queueing delay plus transmission
power (energy), leading to the power control

PIFl = @,(b!) = arg min Qi + 2 , 9.5

where the minimization is over p € [0,00) and a; > 0 is again the weight of the packet
expected queuing delay vs. power.

In order for the algorithm to be correctly defined, we need to have (by assumption)
that A\; < limy_o S(7). Otherwise, the queue would not be stable even if no one else is
transmitting. Then the issue arises (treated below) whether the arrival rates {\;,i € L}
are feasible (i.e. no transmitter queue explodes) when the system operates under DPC
(9.5).

Note that DPC (9.4), which is oblivious to packet arrivals, is mathematically a special
case of DPC (9.5) for \; = 0,i € L.

The DPC algorithm (9.5) or (9.4) can be relaxed to an asynchronous version, where
each link power-updates at arbitrary time slots, observing the interference in the latest
one.

Remark 9.2. (Coexistence of Heterogeneous Links) Since DPC manages the delay
vs. power tradeoff by choosing via o; how much to weigh delay vs. power, it is very
flexible in the following sense. In diverse wireless networking scenarios, power-conscious
nodes transmitting elastic traffic (sensors, agents, etc.) could set their a; low (leading
to higher delay and lower power); but power-oblivious nodes transmitting delay-sensitive
traffic (voice, media streaming, etc.) could set o high (squeezing the delay down at the
expense of higher power). Since DPC allows each link to individually «; (and is also
distributed), it would be particularly appropriate even for highly heterogeneous miztures
of delay-tolerant and delay-sensitive links coexisting in a wireless channel.

9.3.2. The Feasible Power Cone [J ()

DPC (9.5) is based on ‘minimization’ and so it never picks powers where either the delay
or power costs are infinite.

For the delay cost S(Paﬁ to be finite, the DPC must select a power P; such that
i E —N\

B .
b > i (A) (9:6)
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for each i € £, where ~; is such that
Si(vi) = X (9.7)

Recall that b;(P) =3, & ”P + G . Therefore, the set

n

JN) ={P<o0:

bi(P) > 45 (\i), forall i € L} (9.8)

or (equivalently)

T\ ={P < 00: GiiPi — (M) Y Giy Py > 7 (\)N;,
J#
forallie £} (9.9)

is the set of feasible power vectors: any P € J(\) leads to finite costs on all links.
Therefore, J(A) is the power domain over which collective system optimization takes
place. Note that J(\) is a ‘pure convex linear cone’ (when nonempty), and is topologically
open (does not include the boundaries).

The problem is that J(\) may not exist (may be empty). Indeed, as the arrival
rates \; increase, 7 (\;) also increases, from (9.7) and S;(7y) increasing in +; therefore,
J () shrinks. Eventually, ~/()\;) tends to infinity, as A; increases, and the cone J(\)
‘evaporates.” Hence, there is only a bounded set of traffic loads A;,¢ € £ for which the
cone J(A) exits. We define it as

A={NeRE: T\ #0}. (9.10)

This is the achievable throughput region of the system (from a queueing perspective) or
the set of feasible arrival rates A.

9.3.3. The Power Set G()\)

Define now the set G(\) of all power vectors P for which G Pa A -+ (P +— is higher
Silet b;(P)
than (or equal to) the minimum possible, that is, P; > ®; (b) for each link i € L.

Therefore,
G\) ={P <o0:P;>d;(b(P)), forallie L} (9.11)

This is a topologically closed set (minima are attainable). Note that G(A) C J () for
each A € A. Indeed, P € G(\) implies that all ®;(b;(P)) < oo for all i € L, hence, the
costs are finite and so P € J(A). We study the shape of G(\) in Section 9.4.3, where we
show that J(\) # 0 implies G(\) # 0.

9.4. Delay-Power Control (DPC) Analysis

We first consider the conditions under which DPC (9.5) and its special case (9.4) converge?
We later examine the effects of varying the weights «;.
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9.4.1. Class S of functions S;() for DPC Convergence

We next define a broad and natural class S of functions S;(y) for which we can establish
DPC convergence. Recall that S;(y) > 0 is the effective transmission rate of link ¢ when
its SINR is v > 0.

Definition 9.3. The function class S is comprised of the functions S : RT — RT
satisfying the following properties:

1. 8;(0) = 0; that is, no power results in no rate.
2. Si(7) is strictly increasing (S;(y) > 0) and strictly concave (S/(y) < 0); that is,
higher SINR results in higher rate, but exhibits diminishing gains as -y increases.

Si(v) _

= 0, that is, S;(y) may increase’ at most sublinearly at large ~.

3. limy o0
4. Si() is twice differentiable.
5. For all y: Si(7)Si(7) — ¥Si(v)* + 78i(7)Si(7) < 0.

The above properties are quite natural for wireless systems. Only Property 5 may not
seem so at first glance, but Lemma 9.6 shows it is equivalent to ®;(b;) in (9.5) increasing
in b;. That is, the link needs more power under higher interference to achieve its desired
delay/power balance. This is consistent with intuition.

Remark 9.4. Via standard calculations, one can easily show that typical S;(7y) functions,
like v/ (& + ) for fized & > 0 and 1 — e~ %7 for fized 6; > 0 belong”® to S.
9.4.2. Key Properties of DPC

We first show that ®;(b;) in (9.5), and in special case (9.4) with A = 0, is well-defined
and identify some of its properties, assuming that S; € S.

Proposition 9.5. If S; € S, there exists a unique minimizing value ®;(b;) € (0,00) of

&7} b

ngn{gi(gj) Y + Si(bi)} (9.12)

3

over p € [0,00), for each fized delay/power weight o; > 0. Hence, there is a unique
optimal power for each link i (given fized a; > 0, b; > 0, A; > 0) and ®;(b;) is well-defined.

Proof. The proof can be found in Appendix 9.7.1. O

Lemma 9.6. Suppose S; € S (satisfying Properties 1-5 of Def. 9.3). Then, ®;(b;) is
strictly increasing in b; (given fized c; > 0, X\; > 0). In particular, Property 5:

Si()Si(v) = vSi(7)? +1Si(7)Si(7) <0, (9.13)
fory = % > 0, is key to this result.

Proof. The proof can be found in Appendix 9.7.2. O
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fea5|bi|i'ty cone

0 L — L L L L

0 0.5 1 1.5 2 25 3

Figure 9.1.: Illustration of power cone J(A) and power set G(\) for a system of two links
and a feasible arrival rate A\ = (A1, \2) € A with A\ > 0, operating under
DPC (9.5). The horizontal axis tracks the power P; of link 1 and the vertical
one the power P» of link 2. The region above the eventually lower curved

line is where Py > ®y(be) = @2(0%22 + g—;éPl).

9.4.3. Existence and Shape of Power Set G()\)

It is interesting to see how ®;(b;) grows for large b; >> 1.

Proposition 9.7. If S; € S, then
(I)Z(bz) — ’y;-kbi ~ CZ\/OTZ\/E, when b; >> 1, (9.14)
for some constant C; > 0 and v} such that S(v)) = A;.

Proof. The proof can be found in Appendix 9.7.3. O

This is depicted in Fig. 9.1 for the simple case of two links. The region to the right of the
eventually upper curved line is where P; > ®1(b1) = <I>1(GL111 + %PQ). Each curved line
is where equality is attained correspondingly. The interference b;(P) = g; +> ki gz P;
is itself a function of power P. The set G(A) is the region above the eventually lower
curved line and to the right of the eventually upper curved line. The intersection of the
two curved lines is a fized point P* = (Py, Py) = (®1(b1(P*)), ®2(b2(P*))) = ®(b(P*)).
The shaded region is the cone J () where % > v#(Ai), so that no link queue explodes
(recall S;(y}) = Ai). As per Proposition 9.7 the ‘gap’ ®;(b;(P)) —vibi(P) ~ +/bi(P) when
bi(p) >> 1 (that is, for large P).

Remark 9.8. (J()\) # 0 implies G(\) # 0) Note that when the power cone J(X) is
nonempty (because X € A), Proposition 9.7 guarantees that the ‘gap/distance’ between

LOf course, if S;(7) is a probability it simply saturates to 1 for large . But, for example, In(1 4 )
also satisfies this condition.
2The function In(1 4 ) also belongs to S.
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the linear faces of the cone J(\) and the corresponding (nonlinear) boundaries of the set
G(N\) grows as v/b; for large interference b; >> 1 (i € L). Hence, the set G(\) must also
be nonempty. An example is seen in Fig. 9.1.

Remark 9.9. (DPC vs. FM) Proposition 9.7 exposes a key difference between DPC and
the FM algorithm (9.1). For X =0, DPC (9.4) will choose power

P~ (9.15)

for large interference bt >> 1. On the contrary, FM (9.1) will choose Pf“ = %Pf =

Aibk ~ L, that is, linear in bt.

9.4.4. DPC Convergence

We now address the key issue of collective converge of link powers under DPC (9.5) (and
special case (9.4) with A = 0) to a unique global equilibrium, despite the fact that each
link optimizes its delay/power tradeoff selfishly (over the link set) and myopically (over
time). We prove that the system,

Pt =a,(b}),ie L (9.16)
converges to a unique power equilibrium. Let us define the vector function
B(b) = (®1(b1), e, Di(D;), ..., PL(br)) € RE (9.17)

which yields the powers ®;(b;) chosen by the links ¢ € £ to apply in the next time slot,
given the interference vector b = (by,...,b;,...,b1) € Ri in the current time slot. The
latter is induced by the vector P = (P, ..., P;, ..., Pr) of powers P; used by the links i € £
in the current time slot via the vector function

b(P) = (b1(P), ..., b;i(P),...,br(P)) € RZ (9.18)

where N, G
bi(P)= -+ P (9.19)

(13 _]752 K4

Recall that b;(P) is actually the noise plus interference rescaled by the intra-link power
gain, but we refer to it concisely as ‘interference’ for simplicity.
The composition of the functions ®(-) and b(-) yields the power map

F(P)=®(b(P)) e R; (9.20)

which is the power vector produced by DPC in the next time slot, when the power
vector is P in the current one. Thus, the (synchronous) DPC algorithm can be succinctly
expressed as

P = F(PY (9.21)

for power vector Pt = (P}, ..., P!, ..., P!). To study the DPC convergence we focus on
studying properties of the map F(+).
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Remark 9.10. (Intrinsic Parameters) Note that the receiver noise vector
N = (Ny,.., Nj, ..., Np) e RE (9.22)

is an intrinsic parameter of the map b(-) in (9.18), as is also the power gain matrix
{Gij,i,5 € L}. Similarly, the delay/power weight vector

o= (a1, ..., ..,ar) € RY (9.23)

is an intrinsic parameter of the map ®(-) in (9.17), as is the set of functions {S;(+),1 € L}.
In general, we suppress intrinsic parameters in the notation below, unless explicitly
1nvolved in the argument under consideration.

We proceed to establish some key properties of the map F(-) that are essential to the
convergence of the DPC algorithm.

Proposition 9.11 (Subhomogeneity). The power map F(-) defined in (9.20) is
1. strictly increasing, i.e. P < P' = F(P) < F(P’), and
2. subhomogeneous, i.e. F(0P) < 0F(P),

for all power vectors P, P’ € ]Ri and scalar § > 1. Inequalities between vectors are
considered componentwise.

Proof. The proof is given in Appendix 9.7.4. O

For more on this class of functions, see e.g. [31].
We are now ready to consider the convergence of the synchronous and asynchronous
versions of DPC.

Theorem 9.12 (DPC Convergence). Suppose the link system operates under the
synchronous or asynchronous Delay-Power Control (DPC) algorithm (9.5), or the special
case (9.4) with A =0, with S; € S. Let a > 0 be the delay/power weight vector (9.23)
and N > 0 the receiver noise vector (9.22). The system starts from arbitrary initial
powers.

Then, for each feasible arrival rate vector A € A of (9.10), the power of each link i € L
converges to a unique equilibrium

lim P} = PV (9.24)

t—o0

and the link eventually attains a unique equilibrium SINR
. t__ _oN
Jim 7 = (9.25)
correspondingly.
Proof. The proof is given in Appendix 9.7.5. O

Remark 9.13. In particular, Theorem 9.12 shows that the DPC (9.4), where we do not
take arrival rates into account (A = 0), always converges.
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minimum'for P2 ——
minimum for P1 -------

20 25 30

Figure 9.2.: DPC convergence to the unique equilibrium power P> for an exemplary system of
two links. P!, P2 P3, ... are the power steps of the synchronous DPC version and
P P2 P'3_ ... of the asynchronous one (superscripts denote time slots here). The
axes correspond to individual powers of the two links. The curved lines are the loci
where minimization in (9.5) occurs for each link correspondingly. See Fig. 9.1 for
additional explanations.

Remark 9.14. Viewing as a generic power control the iteration PIT1 = ®;(bt),i € L

with bt = l - + Z#l G Pt one may ask under what conditions on ®; the iteration
converges to a unique global equilibrium. From the proofs of Proposition 9.11 and
Theorem 9.12 (and the example of Fig. 9.2), we can see that direct structural conditions
on ®;(b;) leading to the desired convergence are the following. 1) Strict increasingness of
®,(b;),i € L, reflecting the intuition the transmitter should respond with higher power to
higher interference, as the channel is a ‘congestable’ medium. 2) And M 1s strictly
decreasing in b;; that is, ®;(b;) increases sublinearly in b;,i € L. We do not elaborate
further on this matter here.

We have now established that (for any fixed feasible A) the DPC algorithm converges
to a unique equilibrium power

poN — (peN PN PN (9.26)

(2

(for example, see Fig. 9.2) and unique equilibrium SINR

o N ( o, N a,N Oz,N)' (927)

v ’Yl ""7’71' a---a’YL

The power vector P*Y induces the interference vector
N N N ,
b N = (PN, 6N L) = (P (9.28)

Note that each link i chooses its power updates based on its own delay/power weight o
and receiver noise NV;. However, in equilibrium, its power Pia’N is a function of the full
vectors a and N. The other intrinsic parameters {G;;,4,j € L} and {S;(-),7 € L} and
{\i,i € L} are suppressed here for notational simplicity.

206



9.4. Delay-Power Control (DPC) Analysis

9.4.5. The Equilibrium Power PV

We proceed to establish some key properties of the equilibrium power vector, which
provide important insights into the DPC dynamics and performance.

First, we can easily see that the powers P,L»O"N are Pareto optimal for the SINRs ~;" N
(in the sense that these SINRs could not be achieved with lower powers). Indeed, note
that had ~;" N been used as SINR targets in the FM algorithm (9.1), the latter would
have converged to powers Pia’N. But FM (9.1) is known to converge to Pareto optimal
powers.

DPC Can Reach All Feasible v

A critical issue is whether DPC can attain every feasible SINR vector «; that is, any
that can be induced by a positive (componentwise) power vector P, given the link system
power gain matrix G = {Gj;,4,j € L} and receiver noise vector N. The space of feasible
SINR vectors is

Gii P .
I = Ty = P >0ie L. 9.29
{7 L e i } (9.29)

The region I' is non-convex in general, as seen in Fig. 9.3 for example. We can rewrite
the conditions in (9.29) as

iGij N
B—ZWG“’PJ = VG“ (9.30)
_]7£’L 23 K23
or in vector form
I-H)P=U, P>0, (9.31)

where I is the L x L identity matrix, P = (P;,i € £) and U = (v;N;/Gyi,1 € L) are
viewed as column vectors and P > 0 is interpreted componentwise, and

H= {HJ - %G"U
2

i #Jy Hig =05 4,7 € ﬁ} (9.32)

is a matrix with zero diagonal terms and positive off-diagonal ones. From the Frobenius
theory of non-negative matrices, it is well understood that (9.31) has a finite, positive,
unique solution P = (I — H)~!U iff the maximum modulus eigenvalue pyg (single and
real) is less than 1. Note that H depends on 7 (but not on N), so a vector + is feasible
iff pg < 1, in which case P = (I — H)~'U induces this ~.

It is also well understood that if the SINR targets 4;,7 € L of the Foschini-Miljanic
(FM) framework constitute a feasible SINR vector 4, then the FM algorithm (9.1) will
converge to a power vector P that induces exactly this 4. Hence, the FM algorithm can
‘scope out’ the whole T'.

The natural question then arises whether DPC can also ’scope out’ I and attain any
feasible . The answer to this important concern is positive. We develop it below, after
we present a key result that we leverage for addressing the issue.

Proposition 9.15. At equilibrium, (suppressing N for notational simplicity) the power
vector P and SINR vector v* satisfy the set of equations:

O

207



Chapter 9. Distributed Delay-Power Control Algorithms in Wireless Networks
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Figure 9.3.: The one-to-one mapping of o = (a1, a2) to v = (7§,~v$) at DPC (9.4) equilibrium
for an exemplary system of two links. As « traces the trajectory shown in the
bottom graph, v traces the corresponding trajectory shown on the top graph,
where also (part of) the boundary of the space of feasible v is shown (upper-right
curve).

or equivalently
Ploi(v)') = ai (9.34)

with

A \2/1 S(x)
@ =(1-57=) (o - 1) 9.35
i) = ( S,/ a5 (9-35)
for each i € L. Moreover, each function o;(x),x >~} is strictly increasing in x, starting
from o;(v}) = 0.

Proof. The proof is given in Appendix 9.7.6. O

Note that from (9.34), if two distinct links ¢ and j had the same rate functions
Si(+) = Sj(+) and reached equal SINRs " = ~;* at equilibrium, then «; /P = a;/P;".

Suppose now that we want DPC (9.5), or special case (9.4) with A = 0, to reach in
equilibrium a feasible SINR vector v = (v;,i € £) with v > +*. Since 7 is feasible, we
know from the discussion above that there exist a unique positive (componentwise) power
vector P = (P;,i € L) that induces this 7. We can thus plug the P; and ~; into (9.34) to
produce a positive «; for each link ¢ € £. Running DPC with the so obtained delay/power
weights would yield the equilibrium SINR vector . Therefore, by manipulating a we
can reach any feasible y. The mapping « — <y is one-to-one. This is demonstrated in Fig.
9.3.

PN Variation and Scaling

Another issue is how the equilibrium power P*" and SINR v*" of DPC (9.5) vary with
respect to a, N and scale at the limit of those becoming very large or small.

Proposition 9.16 (Variation). At equilibrium, the power vector PN and SINR vector
v N wary with a, N, as follows. For each link i € L

1. PZ»O"N is increasing in each oy, j € L.

2. Pia’N is increasing in each Nj,j € L.
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0 p 2 3 . 5 5 7 5 5
Figure 9.4.: Scaling of the DPC (9.4) equilibrium SINR +** under delay/power weight za in
the feasible space I' (whose part of its boundary is the upper-right curve) for an

exemplary system of two links (same as in Fig. 9.3). The four left-to-right curves
are the traces of y** as z varies from 0 to oo for four fixed a = (a1, a2) with 1

equal to .25, .5, 1, 2 correspondingly (higher to lower).
3. %a,N is decreasing in each Nj,j € L.
4. 'yf"N is increasing in o; and decreasing in oy, j € L — 1.
Proof. The proof is given in Appendix 9.7.7. O

Proposition 9.17 (Scaling). At equilibrium, the power vector PN and SINR vector

v N scale in their parameters, as follows. Given any fized o, N € RY, we have for each
linkie L,
lim 7Y = lim 4 = 4" < 0 (9.36)
z—00 't y—0 v ’
for scalars x,y € R. Also,
lim PMYYN = p&* > 0, (9.37)
y—0
Proof. The proof is given in Appendix 9.7.8. O

Perhaps it may seem surprising that as the receiver noise vector y/N scales down to 0,
DPC still operates with positive equilibrium link powers P"* > 0. This simply means
that the DPC equilibrium is not Pareto optimal when N = 0 (see Appendix 9.7.8 for
DPC in this degenerate case).

9.4.6. DPC Dynamics - Joining and Leaving

An interesting issue is how DPC evolves and adapts to new links powering up and joining
the channel or powering down and dropping out of it. We have explored this issue via
numerical experiments in link systems (up to 6 links, randomly positioned). We have
tracked the time evolution of ¢ and P! under DPC (9.4) without arrival rates (with fixed
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Figure 9.5.: Scaling of the DPC (9.4) equilibrium SINRs 77* (left) and powers P** (right), as
scalar z varies from 10~* to 107, for an exemplary system of two links (same as in
Fig. 9.3, a is fixed, N is fixed and suppressed in the notation). Both axes are in
log scale. Note the linear increase of P"* and the saturation of +{“ with large z,
consistent with Proposition 9.17.

delay/power weight vectors o and the rest of intrinsic parameters) when links enter/exit
the channel by powering up/down correspondingly. This is shown in Fig. 9.6 for a simple
system of three links, which demonstrates adequately the system behavior and associated
intuition (see fig. caption). Of course, it is assumed that the rate at which users join and
leave is small in the time slot scale.

In Figure 9.6, it may look surprising that users with smaller SINRs have larger powers.
Here is a simple explanation. Assume that «; = a for all ¢ and all functions 5; are the
same. We deduce from Proposition 9.15 that Pio(v;) = a for all i, with ¢ being 0 at
the origin, increasing and continuous. This implies that, in this ‘egalitarian’ scenario, a
node cannot have a small P; and a small ~; at the same time. In other words, at this
equilibrium there is intrinsic propensity of users with higher delay (smaller SINR) to use
higher power, trying to lower delay.

9.5. DPC-Based Protocol Design

The previous sections establish the theoretical underpinnings and key provable facts of
the DPC algorithm. Leveraging these foundations, we now proceed to consider some
design issues and introduce some DPC-based protocols for efficient channel sharing by
the links. All protocols below are based on DPC (9.4), where A = 0, as arrival rates
are not taken into account and packets are assumed to always exist in the transmitter
buffers.

The following discussion is based on insight gleaned from the theoretical analysis of
DPC and tested via extensive numerical experiments (the most demonstrative of which
we report below). We primarily take an empirical approach in this section and use
numerical experiments for exploration and demonstration of the ideas.

9.5.1. Choosing «; and Reassessing

In principle, each link i € £ chooses its delay/power weight «; selfishly, expressing the
required balance between delay and power that it strives to attain. This «; could reflect
inherent individual preference, belief, intrinsic utility, or simply liking (whether well
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Figure 9.6.: Evolution of SINRs ~! (left) and powers P} (right) over time under DPC (9.4) for
an exemplary system of three links. Links 2 and 3 coexist in equilibrium in the
channel at time 0; link 1 powers up and joins the channel at time 10, causing the
system to reach a new equilibrium, and powers down and leaves the channel at time
30, allowing the system to go back to its original equilibrium. The delay/power
weight vector « is fixed. Note how fast the system adapts to entry/exit of links,
reaching new equilibria for sharing the channel bandwidth.

chosen or not) in the interest of full link autonomy.

However, when the link attains its equilibrium operational point and observes its
equilibrium delay vs. power balance, it may reassess its preferences, ‘change its mind’
and adapt, in an effort to reach a better equilibrium point. For example, it may change
its a, or set some SINR target and invoke the FM algorithm (9.1) to attain it, or both.

We explore below two ways for each link to adjust its preferences and parameters and
formulate them as DPC protocols, based on some of the DPC properties proven above.

9.5.2. The Over-Saturation Issue

Recall (from Propositions 9.16 and 9.17) that the equilibrium SINRs 7/ increase and
eventually saturate to finite 7;"* < 0o, as the scalar  increases to infinity (for any fixed
delay/power weight vector «). At the same time, the equilibrium powers P*® increase
(and explode linearly eventually) and the v*® increases and approaches the boundary of
the feasible SINR region I' . We suppress N in the notation here, since it is fixed.

This behavior is demonstrated in Figs. 9.5 and 9.4. In particular, in Fig. 9.5 rapid
saturation of the v*® is observed beyond a certain region around some value z,, where a
‘saturation knee’ emerges and the curves become almost flat soon after it.

In general, if the links selections of «; result in a ‘large’ vector «, the system could be
in ‘deep saturation’ or over-saturation, that is, well beyond the saturation knee and deep
in the flat region of 7{* (say, in Fig 9.5) and close to the frontier of the feasible SINR
region I' (say, in Fig. 9.4). The consequence of saturation (and especially over-saturation)
is that each link is using high power with minuscule incremental return in SINR.

In view of the above, had each link i contracted its «; somewhat to o, the system
would have rapidly de-saturated, the 'yio‘, would be before (and close to) the saturation
knee (see, for example, 9.5), and the 'ya/ would have pulled away from frontier of I'.
At this 'near-saturation’ regime additional power would result in substantial additional
performance (SINR) on each link and would be justifiable.

We now propose two methods (formulated as protocols) for reaching near-saturation
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but avoiding over-saturation.

9.5.3. Saturation-Averse DPC Protocol

We call the first protocol Saturation-Averse (SA) DPC (justified below). It simply
augments DPC (9.4) with a subsequent phase of contracting a link system in over-
saturation back to near- or sub-saturation, where power is well-spent for performance
(SINR). Suppose each link ¢ € £ initially chooses a;. SA-DPC then implements two
operational phases, the first of J steps, and the second of K steps, as follows.

1. Phase 1: During the first J steps the standard DPC algorithm is applied, which
leads to equilibrium power P and SINR 75" for each link. The number of steps
J is taken to be long enough, so that DPC equilibrium is largely attained (DPC
converges fast).

2. Phase 2: At the end of Phase 1, each link scales its (largely) attained equilibrium
SINR ~{* down by a constant factor 0 < p < 1 close to 1 (say, p = 0.95), akin to
multiplicative decrease, and sets

Vi = (9-38)

as its new SINR targets. It then applies the standard FM algorithm (9.1) for K steps.
The number of steps K is taken to be long enough, so that the FM equilibrium is
largely attained (FM converges fast). The FM algorithm is guaranteed to converge
to 4% (at minimum power), since the 4% are automatically feasible, since derived
from DPC and scaled down by pu.

SA-DPC is ‘saturation averse’ in the sense that, if v* of Phase 1 is too close to the
frontier of the feasibility region I" and the system is in over-saturation (so that nearly
such & could be reached with much smaller powers), then the contraction of the 4;
targets and the FM dynamics will drive the system a bit inside the feasibility region and
desaturate it.

Of course, in case v is already far enough from the feasibility frontier, Phase 1 will
be almost without effect (provided u is close enough to 1).

Fig. 9.7 illustrates the dynamics of SA-DPC under link joining/leaving, where the
system periodically performs the two SA-DPC phases in order to cope with link entry /exit.

9.5.4. Rate-Aggressive DPC Protocol

We call the second protocol Rate-Aggressive (RA) DPC, because it strives to attain the
highest possible SINRs ~; (hence, rates S;(v;) also) without oversaturating and waisting
power in the process. It achieves that by adapting the «; and through those ‘navigating’
in the space of feasible SINRs I' (recall that a—~ is an one-to-one mapping), driving
the system to a point close enough to the frontier of I' to achieve high and fair SINRs
but also far enough from it to avoid over-saturation and waste of power. Specifically,
RA-DPC is designed to be:

(i) gemerous - it operates near saturation delivering high feasible SINRs (rates) close
to the feasibility frontier of T';

(ii) efficient - does not oversaturate and waste power;
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Figure 9.7.: Evolution trajectories of SINR (top) and power (bottom) under Saturation-Averse
DPC for an exemplary system of 6 links, where link 4 joins the channel at time 110,
leaves at time 225, and rejoins at time 375, while link 5 joins at time 500 and leaves
at time 750. Note the fast readjustment of SINRs to accommodate links entering
the channel, and recapture the ‘void’ when they leave.

(iii) fair - no link is starved;
(iv) distributed - no cross-link communication is needed.

Note that these properties are ‘reminiscent of TCP’ for wireline bandwidth sharing among
communication sessions on a congestible link. We comment on this ‘analogy’ later below.

The RA-DPC (synchronous version) operates by applying repeatedly the following two
phases in sequence.

1. Phase 1 - Additive Increase of «: At the beginning of Phase 1, each link i € L
increases its previous delay/power weight a; to

af = a+ Aq, (9.39)

where the increment Aa > 0 is a parameter of the RA-DPC protocol. Then the
raw DPC (9.4) with o/ is applied for J time slots, leading to equilibrium power
Pia/ and SINR ’yf‘/. The number of steps J is chosen to be large enough so that

DPC equilibrium is largely attained. This additive increase phase is designed with
the desirable property (i) above in mind.

2. Phase 2 - Multiplicative Decrease of ~v: Immediately after Phase 1, during Phase 2,
each link ¢ € £ performs the following operations:

a) First, the link scales down its SINR 7% (attained in Phase 1) to

Y = it (9.40)
by multiplying it by © € (0,1) (multiplicative decrease). The pu is typically
chosen to be close to 1 (say, 0.95).

b) Then, the link runs for K time slots the FM algorithm (9.1), reaching equilib-
rium power P;. The number of steps K is chosen to be large enough so that
FM equilibrium is largely attained.
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Figure 9.8.: Convergence of SINRs ~; under synchronous RA-DPC for an exemplary system of
two links. The multiplicative decrease parameter p is 0.95. Top Graph: Evolution
trajectories under RA-DPC for a=(1,1), (1,20), (1,50) - bottom to top curves
correspondingly. The A« is fixed. Note the convergence to the same equilibrium
point. Bottom Graph: The RA-DPC equilibrium SINR points for Aa=0.1, 1, 5, 10,
50, 100 - left to right points correspondingly. Note that higher (more aggressive)
Aa pushes the equilibrium closer to the feasibility frontier.

c¢) Finally, at the end of Phase 2, the link computes

&; = P, B g, g; - 1] . (9.41)

Note that from Proposition 9.15, had each link chosen &; and applied DPC
(9.4), it would have converged exactly to SINR 4; in equilibrium. Based on
that, the link resets its «; to &;, that is,

a; = &y (9.42)

and goes back to running Phase 1.

Note that the multiplicative decrease of SINRs by p is designed with the desirable
property (ii) above in mind. The p is a protocol parameter that can be adjusted.

This completes the description of (synchronous) RA-DPC. It can be viewed as being
‘rate-aggressive’ because the additive increase Phase 1, during which it tries to progres-
sively drive the SINR ~; higher (hence, rate S;(7;) too) by increasing «; and leveraging
Proposition 9.16-4. On the other hand, the multiplicative decrease Phase 2 is ‘saturation
averse’ and prevents the system from going into over-saturation.

Synchronous RA-DPC

We have gathered substantial experimental evidence (numerical) that the synchronous
version of RA-DPC converges to a SINR equilibrium point in the feasibility region T,
where each link has non-zero SINR and, hence, is not ‘starved’ - in line with desirable
property (iii) above. In all cases analyzed (various values of Aa, p), we have consistently
observed behavior similar to that depicted by Fig. 9.8 for a two link case. The equilibrium
point depends on Aq; the bigger A, the closer the equilibrium SINRs to the feasibility
frontier (see Fig. 9.8/bottom).
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An interesting observation is that the synchronous RA-DPC appears to always converge
to the same equilibrium point, irrespectively of the initial a (see Fig. 9.8/top). This
point depends on the gain matrix {G;j,7,j € L}, the receiver thermal noise vector N,
and the protocol parameters Aa; and p. In contrast, the raw DPC (9.4) equilibrium
point depends on {Gjj,,j € L}, N and the delay/power weights a.

It is beyond the scope of this chapter to verify this observation by a complete mathe-
matical proof; it is a matter of future research. However, here is a sketch of arguments
that RA-DPC converges to a non-degenerate fixed point and is thus fair. (1) We first
show that when «; is multiplied by x, then ~; will be multiplied by at most x. Thus
an additive increase of « followed by a multiplicative decrease of « cannot diverge to
infinity. (2) The first argument can be repeated for all links, showing that the protocol
must maintain the SINRs in a bounded region (no coordinate of this vector can tend to
infinity). (3) The final step consists of deducing from the second argument that there
ought to be a fixed point using again a contraction property (as we have done in the case
of raw DPC).

We do not pursue further this matter here, but instead turn to the case of relaxing
synchronization.

Asynchronous RA-DPC

We have experimentally investigated the asynchronous version of RA-DPC with respect
to convergence and report below some interesting observations. First, recall that the raw
DPC used in Phase 1 (of J time slots) and raw FM used in Phase 2 (of K slots) are both
provably convergent under asynchronous updates within each phase (see Theorem 9.12
for DPC and [113] for FM). The issue then is whether lack of asynchrony of the phase
boundaries across the links maintains convergence to equilibrium. This would go beyond
RA-DPC having the desirable property (iv) of being distributed, to even being robust to
lack of cross-link phase synchronization.

We have run numerical experiments of the asynchronous RA-DPC, where each link
performs Phases 1 (J steps) and 2 (K steps) consecutively and repeatedly, but phases
are ‘shifted’ across various links. Our general observation is that there is some good
robustness to this lack of synchronization.

This is illustrated in Fig. 9.9 for a two link system with J = K = 20, where there
is a phase shift/difference M across the two links, which varies from M = 20 (full
synchronization) to M = 0 (full desynchronization; one link starts Phase 1, when the
other starts Phase 2). The main observation is that for each phase-shift M (varying from
0 to 20) the asynchronous RA-DPC converges to a limit cycle. Although these limit
cycles may be distinct for different M, they all appear in the vicinity of the synchronous
RA-DPC equilibrium.

The numerical experiments allow us to conclude that even asynchronous RA-DPC
exhibits good compliance with the desirable properties (i)-(iv) previously mentioned.

Of course, there is further work to be done to fully explain our findings and understand
the nature of the fixed point observed in the simulation of synchronous RA-DPC.

Considering RA-DPC Variants

We have also explored numerically some RA-DPC variants on which we report below.
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Figure 9.9.: Evolution of SINRs under asynchronous RA-DPC for an exemplary system of two
links. The phase shift/difference between the two links is M=0(fully asynchronous;
when one link starts Phase 1 the other starts Phase 2), 1, 20 (synchronous). Note
the convergence to limit cycles that are in the vicinity of the synchronous RA-DPC
equilibrium.

First, we have considered the issue of whether in Phase 1 of RA-DPC additive increase
of a; could be substituted with a multiplicative increase (more aggressive). Based on
numerical experiments, we report that multiplicative increase of «; in Phase 1 does not
work well. All link systems we experimented with were found to be unfair (even under
full synchronization) in that at near-saturation, one user acquires all the bandwidth and
starves the others.

Another issue we have considered is that of ‘saturation’ or ‘stress’ signals when
congestion builds up. Recall that TCP on wireline session responds to saturation signals,
like packet loss, to back off in a multiplicative manner and reduce congestion. In the DPC
case a natural ‘saturation indicator’ could be the efficiency of a move (variation of «).
Consider, for example, an increase of each o to o, moving the link system from equilibrium
v, P* to v, P*. The efficiency of the move for link i is E; = (7% — &) /(P — P?).
One expects that when the system is in saturation the efficiency E; will be small, as even
a large increase in power will result in a small increase in SINR performance. On the
contrary, if the system is far enough from saturation the efficiency F; will be large, as
even a moderate increase in power will result in substantial increase in SINR. Therefore,
each link could autonomously interpret low E; as indicating saturation.

We need to explore the above idea more exhaustively, but initial results have not
been encouraging. Even synchronous version of protocols implementing this idea that
we have experimented with are very difficult to tune. It is not clear how to set a good
rule for determining that the system is in saturation by observing the E;; in the case of
asynchronous implementations we have even observed substantial instabilities and lack
of convergence to equilibrium.

Therefore, the version of DPC-based protocol that we recommend at this point is
RA-DPC, which we have observed performing well under diverse operational scenarios.
Other alternatives are under current investigation, but the results are too preliminary to
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report on.

Note that RA-DPC is somewhat inspired by TCP dynamics. The analogy with TCP is
twofold. First, RA-DPC aims at sharing bandwith for elastic traffic according to generic
principles (i)-(iv) that are similar to those underpining the design of TCP. Secondly,
its ‘additive increase - multiplicative decrease’ scheme is reminiscent of TCP Reno. Of
course, there are also clear differences: TCP implements a reactive decrease whereas this
is not the case for RA-DPC as proposed here. A deeper difference stems from the fact
that the interaction between flows on wireless links is quite different from that in wireline
networks.

0.6. Conclusions and Further Research

We have formulated an approach for incorporating delay considerations into transmitter
power control, responding to interference in a wireless network. Contrary to the FM
approach (9.1), the Delay-Power Control (9.5), (9.4) one balances the delay against power.
It is distributed and converges to a unique global equilibrium, whose properties have
been explored.

Based on the DPC properties, we have designed two protocols for efficient bandwidth
sharing, and explored their behavior experimentally. Their theoretical investigation is
the subject of current and future research on DPC.

Note that the minimization in (9.5) or (9.4) is over [0, 00). In practice, it would be over
[0, P/"%*), where P/"** is the finite power ceiling of link . Actually, if the unique fixed
point (equilibrium power vector) is in the power ‘box’ [0, P{"**) x [0, P"**) x - - - [0, Pj**")
there is no problem; DPC will still converge to it. But if the fixed point is not in the power
‘box’ the powers may ‘stick’ against and ‘oscillate’ on the ‘box’ boundaries. Whether
the fixed point is in the ‘box’ or not is related to how congested the system is; the more
congested, the further away from 0 the fixed point is and the further in danger of getting
out of the ‘box’ (if not already out). Therefore, one needs to exercise admission control
in order to prevent the unique equilibrium power to exit the power ‘box.” This is another
line of research we are currently pursuing.

9.7. Appendix

Here we provide the proofs of several facts stated above.

9.7.1. Proof of Proposition 9.5

For simplicity, we suppress the link index ¢ below, since we operate on a single link in
this proof. Also we often write S instead of S(p/b). It suffices to show that the derivative
of the cost with respect to p, that is,

0 o D B s’ bS — pS’
( 5 ) = + (9.43)

ap\S@/b) — A Sy T S—ap T s

becomes 0 at a unique point in [0, c0).
Let us define g(p) = —aS’ﬁ +bS — pS’ (eq. (9.43) times S?). We prove below
that g(p) is negative for p ~ 0, positive for p large enough, and increasing for all p; those
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properties imply that there exists a unique p such that g(p) = 0 and hence a unique
minimum of (9.12).

Indeed, note first that for p ~ 0, we have g(0) ~ —aS’( 52

< 0. Second, observe that
for large p >> 1, we get g(p) =~ bS(p/b) — pS’(p/b). Therefore, if we assume (arguing
by contradiction) that g(p) < 0 for all large p, then S(p/b) < £5'(p/b), which implies
that % > l for large . Integrating both sides, we get log S(y) > C + log~y implying
log Ey e for some constant C' € R or equivalently ( ) > § for some constant § > 0.

The latter directly violates the sublinearity of S € S. Therefore, lim, o g(p) > 0.
Finally, note that for all p > 0 we have

S? 2055 P
/ — _ S// Sl _ 7sl/
9p) = =S g T g T o
using the increasingness and strict concavity of S. Therefore, g(p) is strictly increasing
for p > 0. This completes the proof.

(9.44)

9.7.2. Proof of Lemma 9.6

For simplicity, we suppress the link index ¢, since we operate on a single link in this
proof. We simply write ®(b) as the unique power that minimizes the function (9.12).
The minimum is attained when the derivative (9.43) of the latter function is set to zero,
hence, ®(b) satisfies:
aS'(5P) _ bS(HY) - PS'(TR)
(S -2 s .
b b

We show that ®(b) is increasing by establishing that ®'(b) > 0 for all b > 0.
Let us write v = # S =5, S =5, =5"7), ®=>o0b), » = (b) and
rewrite (9.45) as

a= (1 - %)2(1% - qs) (9.46)
Using the fact that
2(b) /
85(6; ) _ (<I>l§b) B <I>b(2b))5,(<1>[()b))
= L@ -8

and differentiating (9.46) w.r.t. b leads to

0=(1- %)(2%(@’ . ’y)g;(b; —P)+

This can be written as:
o'(b) = ( — AS2yS” — AS2S' — ASyS"™
£ 2288 4§38 1 8§35 — 7525'2)
/(2%5’3 138" — 528" QSAS’2>. (9.47)
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If A =0, we get:

§'S — 8" + 455"
= SS//
For all v > 0, we have S(v) > 0 and S”(y) < 0 (by the strict concavity). Therefore, from
(9.48), we see that ®'(b) > 0 for all A implies:

S’ (1)8(y) =S (7)* +vS(7)8" () < 0. (9.49)

Conversely, let us assume (9.49) and A > 0. The denominator of Equation ((9.47)) can
be rewritten as:

o/ (9.48)

528"(S — \) + 2082 (vS' — S). (9.50)

By the concavity assumption: S” < 0 and vS’ — S < 0. Moreover, S(@) > )\ by
definition of DPC (9.5). Therefore the denominator of (9.47) is less than 0.
The numerator of (9.47) can be rewritten as:

S(S —N)(78"S + 8'S — 4S?) + 28 \y(vS' - 9). (9.51)

By assumption (9.49) and the concavity of the function S, (9.51) is negative. This shows
that (9.47) is positive and completes the proof.

9.7.3. Proof of Proposition 9.7

We use the notations of Appendix 9.7.2 for S and .
Let us consider first the case of A > 0. Give an interference b, the power response ®(b)
of the link satisfies the property:

MN\2/S (b
=(1-35) (5 -=2) 52
“ s)\s ™ (9:52)
Using the concavity of .S, % — @ is maximum in y* and therefore is minimized by
W —v*. When b goes to infinity and as the total product is equal to «, this implies

that 1 — % goes to 0. Thus @ is close to v*. Writing € = @ — v* and using a Taylor

expansion w.r.t. €, we have

A 1
(1—*)2 = (1_ 1 (~*
S 1+ 2004 O(e?)
1(A%)2
_ 5 ()\72) e+ O(eh).

)2

Using this, we get the following equation for e:

S (~* 2 A
a~b ()\72) 62<S,(7*) —'y*). (9.53)

As ®(b) = v*b + b, this leads to:

D(b) — by* ~ Vab A : 54
o= VIIA =75 ()2 034

This concludes the proof in the case A > 0.
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For A = 0, a similar idea is used. When « is small, S(y) = S’(0)y + S”(0)72 + O(~?)
and S'(y) = 5'(0) + 25”(0)y + O(+?). Solving the minimization Equation (9.45) when
®(b)/b is small and A = 0 leads to a second order polynomial:

a+ P
b

S'(0)y + S"(0)y? = (5(0) +25"(0)7) + O(+*) (9.55)

which leads to the equation:

—m@¢~%§@, (9.56)

that has the solution
B(b) Ao Vabr/5'(0)/57(0). (9.57)

Therefore, when b tends to infinity, the SINR is small and the power ®(b) behaves like
V/b. This completes the proof.

9.7.4. Proof of Proposition 9.11

For all links ¢, the function ®; is increasing. Moreover, the mapping b : P — b(P) is
increasing. Hence, the mapping F = ® o b : P! — P'*! is increasing.

The subhomogeneity requires a little more work. For a particular link, let us define
the function h(p,b):

1 52 D
h(p,b) = —a~——— + S —=5". 9.58

As we have seen in the proof of proposition 9.5. h(p,b) is negative if p < ®(b), equal to
0 if p = ®(b) and positive otherwise. Now let p = ®(b) and 6 > 1. A direct compution
shows that:

L Lgey 56 (9.59)

m@ﬁm:—M%—EﬁWQ@@ij

which means that dp > ®(db).
Let now consider the power vector. When scaling P by §, the thermal noise is not
scaled, thus b(0P) < 0b(P). By monotonicity of the function ®:

F(5z) = ®(b(6z)) < OF (). (9.60)

This completes the proof.

9.7.5. Proof of Theorem 9.12

The DPC algorithm can be viewed as a sequence of iterations of the function F' of
equation (9.20). This mapping belongs to the class of standard interference functions
defined in [150], that is:

e For all i: Fi(p) >0
e [ is increasing (componentwise).

e F is subhomogeneous, that is, for any § > 1: F(6P) > 0F(P).
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Therefore, using Theorems 1, 2 and 4 of Yates [150], if there exists a fixed point of
F(+), it is unique and both asynchronous and synchronous version of DPC converges to
this fixed point.

The existence of the fixed point requires more work and is rather more subtle than
convergence above. Since A € A, we have J(\) # 0. Then, Remark 9.8 implies that
G(\) # 0. Take a large initial power vector P? in G()\), so that P? > ®;(b;(P°) for
each i € L. This is doable because of Proposition 9.7; see also Figs. 9.2 and 9.1.
In the first iteration P! = F(P°) the powers contract so that P! = ®;(b;(P") < P?
for each i € L. Therefore, P > P!. Now apply the increasing function F(-) to get
F(PY) = P! > F(P') = P2. Repeatedly applying this process we get P* > P! > P2 >
P3 > ..> P!> P! > . This decreasing (and nonnegative) sequence of power vectors
then converges to a fixed point P of F(-). Moreover, b;(P*) > b;(0) = gL’LJ € L, hence,
P = &(b(P)) > ®(b(0)) for every t. Therefore, the fixed point P > ®(b(0)) > 0. This
completes the proof.

9.7.6. Proofs of Proposition 9.15

These equations are just a rewriting of Equation (9.45). The monotonicity of o(x) =

2
(1 — %) (%% — 1) comes from the fact that the first term of the product is clearly

increasing in x while the derivative of the second term is:
S (x) — x5(x)S" (z) — S(x)S'(x)
x2S (x)
which is positive, due to S € S and Lemma 9.6. This completes the proof.

(9.61)

9.7.7. Proof of Proposition 9.16

The proofs of all the monotonicity properties of Proposition 9.16 are very similar so we
will just prove the first one.

We denote by F'* the mapping that represents one iteration of the algorithm with the
parameter «.

Using Equation (9.58), one can see easily that for all i, j, the mapping a; — (F® (P!, a;));
(the power of link 7 after one iteration of the algorithm) is strictly increasing if ¢ = j and
constant if ¢ #£ j.

Moreover, as b; is strictly increasing in every P; for all j # i, after two iterations, if
aj < af, then (F)2 < (F*)?, which shows that a; — P®" is increasing. Equation
(9.58) cannot be satisfied by two different as, showing that it is strictly increasing. This
completes the proof.

9.7.8. Proof of Proposition 9.17

The equation (9.45) shows that if P**" and 4**" are the power and SINR at the
equilibrium when parameters are (xa, N), then %P“”O"N and y**" are the power and
za,N _ ,.yoz,%N > ,.Ya,N

SINR at the equilibrium when parameters are («, %N ). since

7 is decreasing in N. Therefore x +— v*®* is increasing (and bounded since v has to
remain in the feasibility region), so they converge to some y** which corresponds in to
the equilibrium with no thermal noise:

. zo,N 1. a,N/z _ _ax
Jlim AT = lim A =y (9.62)
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Let us call P* (resp. v* and b*) the limiting power (resp. SINR and noise) when N
tends to 0. As everything is continuous in NV, they satisfy the equation

S0P _ o S6E)? .
Wetn T sen e Tl 969

7

For all 4, a; > 0 and F;" > 0. Hence for all i: b; # 0. That means that at least one P; is
not zero which implies that none of the P;" is 0 since v} # 0.

Moreover, the DPC algorithm works in this very special case where all N; are 0 and
leads to the point «;. Of course in this particular case the algorithm is not Pareto
optimal: one can reach the same ~*’s with arbitrarily small powers by dividing all powers
by the same constant. This completes the proof.
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Conclusion

Throughout this document, we present different methods to control and optimize large
scale systems. The main problem covered in this document is, given a stochastic model
of the system, to analyze this model if the state space is too large.

A first approach, presented in Chapter 3, is to aggregate the state in a single variable,
called the potential. The evolution of this potential depends on itself but also on another
process (the number of steal requests in Chapter 3). To model the latter, we introduced
an adversary that controlled this sequence of steal requests and tried to maximize the
number of steal requests before running out of potential. This methodology is generic and
is illustrated in Chapter 3 to study the total completion time of a large number of tasks
scheduled by work stealing. Different scenarios are studied and simulations show that the
theoretical bounds computed by our approach is sharp. We are currently investigating
several extensions of these results that can also be generalized to the case of more general
dependence graphs.

Although this adversary-potential approach is generic, when one considers a new
problem, building an interesting function that will lead to interesting results is not easy.
This is one of the reason to study mean field models, surveyed in Chapter 2. Classical
mean field models focus on the description and the evaluation of a system. Starting from
a description of the stochastic model as a system of interacting objects, it is rather easy
to obtain deterministic equations that allow one to study various performance metrics.
The methodology of this study is generic and is summarized in Figure 1.

Average performance metrics

P
ODE, dynamical system

Large Stochastic N — oo -
—.H Mean field limit ‘
System automatic ~

Fast simulation

Distribution of performance metrics

Figure 1.: The generic mean field method used to study the performance of a system,
like in Chapter 4.

In particular, we applied this method in Chapter 4 to study the performance of work
stealing in computational grids. We first build a stochastic model of the system where
the N computing resources of the grid are represented by a system of N interacting
objects. The computation of the deterministic limit is straightforward and can be done
automatically using this representation, as in Section 4.3. Once the deterministic limit is
built, it can be used to study the steady state, leading to average performance metrics or
simulate the behavior of one object via fast simulation, which leads to the distribution of
these performance metrics.

Mean field models have been widely used in the networking community to study the
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behavior of a system. A large part of the work of this thesis has been to extend these
results to the case of controlled dynamics. This is the focus of Part 11 where we study two
kinds of problems. The first one is to compare the optimal control of a large stochastic
system with the optimal control of its deterministic limit. The other problem is to study
the limiting behavior of a system once a policy is fixed.

The problem of optimal control is to find a control policy that maximizes the expectation
of an objective function. The approach used in Chapters 5 and 6 is summarized in Figure 2.
Again, the first step of the analysis is to represent the system by a model of N interacting
objects. Then, computing its mean field limit is automatic. This leads to a deterministic
optimization problem. The main results of Chapters 5 and 6 of Part II are to show
that solving this deterministic optimization problem leads to an asymptotically optimal
solution for the original stochastic optimization problem. The problem of the limiting
behavior of a controlled system is addressed in Chapter 7. We show that even when
the dynamics of the policy present some discontinuity, the stochastic controlled system
converges to its deterministic counterpart, described by a differential inclusion. Then, we
can use the methodology of Figure 1 to perform a analysis of the system’s behavior.

Large Stochastic N — 0o
Controlled System

){ Mean field limit ‘

Deterministic optimization

Optimal Stochastic |, Results of
System N Part 11

{ Optimal mean field ‘

Figure 2.: The optimal mean field methodology of Part II. The blue arrows indicate an
easy task, the red arrow indicates that this is not easy to solve.

The results of Part 11 are generic and have a wide range of applications, from brokering
problems to controlled population dynamics. However, the main weaknesses of this
method are the algorithmic issues coming from the deterministic optimization problem.
This is due to the fact that even if the deterministic problem is often simpler than
the original problem, it might still be hard to solve. In particular, there is no generic
Hamilton-Jacobi-Bellman solver for an optimal control problem in d-dimensional space
with d > 3. The principal interest of the optimal mean field is either to be solved for
simple systems, like the one of Section 5.4 or to give intuitions on what should be the
optimal policy like in Section 6.4.3. However, “brute-force” numerical methods seem to
be hard to use.

The reason for these algorithmic issues is that we seek for an optimal control policy
among all possible policies and that the set of such policies is huge. A natural extension of
these results would be to restrict the choice of policy to a subset of all policies, and consider
the optimization problem within this restricted choice. Using the mean field approach of
Chapter 7, one can evaluate the cost of each policy on the mean field limit. Then if the
set of policies considered is reasonably small, it should be straightforward to compute
the best policy 7, for the deterministic limit. However, we have no results indicating
that this policy should be optimal for the stochastic system, even asymptotically.

Another problem to look at would be to consider non-additive costs. For example,
let us consider the problem of tasks arriving in the system and let X (¢) be the number
of tasks at time t. By Little’s formula, the average completion time is proportional to
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Zz;l X (t). Minimizing the average completion time is easily representable by a Markov
decision processes. At each time step is associated a cost, X(¢), and the problem is to
minimize the sum of these costs. However, if we consider a parallel application, tasks
may arrive by bags of 100 or more and the real problem is not to minimize the average
completion time of each task but to minimize the total completion time of the whole bag
of tasks. This question is partially answered in Chapter 3 where we considered the total
completion time of a single bag of tasks using work stealing. An interesting problem
to look at would be to consider dynamics of such a system with an arrival process of
bags of tasks. The problem is how to use the different resources in order to minimize the
(average) total completion time of each bag of tasks.

A last but important question that should follow this work is to consider multiple objec-
tive criteria. In this work, we only focus on the problem of minimizing (or maximizing) a
single real-valued utility function, like the average response time of tasks. Single-objective
functions come naturally for someone who wants to exploit and dimension her computing
resources or to minimize the delay suffered by users. However, today’s problems become
more and more multi-objective. One of the major issue in the near future will be energy.
Someone trying to minimizing delay and energy is confronted to a dilemma: decreasing
energy consumption implies increasing delays. This leads to consider cost functions of
the form (D, FE) (delay and energy) and raises several problems. In particular, unlike
single objective functions, two solutions are not necessarily comparable. It is hard to
decide if high delay and low energy consumption is better than the opposite.

A first step in this direction is done in Chapter 9, where we chose to replace the cost
(D, E) by a function E + aD where « is a multiplicative factor that represents how each
user values energy against delay. This leads every user to seek for a trade-off between the
two. However, because of the difference of nature between the two costs (D, E), choosing
this parameter « is very hard since we are adding two quantities that have not the same
unit and are not comparable. From a theoretical point of view, a better answer is to
compute the set of Pareto optimal solutions, that is solutions (D, E) such that there is
no solutions (D', E') with D' < D and E’ < E. However, deciding which one is the best
Pareto point is not easy.

For the moment, there is no commonly admitted solution on what should be the criteria
to minimize. This is certainly something missing that should be developed in the future.
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Abstracts

Abstract

The goal of this thesis is to provide methods for the control and the optimization
of large-scale systems, starting from stochastic models that approximate its behavior.
However, such models suffer from the curse of dimensionality: the number of states
needed to represent a system explodes when the size of the system grows.

In a first part, we present two different methods to reduce the complexity of the model
by aggregating the states of the different objects. These two methods are illustrated by
analyzing the performance of a distributed load balancing strategy, namely work-stealing.
We first show how the use of a potential function leads to a tight analysis of the total
completion time of a bag of tasks. Then we show how a mean field approximation can
be used to study the steady-state of a grid scheduled by work-stealing.

Then, we focus on the optimal control of large stochastic systems. We extend classical
mean field methods to study the controlled behavior of large systems. We show that under
mild assumptions, solving an optimal control problem for a system with a large number
of objects can be reduced to the solving of a problem for a deterministic system as the
number of objects grows large. In practice, this allows one to evaluate the performance of
a policy and provide a way to asymptotically solve problems that used to be intractable.

The last part of the document studies two different problems. We first consider the
question of how to distribute a infinite number of tasks on an infinite tree, as evenly as
possible. Secondly we study a distributed power control algorithm in wireless network
whose goal is to efficiently balance the trade-off between the delay and the power spent
per transmitted packet.

Résumé

Dans cette these, nous étudions des méthodes permettant le controle et I’optimisation
de systemes a grande échelle a travers I’étude de modeles stochastiques. Les modeles
classiques souffrent tous du méme probléeme: le nombre d’états pour décrire le systeme
explose lorsque la taille du systeme étudié grandit.

Dans une premiere partie, nous présentons deux méthodes différentes pour réduire la
complexité du modele en agrégeant les états des différents objets: I'introduction d’une
fonction potentielle manipulée par un adversaire et les modeles champ moyen. Nous
montrons comment ces méthodes peuvent étre appliquées pour étudier le vol de travail.

Puis, nous nous intéressons au controle optimal de grands systémes stochastiques.
Nous étendons les résultats classiques champ moyen a des problemes d’optimisation
et de controle. Nous montrons que sous des hypotheses faibles, résoudre le probleme
d’optimisation initial est asymptotiquement équivalent a la résolution d’un probleme
d’optimisation déterministe. Cela permet en pratique d’évaluer les performances d’une
politique de fagon beaucoup plus rapide et de résoudre des problémes jusqu’ici impossibles.

Dans la derniere partie, nous étudions deux problemes différents. Dans un premier
temps, nous considerons le probleme de distribuer une infinité de taches sur un arbre
infini de maniére la plus réguliere possible. Puis nous étudions un mécanisme de contrdle
de puissance dans des réseaux sans fils ayant pour but de trouver un compromis entre
puissance consommée et délais.
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