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Résumeé en Langue Francaise

Que le ph#nom!ne d#coule d'une prise de conscience des cons#quences sur I'environ-
nement, d'une opportunit# #conomique ou d'une question de r#putation et de com-
merce, la r#duction des #missions de gaz % effets de serre est r#fcemment devenue un
objectif de premier plan. Les individus, les entreprises et les gouvernements effectuent
un effort important pour r#duire la d#pense #nerg#tique de multiples secteurs d'activit#.
Parallllement, les technologies de l'information et de la communication sont de plus en
plus pr#sentes dans la plupart des activit#s humaines et I'on a estim# que 2 & des
#missions de gaz % effets de serre pouvaient leur *tre attribu#es, cette proportion at-
teignant 10 & dans les pays fortement industrialis#s [1, 2].

Si ces chiffres paraissent raisonnables aujourd'hui, ils sont certainement appel#s
% cro+tre % l'avenir. / I'heure ducloud computing, les infrastructures de calcul et de
communication demandent de plus en plus de performance et de disponibilit# et im-
posent l'utilisation de mat#riels puissants et engendrant une consommation d'#nergie
importante du fait de leur fonctionnement direct, mais aussi % cause du refroidissement
gu'ils n#cessitent. En outre, les contraintes de disponibilit# imposent une conception
d'architectures redondantes et dimensionn#es sur une charge cr*te. Les infrastructures
sont donc souvent sous-utilis#es et adapter leur niveau de performance % la charge ef-
fectivement constat#e constitue une piste d'optimisation prometteuse % divers niveaux.

Si l'on adopte un strict point de vue environnemental, I'objectif du Green Networking
consiste % r#duire le volume d'#missions de gaz % effets de serre dues au processus
de communication. Lutilisation de sources d'#nergie renouvelables ou d'#lectronique
de faible consommation (par exemple asynchrone) constituent des pistes #videntes
d'am#lioration. Il existe en outre de nombreuses strat#gies d'optimisation li#es % la con-
ception physique de l'infrastructure elle m*me. Il est par exemple possible de localiser
les #l#ments consommateurs en #nergie (centres de calcul, etc.) proche des points
de production a®n d'#viter les pertes li#es au transport de I'#nergie sur de longues
distance. |l est aussi possible de privil#gier les endroits dans lesquels la temp#rature
ext#rieure est faible tout au long de lI'ann#e a®n de limiter ['utilisation de climatisation
au pro®t d'une simple ventilation.

Ces strat#gies peuvent avoir un impact important sur la consommation effective
de l'infrastructure mais n'interviennent qu'en moindre mesure sur les aspects r#seaux.
La d#localisation d'##ments consommateurs, par exemple, impose des contraintes %



l'architecture du r#seau et modi®e le volume et le pro®I du tra®c global. Il s'agit essen-
tiellement de plani®cation et d'optimisation statique. Dans cette th!se, nous ne nous
int#ressons au contraire qu'aux aspects qui touchent directement le fonctionnement dy-
namique des r#seaux, une fois le dimensionnement achev# et l'infrastructure en place,
c'est-%-dire aux protocoles de communication. / lI'image des infrastructures de cal-
cul, les rfseaux de communication sont g#n#ralement sur-dimensionn#s et con5us de
manilre redondante. Le sur-dimensionnement est un ph#nom!ne naturel permettant
de pr#voir les #volutions du volume de tra®c dues % de nouveaux usages et services.
En outre, du fait de I'absence de gestion de qualit# de service, I'#valuation de la charge
de tra®c % un instant donn# est g#n#ralement effectu#e sur la base d'une mesure ou
d'une estimation du tra®c cr*te. Par cons#quent, durant les p#riodes de faible charge,
le ritseau est actif mais sous-utilis# et consomme inutilement de I'#nergie, m*me si les
pro®ls de tra®c sont souvent r#guliers et connus. [3], par exemple, montre que le tra®c
subit des pics diurnes et des creux nocturnes. La redondance, quant-%-elle est n#ces-
saire pour assurer un niveau de ®abilit# et de tol#rance aux pannes satisfaisant, mais
n#cessite l'installation d#quipements doublons qui restent en permanence en alerte
a®n de prendre le relais lorsqu'ils constatent une d#faillance. Tout I'enjeu du Green
Networking consiste % explorer les possibilit#s d'optimisation tout en limitant leur im-
pact sur la qualit# de service ou la tol#rance aux pannes.

Dans cette th!se, nous nous int#ressons uniqguement aux pistes d'optimisation ap-
plicables % un r#seau ®laire d'infrastructure. Dans le reste de ce r#sum#, le probl'me
du routage avec conscience d'#nergie sera #tudi#, y faisant initialement face comme un
probl$me d'optimisation , #valuant I'impact de pro®Is de consommation #nerg#tique
diff#rents sur la solution. Deuxi!mement, nous #tudierons le probl'me du routage avec
conscience d'#nergie comme un probl!me de consolidation des ressources guid"e
par la criticit" , 06 les dispositifs % *tre #teints sont soigneusement choisis sur la base
de leur criticit# dans le sc#nario de r#seau consid#r#. En®n,les solutions distribu“es
sont pr#sent#es, pour le probllme du routage avec conscience d'#nergie, qui agit en
ligne et dans lequel aucun contr7le centralis#, ni des connaissances omniscent ne sont
assum#s. / la ®n du r#sum#, le probl$me de banc d'essai sera pr#sent# et des
conclusions et des directions de travail futures seront dessin#es.

Strat"gies d'#conomies d'#nergie

M*me en r#tr#cissant le but du Green Networking % I'adaptation dynamique des r#seaux
en respect % la charge % laquelle elles sont soumises, il existe de nombreuses pistes
d'optimisation de la consommation #nerg#tique des r#seaux. Des applications au routage
et au mode de fonctionnement des liens de communication, il est possible d'agir % dif-
f#rents niveaux. En tout premier lieu, a®n de comprendre les diff#rentes strat#gies
possibles pour I'#conomie d'#nergie, il est n#cessaire d'analyser les difffrentes solu-
tions pr#sentes dans la litt#rature. Dans cette direction, ce travail de th!se a contribu#
en fournissant une "tude de I"tat de I'art  du Green Networking, et en d#®nissant une
taxonomie pour le classement des diff#rentes contributions [4].

Les principales branches du Green Networking sont report#es dans la Figure 1, or-
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Figure 1: Une image de la recherche actuelle dans le Green Networking.

donn#es en base % I'#chelle de temps et au niveau d'architecture auquel ils agissent.
L'#chelle de temps est un des critlres de classi®cation naturels pour les approches
difffrentes de la recherche de Green Networking. Les #chelles de temps sur l'ordre
de nano-secondes aux micro-secondes s'appliquent % I'Unit# Centrale de Traitement
(CPU) et le niveau d'instruction, qui est pertinent dans les niveaux d'architecture infor-
matiques et logiciels et concerner ainsi seulement les composantes individuelles d'un
syst!me simple. Les dur#es sur I'ordre de micro aux milli-secondes sont pertinentes
% la couche de systlmes. / ces dur#es, des actions peuvent *tre prises entre les
paquets cons#cutifs du m*me ux, impliquant probablement plusieurs composants en
m*me temps, mais probablement limit# dans un syst!me seul. De plus grandes dur#es,
sur l'ordre d'une seconde et ci-dessus, permettent % l'action d'impliquer entit¥#s multi-
ples, impliquant probablement la coordination de telles entit#s aussi. Remarquez que
I'#chelle de temps d#®nit directement le niveau architectural auquel les actions peuvent
*tre prises: plus courte est la dur#e, plus basse est la couche et moins possible est
I'interaction parmi des composants diff#rents.

Tandis que les techniques impliquant des dispositifs seuls, ou des trls petits jeux
de dispositifs collaboratifs, offrent une #conomie d'#nergie non n#gligeable, on peut
s'attendre % une nouvelle am#lioration pour une guantit# raisonnable de collabora-
tion entre des dispositifs individuels, partageant une connaissance plus large sur I'#tat
de systlme. La contribution principale de ce travail de th!se concerne des solutions
apr!s le principe de consolidation de ressource, mentionn# comme Routage avec
Conscience d#nergie (RCE). Le routage avec conscience d'#nergie (illustr# dans
la Figure 2) vise % agr#ger les ux de tra®c sur un sous-ensemble de dispositifs de
ri#seau et des liens, permettant d'autres dispositifs d'entrer dans des #tats d'#conomie
d'#nergie (veille). Ces solutions devraient pr#server la connectivit# et la Qualit# de Ser-
vice (QdS), par exemple en limitant l'utilisation maximale sur n'importe quel lien, ou
en assurant un niveau minimal de diversit# de chemin. Lagr#gation des ux peut *tre
r#alis#e, par exemple, par une con®guration appropri#e des poids de routage.
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Figure 2: Routage avec Conscience d'$nergie: Des routeurs et des liens sont mis dans des
#tats d'#conomie d'#nergie quand la charge de r#seau est basse, en pr#servant la connectivit#.
Cette technique peut augmenter la charge sur quelques liens (les liens sont repr#sent#es avec
des #paisseurs de bords diff#rentes dans l'image, re #chissant des charges diff#frentes) et la
performance QdS doit *tre soigneusement #tudi#e.

Routage avec Conscience d'#nergie comme un Probl$me d'Op-
timisation

Une fois qu'un r#seau a #t# con5u (c'est-%-dire, les ressources qui le composeront
ont #t# d#ploy#es), un processus hors connexion, p#riodique, est appliqu# pour opti-

miser l'utilisation de ressources, qui est d'habitude mentionn#e comme 2optimisation

de lI'acheminement®. Ce processus classique consiste, en particulier dans la d#termi-

nation des chemins utilis#s pour chaque couple source-destination ou, #quivalemment,

routeurs de sortie-d'entr#e dans un r#seau de transit. Lobjectif d'optimisation com-

mun est d'#viter la congestion par, par exemple, #quilibrant le tra®c aussi #galement
gue possible sur les liens de r#seau, ou en assurant que l'utilisation de lien maximale

reste toujours au-dessous d'un seuil donn#. Dans des r#seaux IP purs, le chemin util-

is# par chaque ux est d#termin# selon le Protocole de Passerelle Interne (IGP), bas#

sur les poids administratifs des liens. Le dimensionnement de r#seau est ainsi ma-

nipul# par des attributions de poids prudentes, utilisant par exemple des algorithmes

d'optimisation des poids IGP (IGP-WO) [8].

Une des pratiques 2vertes® les plus communes dans le dimensionnement de r#seau
consiste dans la consolidation de ressource: cette technique vise % r#duire la consom-
mation d'#nergie en raison des dispositifs sous-exploit#s % un moment donn#. $tant
donn# que le niveau de tra®c dans un r#seau donn# suit approximativement un com-
portement quotidien et hebdomadaire bien connu, il y a une occasion d'agr#ger aux
courants de tra®c sur un sous-ensemble des dispositifs de r#seau, permettant % d'autres
dispositifs d'*tre temporairement #teints. Cette solution pr#servera bien s9r la connec-
tivit# et QoS, par exemple, en limitant |'utilisation maximale sur n'importe quelle lien.
Autrement dit, on garantira toujours le niveau exig# de performance, mais l'utilisation
d'une quantit# de ressources qui est dimension#e sur la demande de tra®c r#elle, plut7t
gue sur la demande maximale.

Le probl!me de consolidation de ressource peut *tre formalis# comme un probl'me
d'optimisation, 06 l'objectif est la minimisation de la consommation d'#nergie totale de
r#seau, et les contraintes incluent les contraintes de connectivit# classiques et des
contraintes QoS. Lobjectif est de trouver la con®guration de r#seau (c'est-%-dire, le point
de travail des noeuds et des liens du r#seau) qui r#duit au minimum la consommation
d'#nergie totale de r#seau, exprim#e comme la somme des consommations de tous
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Figure 3: Mod!les diff#rents pour la consommation d'#nergie de dispositif de r#seau, exprim#e
comme fonction param#tr#e de I'utilisation de dispositif.

les noeuds et les liens. On considlre g#n#ralement la consommation d#nergie de
dispositifs d*tre compos# par (i) une partie ®xe (correspondant % la consommation
d'#nergie au repos) et (ii) une partie variable, selon la charge de tra®c du dispositif.

La formulation du probl'me d'optimisation correspondant comme un MILP (optimi-
sation lin#aire entier mixte) a #t# d#taill#e dans [;] et sa solution a #t# #valu#e consid-
#rant des sc#narios de r#seau r#els et des mod!les d'#nergie diff#rents, re #tant des
sc#narios technologiques diff#rents, d#crivant des dispositifs de r#seau pr#sents et fu-
turs. Dans I'image 3, certains des mod!les de consommation d'#nergie consid#r#s sont
rapport#s comme exemple. lls rapportent la variation de la consommation d'#nergie
d'un dispositif de r#seau, comme une fonction de son niveau d'utilisation normalis#,
06 Eg est la consommation d'#nergie du dispositif au repos, et M sa consommation
d'#nergie maximale.

Criticit" de Dispositifs et Heuristiques pour le Routage avec
Conscience d'#nergie

L'optimisation du probl!'me de routage avec conscience d#nergie, comme pr#c#dem-

ment pr#sent#, est une optimisation lin#aire entilre mixte, pr#sentant tant de variables

entilres que lin#aires et ainsi NP-hard pour *tre r#solu. En tant que tel, le temps ex-

ig# pour le calcul de sa solution augmente rapidement, devenant infaisable pour des
grandes topologies. Cela reste vrai m*me en consid#rant des modi®cations de formu-
lation ad hoc, qui pro®tent des caract#ristiques de r#seau particuli'res, comme indiqu#
dans [<]. De plus, dans la solution du probl!me d'optimisation, le choix du jeu de dis-

positifs % *tre #teints pour #conomiser |'#nergie est conduite seulement par les co9ts
#nerg#tiques et ne prend pas en compte la 2criticit#° de dispositifs dans le sc#nario de
r#seau sp#ci®que.

Pour surmonter la complexit# de trouver une solution optimale au probl!me de
routage avec conscience d'#nergie en consid#rant de grands r#seaux, des heuristiques
ont #t# #tudi#es et #valu#es en litt#rature. En particulier les heuristiques propos#es
sont bas#es sur de tentatives successif I'extinction des dispositifs de r#seau, bas#e sur
des classements sp#ci®ques: on consid!re chaque dispositif de r#seau % son tour et



on |'#teint si son absence dans la con®guration de r#seau actuelle n'affecte pas |'#tat
normal de fonctionnement du r#seau m*me. Les classements peuvent *tre bas#s, par

exemple, sur la charge actuelle ou sur la consommation #nerg#tique des dispositifs de
ritseau [<x=].

Tous les classements pr#c#tdemment consid#r#s choisissent le jeu des dispositifs
qui peuvent *tre #teints sans risques sur la base de leur consommation #lectrique, ou
de leur #tat de travail dans une con®guration de r#seau agnostique. Nous croyons que
le processus de consolidation de ressource devrait *tre conduit par une #valuation pr#-
cise de la criticit# de dispositifs dans le sc#nario de r#seau sp#ci®que. Cependant, il
n'y a aucune d#®nition satisfaisante de la criticit# de noeuds dans un r#seau. Des in-
dices classiques classent des routeurs bas#s seulement sur des aspects topologiques,
comme la centralit! , le degr!, la proximit! , et I'eigenvector, ou soulement sur la bas#
de la charge de tra®c

La Th"orie des Jeux repr#sente un outil puissant pour d#®nir un index de criticit#
qui repr#sente les deux aspects en m*me temps: en modelant le probl!'me de consol-
idation de ressource comme un jeu coop#ratif avec de I'utilit# transf#rable (TU-Game),
la valeur de Shapley de chaque noeud indiqgue combien le noeud contribue dans le
processus de livraison de tra®c et comment son absence affecterait le r#seau sur da
moyenne® (c'est-%-dire, sur toutes les con®gurations de r#seau possibles). Ce jeu, (le
Jeu Vert, ou le G-Game dor#navant) prend comme ses seuls inputs la topologie de
r'seau , c'est-%-dire, le jeu de liens et des dispositifs, et lamatrice de tra®¢ c'est-%-dire,
la quantit# de tra®c achemin# par le r#seau entre chaque paire de dispositifs. La valeur
de Shapley sur le G-Game d#®nit un classement de dispositifs de r#seau, conscient de
la topologie et du tra®c, qui peut pro®tablement *tre utilis#s pour conduire le processus
de consolidation de ressource.

Tandis que le G-Game d#®nit un classement de criticit# parmi des noeuds, un jeu
correspondant, nomm# le L-Game, a #t# con5u pour d#®nir un classement de criticit#
parmi des liens dans un r#seau de communication, de fa5on % pouvoir consid#rer des
sc#narios technologiques diff#rents et les capacit#s de dispositif diff#rentes de pro®ter
d'un #tat au repos. Pour les deux jeux, des heuristiqgues sp#ci®ques ont #t# d#®nies
et #valu#es pour r#duire la complexit# de calcul, en exploitant la recherche tabou, la
raret# de l'utilisation de tr!s longs chemins et, #ventuellement, la nature hi#rarchique
de la topologie de r#seau.

Les processus de consolidation de ressource r#sultant des deux jeux ont #t# #val-
u#s consid#rant des sc#narios de r#seau r#els et la caract#risation r#elle des disposi-
tifs. Les processus ont #t# contrast#s avec ceux r#sultant de classements de dispositif
classiques, en r#sultant dans un meilleur compromis entre I'#conomie d'#nergie et la
qualit¥# du service, par rapport % ce qui concerne les classements de dispositif clas-
siques (centralit#, degr#, proximit#, eigenvector, et charge de tra®c). Limage 4 donne
une id#e sur les changements de criticit# de dispositif en consid#rant seulement la
topologie de r#seau (comme est le cas dans des classements de dispositif classiques)
- du c7t# gauche - et en consid#rant tant les aspects topologiques que les conditions
de tra®c (comme dans les cas du G-Game et du L-Game) - du c7t# droit.



Figure 4: Comparaison graphique de la criticit# de noeud r#sultant du G-Game (c7t# gauche)
et un classement de criticit# prenant en compte seulement la topologie de r#seau (c7t# droit).

Solutions Distribu"es pour le Routage avec Conscience d'#ner-
gie

Tout les solutions pr#c#demment analys#es pour le routage avec conscience d'#nergie
sont compl'tement centralis#es et exigent la connaissance parfaite de la matrice de
tra®c, c'est-%-dire, la quantit# de tra®c envoy# par chaque noeud % tous les autres
noeuds, % chaque instant de temps. Ces suppositions limitent I'applicabilit# et le d#-
ploiement de solutions centralis#es % des cas sp#ci®ques, consid#rant les technologies
de r#seau actuelles et pr#vues. Sur les bases de ces consid#rations, des solutions
distribu#es ont #t# d#velopp#es pour r#soudre le probl'me de cheminement conscient
d'#nergie.

Nous avons d#velopp# deux jeux de solutions entilrement distribu#es pour adapter
automatiqguement la consommation #lectriqgue de r#seau % la charge de tra®c actuelle.
Difffremment d'autres travaux, nos solutions n'assument pas la pr#sence d'un con-
tr7leur central, ni la connaissance de la matrice de tra®c actuelle, ni de synchronisation
stricte parmi les noeuds. Des simulations vastes ont #t# ex#cut#es consid#rant des
sc#narios de r#seau r#els, montrant que les algorithmes distribu#s propos#s peuvent
r#aliser des #conomies d'#nergie comparables avec ceux de solutions centralis#es,
avec peu surplus de ressources demandes et en garantissant les contraintes de qualit#
de service demand#e.

GRIDA: un Algorithme Vert Distribu"

GRIDA (GReen Distributed Algorithm) repr#sente une approche en ligne distribu#e
au probl!me du routage avec conscience d'#nergie. |l a #t# con5u pour adapter au-

tomatiqguement la consommation d'#nergie de r#seaux IP % leur charge actuelle, en
allumant>#teignant dynamiquement les liens, d'une fa5on entilrement distribu#e. En
d#tail, les noeuds prennent des d#cisions ind#pendantes et asynchrones sur |'#tat de
marche>arr*t de liens incidents, sur la base de la charge de liens et de I'apprentissage,



bas# sur les d#cisions pass#es.

La nature distribu#e de la solution lui permet de: (i) limiter la quantit# d'informations
partag#es, (ii) #viter la coordination explicite entre les noeuds et (iii) r#duir la complexit#
du probl'me. De plus, les noeuds ne sont pas consid#r#s conna+tre les requ*tes de
tra®c auxquelles le r#seau est soumis. Lalgorithme utilise I'apprentissage pour r#duire
le nombre de recon®gurations de lien et pour faciliter la convergence de protocole de
routage. De plus, GRIDA peut r#agir tant aux variations de tra®c qu'aux #checs de
lien>noeud, en #tant capable de r#aliser des #conomies d'#nergie consid#rables, com-
parables avec celles r#alis#s pour les solutions centralis#es pr#c#demment analys#es.

Pour adapter la capacit# de r#seau % la demande de tra®c actuelle, I'algorithme
GRIDA (i) #teint des liens chaque fois qu'ils sont sous-exploit#s et chaque fois que leur
absence dans le r##seau n'affecte pas les fonctionnalit#s de r#seau et (ii) allume des
liens #teints quand la capacit# est exig#e pour garantir une r#action appropri#e aux
fautes et des changements de la demande de tra®c. Le processus de commutation de
I'#tat des liens est entilrement d#centralis# aux noeuds, qui prennent des d#cisions
locales aux intervalles de temps casuel, sans aucune coordination ou synchronisation
parmi eux. La solution r#sulte ainsi *tre plus robuste et plus simple pour mettre en
Guvre par rapport aux approches centralis#es propos#es jusqu'ici.

Les d#cisions locales sont bas#es seulement sur la connaissance de la charge
actuelle et de la consommation #lectrique de liens incidents au noeud et sur la con-
naissance de la topologie de r#seau actuelle, assur# par un algorithme de routage
% #tat de liens, par exemple, OSPF ou IS-IS. Dans GRIDA, les messages Link-State
Advertisement (LSA) distribuent des informations sur la topologie de r#seau actuelle,
augment#e par des informations sur la congestion #ventuel dans le r#seau, c'est-%-dire,
les cas dans lequel la charge des liens surmontant un seuil, ou la pr#sence de couples
de noeuds de source>destination disjoints. Les LSAs sont livr#s aux noeuds aux inter-
valles de temps ®xes, choisi par I'administrateur de r#seau, selon la con®guration de
OSPF ou 1S-IS.

Pour chaque noeud, le probl'me se transforme dans le choix de la meilleure con®g-
uration qui r#duit au minimum une fonction utilitaire, en garantissant le fonctionnement
correct du syst!me global. Ce probl!me peut *tre r#solu par le support de la technique
de Q-learning [10], comme le choix de noeud est une fonction de I'#tat actuel du m*me
noeud et chaque choix possible est associ# % une fonction utilitaire #valu#e, mise % jour
en apprenant. De 1%, les d#cisions de noeud dans un #tat de fonctionnement correct
correspondent % la con®guration r#duisant au minimum la fonction utilitaire associ#e %
I'#tat actuel. Pour assurer la r#action rapide aux fautes et aux changements de tra®c
soudains, des m#canismes de s#curit# ont #t# pr#sent#s, y compris un contr7le de
connectivit# a priori et un m#canisme de re-allumage rapide.

Des simulations ont #t# ex#cut#es consid#rant des sc#narios de r#seau r#els et une
analyse de sensibilit# a #t# ex#cut#e sur les param!tres d'algorithme. Pour #valuer
correctement les effets de l'algorithme sur la qualit# de service offert par le r#seau,
une nouvelle m#trique de performance a #t# d#®nie: la surcharge. C'est un indicateur



relatif, moyenn# au cours du temps de simulation, qui permet de repr#senter le nombre
de fois dans lequel la charge de lien surmonte un seuil ®xe, I'entit# qui les surmontes et
leur dur#e. Des r#sultats d#taill#s ont #t# publi#s dans [11].

DLF et DMP: Distribution d'Heuristique Centralis"e pour le Routage avec
Conscience d'#nergie

Une autre direction naturelle pour la solution distribu#e du probl'me de routage avec
conscience d'#nergie est repr#sent#e par la distribution des heuristiques centralis#es
pr#ct#demment pr#sent#es. En particulier nous avons projet# un nouvel algorithme,
qui peut automatiquement adapter |'#tat de liens de r#seau au tra®c r#el dans le r#seau
m*me. Lalgorithme peut consid#rablement r#duire la consommation d'#nergie de r#seau,
en exigeant seulement un petit nombre de recon®gurations.

Plus en d#tail, I'algorithme est une version entilrement distribu#e des algorithmes
LF et MP propos#s dans [<], qui utilise, la connaissance de charge de lien actuelle
au lieu de la matrice de tra®c actuelle (comme #tait, par contre, le cas des versions
centralis#es). La solution pro®te d'un protocole de routage % #tat de liens traditionnel,
par exemple, OSPF, correctement augment# pour #changer des informations sur |'#tat
des liens (c'est-%-dire,allum! ou !teint ) et la charge actuelle, bas#es sur lequel les
d#cisions sont prises. En ce qui concerne la solution GRIDA, cet algorithme exige un
jeu de param!tres d'input dont les valeurs sont intuitives et faciles de coucher et peut
r#aliser des #conomies d'#nergie plus hautes. La simplicit# et la meilleure performance
viennent au prix d'un montant plus haut d'informations #chang#es et plus haut degr#
de coordination parmi des noeuds.

$tant donn# que les noeuds prennent des d#cisions sur la base des informations
communes, aucune synchronisation stricte n'est n#cessaire parmi eux. Tous les noeuds
connaissent qui est le lien suivant qui va *tre cible d'un tentative d'extinction, dans le
r#seau en #tat normal de fonctionnement: ce avec la plus haute consommation #nerg#-
tique (DMP), ou le moindre charg# (DLF) et les deux noeuds adjacents % un tel lien sont
responsables de la tentative d'extinction. Des m#canismes de s#curit# ont #t# con5us
pour #viter de d#brancher le r#seau et #viter la r#p#tition de tentatives d'extinction qui
r#sultent *tre faux (c'est-%-dire, produisent des d#sunions de r#seau, ou des surcharges
des liens). En outre, des m#canismes ont #t# con5us pour r#agir rapidement aux fautes
dans le r#seau et aux changements dans les conditions de tra®c.

Des simulations ont #t# ex#cut#es consid#rant des sc#narios de r#seau r#els et une
analyse consid#rant les variantes possibles des algorithmes propos#s et de la sensibil-
it# % la variation des paramltres a #t# ex#cut#e. Des r#sultats d#taill#s ont #t# publi#s
dans [12].

La Question des R"f'rences

Bien que le rendement #nerg#tique de r#seaux de communication a d#j% gagn# une
attention consid#rable par une large communaut# de recherche, une m#thodologie



Figure 8: Les quatre topologies de sc#narios de r#f#rence principales: (i) Un r#seau de
recherche europ#en (GEANT [13]) - en haut % gauche - (ii) le segment de backbone d'un r#seau
de fournisseur d'acc!s Internet europ#en (France T#l#com) - en haut % droit - (iii) le segment de
m#tro d'un fournisseur d'acc!s Internet national europ#en - en bas % gauche - et (iv) le r#seau
national d'un fournisseur d'acc!s Internet europ#en - en bas % droit.

compl!te pour mesurer et rapporter la consommation d'#nergie systimes de r#seau
semble loin d*tre #tablie. Une premilre intervention en cette direction est repr#sent#e
par I'analyse et la comparaison du jeu de m"triques et mod$les concernant I"'nergie
disponible, auquel ce travail de th!se contribue, en outre, par la d"®nition d'une tax-
onomie pour les m#triques concernant I'#nergie [14].

La litt#rature actuelle propose beaucoup de m#triques h#t#rog!nes et de sc#narios
de r#f#rence pour quali®er et quanti®er les #conomies d'#nergie. En raison de cette
h#t#rog#n#it#, la comparaison de solutions rivalisantes peut *tre plus favorable % une
solution plut7t qu'% une autre, selon la m#trique utilis#e pour exprimer les r#sultats du
banc d'essai. De 1%, il devient fondamental de d#®nir un cadre coh#rent pour I'#valuation
de r#seaux, qui devraient pouvoir entilrement caract#riser n'importe quel compromis
possible entre la consommation d'#nergie et la performance de syst!me. En d'autres
termes, I'#valuation de solutions #conomes en #nergie devrait prendre en compte la
diff#rence entre I''conomie d''nergie r#alisable et la r#duction du QoS et du niveau de
redondance, qui r#sulte de I'application de la solution sp#ci®que.
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Figure 2.;: Energy aware routing: routers and links are put to sleep when the network load is
low, while preserving connectivity. This technique may increase the load on some links (links
are represented with different edges thicknesses on the picture, to re ect different loads) and
QoS performance need to be carefully studied.

As the spectrum of the Internet applications is clearly a huge one, many directions
remain to be explore to push energy awareness into applications and operating sys-
tems. A good starting point may be the translation of the green principles into good
programming practices. This practice may potentially have a huge impact on the green-
ing of networks, since is able to hit both widespread programming libraries and popular
end-user applications.

2.2.4 Energy Aware Routing

The solutions seen so far involve only local decisions, through a single device or a very
small set of collaborative devices. While these techniques alone offer non-negligible
energy saving, further improvement can be expected from a reasonable amount of col-
laboration between individual devices, sharing a wider knowledge on the system state.

Following the resource consolidation principle, energy aware routing (illustrated in
Fig. 2.;), generally aims at aggregating traf®c ows over a subset of the network de-
vices and links, allowing others to enter energy saving states. These solutions should
preserve connectivity and QoS, for instance by limiting the maximum utilization over any
link, or ensuring a minimum level of path diversity. Flow aggregation may be achieved,
for example, through a proper con®guration of the routing weights. On the basis of dif-
ferent technological assumptions adopted, different solutions for energy aware routing
aims at putting in a sleep mode both links and nodes, or only links.

The problem of energy aware routing has been faced from different points of view,
starting from the original proposition in [34]. At ®rst, centralized solutions have been
studied, supposing the presence of a central unit with a network global view, and evolv-
ing from the formal de®nition of the corresponding optimization problem [@], to the propo-
sition of different heuristics. The main contribution of this thesis work is represented by
the design and evaluation of technical solutions for the energy aware routing problem.
As a ®rst step in this direction, we evaluated the impact on the upperbounds of en-
ergy aware routing, both in terms of achievable energy savings and of impact on the
traf®c engineering, considering different network scenarios and different technological
solutions. This analysis is detailed in Chapter 3. As a further step, we analysed the
centralized solutions to the energy aware routing approach, and rede®ned the concept
of criticality of devices in a network scenario, to drive the energy aware routing process
to a better trade-off between the achievable energy saving and the impact on the traf®c
engineering. The technical solutions for the energy aware routing based on our rede®-
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Figure 3.1: Different models for the network device energy consumption, expressed as param-
eterized function of the device utilization.

to M. This case models network elements whose energy consumption is constant, in-
dependently from their load, and are never powered off (i.e., a common case today).
This case is illustrated in Fig. 3.1 by a dotted blue line.

Two interesting case studies for the optimum solution of the energy-aware routing
are represented by the Geant network scenario [13], and by the Italian ISP network
scenario [<]. The Geant case study represents a worst case for what concerns the
achievable energy saving, since in this network scenario all nodes are access nodes
(i.e., source and destination of traf®c requests), which can hence never be switched
off. On the other hand, the Italian ISP scenario represents a well-disposed scenario for
what concerns the achievable energy saving, since the network have been designed
with a high degree of redundancy, and an high number of devices can be switched off
without affecting the normal network working state.

In practice, topology and traf®c details are publicly available for theGeant scenario
[13]. It represents a real and fairly complex network, including 23 nodes, and <4 links
(the network topology is reported in Fig. 3.2 (a) ). As traf®c data, we selected a subset
of the available TMs, speci®cally 24 TMs, taken at hourly intervals between 00:30 and
23:30 of 8>8>2008. Notice that this TM set includes the complete traf®c variation of a
standard working day. Notice also that results are averaged over the whole day period.
The aggregated traf®c variation is reported in Fig. 3.2 (b). For what concerns the energy
model, we tuned its parameter for this network, according to power ®gures available
in [2;,44%4;], which represent widely accepted and diffused ®gures available in the
literature. Table 3.1 summarizes the used values for the Eq and M parameters, where
C represents the node switching capability. As the overall switching capability for nodes
in the Geant topology is not available, we considered a node as being able to switch
the double of the sum of the capacity of all links connected to it. This is a design
conservative choice, that would allow the network manager to add a reasonable number
of links without having to change the devices.

The optimization problem has been modeled using AMPL [4<], and CPLEX [4@]
has been used for its numerical solution. Results have been obtained considering the
power ®gures reported in Table 3.1, considering anidleEnergy behavior, but also, based
on the same value of the M parameter, considering an energy-agnostic and a fully
proportional behavior, to model both legacy energy agnostic devices, and foreseen
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Figure 3.3: Energy consumption in Watts for the Geant network scenario, considering the IGP-
Wo routing and the routing resulting from the solution of the optimization problem (3Green®), for
different energy models.

more green devices. As a performance metric, the percentage of energy saving has
been selected, with respect to a routing con®guration using the IGP-WO algorithm [4=].
IGP-WO is a standard practice in operator networks. This reference scenario will be
referred to as @GP-WO routing® in the following. The total network energy consumption
resulting for the three energy models, in the case of IGP-WO routing, and of optimal
routing (3Green®) are reported in Fig. 3.3. More detailed results are reported in [;].

In general, results obtained for the Geant network scenario with the idleEnergy
model, show that energy saving is mainly a consequence of switching off network ele-
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Figure 3.4: Link load distribution under the IGP-WO and optimum energy aware routing
(3Green®).

respect to what has been done for the Geant scenario, including optical transceivers,
and regenerators along links, and resulting in a much higher contribution of links to the
total power consumption. As a result, a much higher energy saving can be achieved
(i.e., about 38&), even with non energy-proportional devices (see [<] for more detailed
results).

3.3 Possible Formulation Extensions

The above presented formulation for the energy-aware routing considers a speci®c tech-
nological scenario, in which communication links can be switched off, as well as whole
routers. Note that whole routers are switched off only if all the incident links are switched
off. Some technological scenarios may present different constraints. For instance, con-
sidering currently deployed nodes, they present long switching on>off times, requiring
eventually to act on a multi-hour optimization base, in order to minimize the number of
recon®gurations across the day. Furthermore, in case of faults, off devices have to be
switched back on, in order to accommodate the extra traf®c previously carried by the
fault device. In case of too long switching on times, network management policies may
not allow switching off whole routers, but only communication links.

On the other hand, when device architecture allows acting on a more ®ne granularity,
by independently switching off single parts, the model can easily be extended to account
for that possibility. For instance, it may be possible to switch off single cables in a bundle,
as considered in [81], or linecards for which all ports are off, or switching fabrics for
which all the connected line cards are off, etc.

We choose a model which was complete enough to account for all network devices,
modular enough to be easily extendable, and, at the same time, simple enough to be
solvable in reasonable amount of time for average size network scenarios. Starting
by the presented model, extensions to include different architectures or policies, are
straightforward.
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Figure 4.1: Toy examples illustrating the Shapley value computation. On the left graph, two
acyclic paths exist between i and j, one augmenting the other. On the right graph, alternative
paths exist between i and j. Dark arrows represent the traf®c request from nodei to node j .

whole P(N), but only the elements that represent valid paths in which the node par-
ticipates. In addition, 2augmented® paths shall not be considered. Let us consider two
paths, P and Q betweeni and j, such that Q = P PR. Q is an 2augmented® path, since
P 2 Q. For example, let us consider paths P = (i,A,B,j ) and Q = (i,A,C,B,j ) in
Fig. 4.1 (left). Nodesin R = Q\ P (i.e., C in the example) do not provide any alternative
when a node in P is switched off. Therefore, they should not increase their score for
participating in path Q. Note that cyclic paths are special cases of augmented paths,
meaning that only acyclic paths are of interest.

More formally, let us now denote by M g ({i,] }) the set of all acyclic paths between i
andj in G, and let Kj; denote the cardinality of this set. For each path p, we denote by
P(p) the unordered set of nodes composing p. For instance, P((A,B)) = P((B,A)) =
{A,B}. Let us also denote by Py (M g({i,]j })) the set composed by all the combina-
tions of the union of k paths in M g ({i,j }). Let us extend the b notation to a set of paths,
by posing P(p) = b(p1) P b(p2) P ... b b(pk) for a path p = {p1,p2,...,px}. The follow-
ing expression de®nes the graph-restricted game [88], by introducing a characteristic
function for a unanimity game that removes the in uence of augmented paths:

Q R

1%}
uj; = @ (- D up)® 48)
k=1 piP (M g ({ij})

To better understand the rationale behind (4.8), let us consider the toy-case example
of Fig. 4.1 (left). First, the set of acyclic paths is composed of Kj; = 2 elements:
Me({i,j}) = {pr=(i,A/B,j ),p2=(i,A C,B,j )}. Applying the previous formula, we
may express uj; as:

Uij = Up(py) * Up(py) = Up({p1,p2})
Uiiagy T Uiagcj - UtiaBC, }
UgiABj } -

We may thus neglect the augmented paths and restrict our computations on the
set M E({i,j}) = {PTM g({i,j}): @M g({i,j}) Qu P}. For a given path p |
M 2({i,j }), the value of up, is equal to 1 for every subset of nodes part of this path,
leading to a Shapley value increase proportionally to tj; and inversely proportionally to
the path length. For a path p and a node h, let us de®nelh(p) = 1 if node h belongs to






Figure 4.2: The TIGER2 reference topology.

segment. The light-shaded nodes (1 to @) are access nodes, source and destination
of traf®c requests, and can not be switched off. The dark nodes (= to 21) are transit
nodes, performing only traf®c transport, and can be switched off. NodeT is the traf®c
collection point, providing access to the core network and the big Internet, with whom

nodes typically exchange the majority of the traf®c.

We adopt the node power consumption model proposed by [48], widely accepted in
the literature, and already used for the performance evaluation of the optimal energy-
aware routing, in Chapter 3. The power consumption P; (in Watts) of a node, is related
to its switching capability C; (in Mb>s) according toP; = Cim. Again, since the node
switching capability has not been disclosed for the considered scenario, we consider
that a node is able to switch twice the capacity of its entire set of connected links. As, in
this technological scenario, nodes are responsible for the majority of the network power
consumption [;], we focus on methods to switch-off nodes and neglect the energy that
might be further saved by switching off links (i.e., network interfaces).

The G-Game vs. other Possible Criticality Rankings

The 2criticality® of nodes in a network can be evaluated relatively easily based on the
sole topology, or on the sole volume of traf®c routed by each node. For what concerns
topology based rankings, the most widely used ones are based either on the connec-
tivity of each node (Degree centrality [8@]), on the number of shortest paths passing
through each node (Betweenness centrality [8=]), on the average distance between
each couple of nodes (Closeness centrality [;0]), or on the importance of nodes neigh-
bors (Eigenvector centrality [;1]). For what concerns the amount of routed traf®c, we
will refer to the LF ranking, proposed by [@], and already described at the beginning of
this Chapter.

The above indexes either consider the topology or the traf®c, but not both. The
Shapley value resulting from the G-Game, instead, takes into account (i) the traf®c
expressed by the traf®c matrix and (ii) the importance of the node in the routing process.
The node importance in the topology is evaluated in the G-Game by taking into account



Figure 4.3: Node criticality when considering only the network topology in the G-Game, i.e.,
G-Game U-TM (left), and when considering also the real traf®c matrix, i.e., the full G-Game

(right).

the number of paths a node lies on, similarly to the betweenness centrality. However,
unlike betweenness centrality, the Shapley value takes into account failure scenarios by
considering not only the shortest paths, but also longer paths that can provide alternate
paths in degraded scenarios. Note that a scenario in which a node has been switched
off to save energy, or the same node fails, are equivalent from the point of view of the
routing, and of the G-Game.

All the above listed criticality indexes have been evaluated on the reference network
scenario. We also compare two different versions of the Shapley value: (i) a simpli®ed
index that re ects only the network topology, considering the G-Game with a uniform
traf®c matrix, referred to as G-Game U-TM hereafter” (ii) the full G-Game earlier de®ned,
that considers the actual traf®c matrix. Fig. 4.3 offers a graphical representation of the
difference between the G-Game and the G-Game U-TM: in this representation, the size
and color of a node represent its criticality in the considered game (the bigger and the
darker the node, the higher its criticality). As expected, the collection point T has the
largest worth in the G-Game due the amount of traf®c transiting to>from the big Internet,
whereas transit nodes i | [9,21] have a lower worth as they are interchangeable. As
long as the traf®c matrix is satis®ed, there is no preference among transit nodes.

Recall that, to switch off nodes, we are only interested in the order of criticality
among nodes, rather than in the evaluation of the precise values of node criticality.
Therefore, to compare the different rankings we compute the Paerson correlation co-
ef®cients between every pair of rankings. Results are summarized in Tab. 4.1, where
coef®cients range from -1 to 1: a value close to 1 re ects a direct correlation (i.e., same
order), a value close to -1 re ects an inverse correlation (i.e., inverse orders), and a
value close to 0 re ects the absence of correlation. From these results, four families
of rankings appear: LF and Shapley value produce singular rankings (i.e., that are not
correlated with any other). Most topology-related rankings (Betweenness, Closeness,
G-Game U-TM) are similar (correlation 3 0.=) and are evaluated only through the G-
Game U-TM hereafter. Degree and Eigenvalues also form a distinct family which is
omitted below as resulting less pertinent, and performing poorly.
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Figure 4.4: Distribution of the link utilization, considering different ranks and in the Baseline
con®guration.

To evaluate the impact of this strategy on the reference network, let us ®x a limit of
Nott = 3 off nodes, so that at most 28& of the transit nodes can be switched off at
the same time” the nodes selected by each strategy are those highlighted in boldface in
Tab. 4.2. After a network con®guration is selected (i.e., afterNq+ nodes are switched
off), we compute the link load by routing the traf®c matrix on the resulting topology:
in more detail, we use TOTEM [;2] to perform an optimization of the routing weights
(using the IGP-WO algorithm [4=]) and route the traf®c enabling Equal Cost Multi Path
(ECMP). It follows that we are able to not only evaluate topological properties, but also
to precisely measure the load on individual links. This is an important point, as the
distribution of the link utilization is a very relevant Traf®c Engineering (TE) indicator for
carriers, as previously introduced in Section 2.3.

The resulting energy saving is reported in Tab. 4.3, together with the average path
length [* we also report a weighted average path lengthlty , where paths are weighted
by the amount of traf®c they transport over the TM. The increase of the average path
length is a logical consequence of switching off some nodes. Notice that the aver-
age path length is minimal for the G-Game, and reduces with respect to the base-
line con®guration. To get an intuition on how the average path length may decrease
by switching off nodes, let consider again the toy case of Fig. 4.1 (right), and sup-
pose for the sake of illustration that traf®c shall be shared evenly on paths (i,A,j), and

(i,B,C,j), resulting in [ = Ity = 2.5hops. The resource consolidation process may dis-
able one of the two paths, bringing either to an increase (i.e., only the (i,B,C,j) path is
available, I = Ity = 3 hops), or to a decrease (i.e., only the (i,A,j) path is available,

I = I+m = 2 hops) in the average path length, depending on which nodes are switched
off.

Finally, Fig. 4.4 reports link utilization distributions for the different rankings when
Noff = 3 and the baseline con®guration (i.e.,Nq;; = 0). Notice that the G-Game yield
to excellent performances, as the link distribution is roughly equivalent to the one of
the baseline con®guration, where no node is switched off. Especially, maximum link
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Figure 4.8: Variation of the link utilization distribution, for scenarios ranging from the original
TM (p = 0) to the smoothed TM (p =1).
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Figure 4.;: Variation of the maximum and weighted average path length, for scenarios ranging
from the original TM (p = 0) to the smoothed TM (p =1).

the same TM range (i.e., varying between 1;.3& for p=0, to 1<.1& for p=1. Results
are detailed in [8;]).

Fig. 4.; reports maximum and weighted average path length for the same set of sce-
narios. We see that, as the TM smoothness increases, average path length decreases,
as nodes tend to exchange more traf®c with neighbors. On the other hand, the maxi-
mum path length remains constant, and equal to the network diameter (which further
con®rms the soundness of maximum path lengthL bound in Shapley value computa-
tion).

4.2 Evaluation of the Criticality of Links in Networks: the L-
Game

The criticality of nodes in a network scenario may be accurately evaluated by means
of the Shapley value, using the procedure described in Sec. 4.1. In a similar way,
a criticality ranking may be de®ned among links in a network scenario, to be used to
drive the resource consolidation process, when the devices we intend to switch off are
communication links.
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Figure 4.@ Variation of the total traf®c load versus time, normalized to the peak total traf®c, for
the TIGER2 and FT scenarios.

As usual, once the device ranking has been de®ned, the resource consolidation
process is run. In practice, the algorithm consists in progressively considering all the
network links, one by one, for de-activation, following the Shapley ranking. It will be
referred to as 2L-Game® from now on. When a switch off attempt is executed for a
link, the resulting network is analysed, all previously examined links remaining in the
proper on>off state. If the resulting network remains able to accommodate the currently
required traf®c, with a maximum link load lower than a pre-de®ned threshold X), the link
is switched off, otherwise it is left in working state. The process then iterates until all the
network links have been examined.

4.2.3 Results on Real Network Scenarios

We compare the Shapley-based ranking obtained thanks to the L-Game, with two other
link rankings, introduced in [<], and already described at the beginning of this Chapter:
MP and LF. To provide a relevant evaluation of the proposed algorithm, it has been
tested over two real network scenarios, namely TIGER2 and FT.

The TIGER2 scenario corresponds to an access>metro segment of a traditional ISP
network. The network, whose topology is represented on Fig. 4.2, has already been
used in the evaluation of the G-Game, in Section 4.1.3. For this scenario, a single traf®c
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Figure 4.=: Graphical view of the different rankings for the TIGER2 network scenario, for the
peak hour traf®c: the thicker a link, the higher its importance is with respect to the considered
rank (from left to right: L-Game, LF, MP).

Table 4.4: Main characteristics of the reference scenarios.

Parameter Symbol | TIGER2 | FT
Maximum Link Load [&] X <8 80
Number of nodes IN| 22 3@
Number of Links E| 40 <<
Average link length [km] | E[lj ] 43 2<@

matrix was provided by the ISP, to which we applied a standard night>day trend [3]. The
resulting normalized total traf®c versus time in the network is reported in Fig. 4.@ by
the green solid line. Fig. 4.= represents the criticality granted by the three considered
rankings to the network links (namely, L-Game, LF, and MP)?.

The FT scenario represents an actual backbone IP network of France Telecom,
whose topology is composed by 3@ nodes and <2 bidirectional links, as reported in Fig.
4.<. For this scenario, the link capacities and lengths are provided. Finally, the operator
disclosed the amount of traf®c exchanged among each node pair as foreseen in year
2020 under a conservative assumption of user and traf®c growth. A set of 4@ TMs has
been provided by the operator, representing the complete night>day variation of a typical
working day. The total normalized variation of traf®c is reported in Fig. 4.@ by the blue
dotted line.

Tab. 4.4 resumes the main characteristics of the two reference scenarios. Traf®c is
routed on the minimum cost paths, considering routing weights inversely proportional
to the link capacities. The performance statistics (such as link loads etc.) are averaged
over all the TMs (i.e., a 24 hours period). A TM is considered every 30 minutes, over
which period, no fast traf®c uctuations are considered, since aggregated traf®c ows
are evaluated.

In order to evaluate the network energy consumption, we use here the energy model
already used in [<, 11], as it is representative for a technological scenario including
optical links, along which the signal is eventually regenerated by OEO regenerators.

'Note that in the case of the L-Game and LF rankings, the ®rst link subject to a switch off attempt is the
one with lower ranking, while for the MP ranking the ®rst link subject to a switch off attempt is the one with
higher ranking.
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Figure 4.10: Achievable energy saving (left), and corresponding average link load (right), for
the TIGER2 network scenario, for different link rankings.
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Figure 4.11: Achievable energy saving (left), and corresponding average link load (right), for
the FT network scenario, for different link rankings.

Original power ®gures have been gathered from measurements performed by an ISP
[<]. In this model, each 10Gbpsinterface consumes 50W and ampli®ers placed every
70km consume 1kW each, for every 10Gbpsof link capacity.

Energy Savings vs. QoS

As performance metrics, we use the (i) energy saving on the one side, computed with
respect to the con®guration in which all links are powered on all time, and the (ii) average
link load on the other side, as indicator of the QoS offered by the network. A maximum
link load, denoted by x hereafter, is imposed, as common practice in ISP networks, as
minimum QoS guarantee.

We simulated the effect of the resource consolidation algorithm presented above
on both scenarios. An ad-hoc simulator in Python language has been developed for
the algorithm evaluation. The achievable energy saving when considering the three
different rankings, on the one-day simulation period, is reported in Fig. 4.10 (left) for
the TIGER2 scenario, and in Fig. 4.11 (left) for the FT scenario. The corresponding

average link loads are reported in Fig. 4.10 (right) for the TIGERZ2 scenario, and in Fig.
4.11 (right) for the FT scenario.

For both scenarios, two main time zones may be identi®ed: aday time zone and
night time zone. The day time zone is characterized by higher average link loads,
representing the main limitation to the resource consolidation. In the night time zone,
link loads are much lower, and the network connectivity represents the main limitation to
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Figure 4.12: Distribution of the link loads for the FT network scenario (left) and the TIGER2
network cenario (right), for different link rankings, for the peak traf®c request.

resource consolidation. Of course, the possible energy savings that can be achieved are
higher during the night time zone. This consideration is true for all the three considered
rankings, the difference among which lies in the different trade off they are able to
achieve between QoS and energy saving.

As already suggested in [<], MP is able to achieve an energy saving higher than LF,
at the price of higher average link load, as it tries to put asleep the most power-hungry
links (regardless of their criticality). The L-Game ranking is able to achieve an energy
saving comparable to the one obtained by the MP ranking, but using a smaller set of
network states? with respect to MP (i.e., 2 against 8, in the TIGER2 scenario, and 11
against 1; in the FT scenario), and requiring a smaller number of network recon®gura-
tion (i.e., 2 against <, in the TIGER2 scenario, and 24 against 38 in the FT scenario, per
day).3 At the same time, the L-Game ranking guarantees the lower link load among the
three considered rankings, and the better link load distribution. Fig. 4.12 (left) reports
the link load distribution for the FT scenario, while Fig. 4.12 (right) reports the link load
distribution for the TIGER2 network scenario. The reported link load distribution are
computed for the peak traf®c request. As the link load is limited by the thresholdx, link
load is normalized with respect to x.

The L-Game ranking is able to achieve a better QoS performances (with respect to
link loads) than the MP one, as MP drives the resource consolidation process keeping
into account only the energy cost of links, but not the network topology, nor the traf®c
“owing on it. At the same time, the LF ranking requires more frequent network recon-
®gurations than MP and L-Game, as it is based on the link load, which frequently and
strongly varies in time, and as the LF ranking only takes into account the amount of
carried traf®c, in an agnostic con®guration, while the L-Game ranking accounts also for
the position of links in the network, and for all possible network states.

2We refer here to a network state as an on>off con®guration of the network links: two network states are
different if at least a link changes its on>off state passing from one to the other. A transition between two
different network states is referred to as a network recon®guration

3Frequently turning on and off links may affect the network routing, since each recon®guration requires
a new convergence transient.
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Figure 8.2: TIGER2 network: (left) Power saving versus time, considering different algorithms,
(right) cumulative number of unaccepted changes for different N.

Performance Evaluation

We implement GRiDA on a custom event-based simulator written in python and C lan-

guages. Node choices, LSA arrivals and traf®c matrix changes are the possible events.
Moreover, network statistics including link load, node con®gurations and power con-
sumption are stored in a log. Unless otherwise speci®ed, we simulate a time period
of one week, by repeating the set of traf®c matrices. In the following, we ®rst analyze
the transient behavior of the algorithm on the different scenarios. As a second step we

consider the sensitivity of average performance metrics to parameter settings.

Transient Analysis

We start by evaluating the performance of GRIDA on the TIGER2 scenario. We set
O= 1 for testing the convergence of the algorithm. We then compare the power saving
of GRIDA against the upper bound obtained solving the optimal problem formalized in
Chapter 3 for the off-peak traf®c, and the centralized LF and MP heuristics described
in Chapter 4. A perfect knowledge of the TM is assumed for the optimal problem and
centralized heuristics.
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Figure 8.3: TIGER2 network: Power saving with a fault occurring after convergence is reached.

Fig.8.2 (left) reports the power-saving versus time of GRIDA, LF, MP and the upper
bound. It reports the power saving computed as the percentage of saved power with
respect to a con®guration in which all links are powered on. Since the LF and MP
heuristics are centralized and require the knowledge of the TM, we run them at every
TM change. After an initial transient, the power saving of GRIDA is constant: this is due
to the fact that O= 1 and the network is largely over-provisioned” thus the algorithm
converges to a solution that does not involve any increment in the penalty function.
Interestingly, GRIDA outperforms both the LF and MP heuristics, saving 82& of power
after convergence.

To give more insight, Fig.8.2 (right) reports the cumulative number of link recon®g-
urations due to network violations, for different values of N. For N > 1 recon®gurations
occur only during the initial transient. To this extent, low values of N result in a large
number of recon®gurations, since the learning rate of the algorithm is lower. The intu-
ition suggests that in this case the predominant term in the utility function is the power
consumption, thus each node always selects the most aggressive con®guration in term
of power savings, resulting in a large number of violations. On the contrary, when N > 1
the number of recon®gurations steadily decreases. Thus, a trade off emerges among
responsiveness of the algorithm and number of recon®gurations.

We now evaluate the performance of GRIDA under anomalous network conditions.
In particular, a node failure is simulated after convergence of GRIDA. Fig.8.3 reports the
power saving before and after the failure event. GRIDA is able to wisely adapt to a new
con®guration with only = recon®gurations due to network violations. In fact, as soon
as the failure is detected, GRIDA starts turning on links given LSAs reporting network
anomalies. Then, the algorithm starts again to switch off links until a stable con®guration
is reached. While GRIiDA has not been designed to explicitly handle failures, it helps
the failure management algorithm to recover from critical conditions.

We consider now the Geant topology with parameter set reported in Tab. 8.1. Fig. 8.4
(left) reports the power saving versus time. Also in this case GRIDA outperforms both
the LF and MP centralized heuristics. Notice that here we set O= 0.999, thus GRIDA
does not converge to a stable solution, since the penalty costs are decreasing with
time.3 This allows GRIDA to adapt the power saving to the actual traf®c. Fig. 8.4 (right)
reports instead the cumulative number of recon®gurations. Also in this case, the number
of unaccepted changes decreases as Nincreases.

3Results presented in [11] show that a stable solution is reached also in this scenario setting O=1.
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Figure 8.4: Geant network: (left) Variation of power saving versus time, (right) Cumulative
number of unaccepted changes.

Finally, the Italian ISP topology is considered. In this case, we have taken as ref-
erence the optimal solution as formulated in [<] (i.e., taking advantage of the particular
network structure), solved for each TM,* and the MP-MP and LF-LF centralized heuris-
tics, which has been proven in [@, ;@] to be the most effective ones for this topology. In
particular, both MP-MP and LF-LF try to switch off ®rst all the links incident to a node
(which are sorted according to a MP or LF criterion, respectively). Then, as a second
step, the remaining links are eventually powered off individually (according to a MP or
LF ordering). The two algorithms are further detailed in [@, ;@].

Fig. 8.8 (top) reports the algorithm comparison in terms of power saving. Inter-
estingly, saving follows a strong day-night trend for all algorithms. In particular, more
power saving is possible when the network is lightly loaded, i.e., during night. In this
case, GRIDA is able to save an amount of power comparable to centralized heuristics,
but without requiring the knowledge of the current TM. Moreover, the variability of the
traf®c impose GRIDA to quickly adapt the con®gurations. To give more insight, Fig. 8.8
(bottom-left) reports the average and maximum link load in the network running GRIiDA.
Average link loads are computed for each TM. Interestingly, during night-time the max-
imum link load is below 30&, i.e., far from the load threshold & = 0.5. This suggests
that the connectivity constraint is stricter than the maximum load constraint. During high
traf®c periods, some link loads actually gets close to 0.8. Indeed, some violations are
present, even if of short duration and of small intensity. We will quantify violations better
in the remaining of the section. Moreover, the average link load is always lower than
10&, suggesting that most links are lightly loaded even when GRIDA is run over the
network.

Finally, Fig. 8.8 (bottom-right) reports the average number of OFF-ON and ON-OFF
link choices per node, per! 1\ interval, in the network running GRIiDA. Note that here
we are accounting also the link recon®gurations triggered by a negative LSA. The ®g-
ure reports also the average node degree ﬁ Interestingly, GRIDA tries to turn off on
average less than one link per node every ! 1. On the contrary, during the morning
GRIDA quickly reacts to traf®c increase, and about two links per node are powered on,

4The solution has been obtained running CPLEX on a high performance cluster hosted in the Politecnico
di Torino Campus [;=].
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Figure 8.8: ltalian ISP network: (top) power saving, (bottom-left) link load, (bottom-right)
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per! 1y interval, to increase the network capacity.

Average Performance and Sensitivity Analysis

We now investigate how the parameter settings impact the performance of the algo-
rithm. In this case, we consider only the Italian ISP scenario since it is the largest one
in terms of nodes and links. We evaluate the performance considering the following
metrics: energy saving, number of unaccepted choices, and network overload. The
intuition is to have a set of metrics to quantify the gains from saving while monitoring
QoS for users. In particular, energy saving is evaluated as the integral of link power
saving over a one week long time interval. Unaccepted choices account the percentage
of switch off choices which are undone due to the immediate critical state indication by
LSA. Percentage is computed with respect to the total number of switch off attempts.
The network overload is de®ned as the fraction of traf®c exceeding the load threshol
with respect to the total carried traf®c, i.e.:

° % e max(®0(1) - &, 0t

V=
A O]

(8.4)

where r$4(t) is the traf®c request from nodes to node d at time instant t. This is a
relative indicator for the network congestion level, averaged over the simulation period,
accounting for the number of load violations, their entity, and their duration. Note that
we refer here to violations for link load overcoming the & threshold, i.e., 80& or <0&
of the link capacity, in the considered network scenarios. Link load never overcomes
the full link capacity, i.e., 100&, in the considered scenarios. Let us consider, e.g.,
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Figure 8.<: Italian ISP: Impact of Oon the status exploration.

min 3k {c(J)Iq 4 ji T 1}. Thus, only if p(K,S) > cmin a different con®guration is

tested. For Z %1 |, the algorithm selects another con®guration different from the all-off
one if and only if % > Cmin . In our case, for N=0.1, O >0.5is necessary.

Fig.8.; (top-left) reports also the curve for N = 1. Saving is averaged over a one
week interval. The maximum error for saving is 3& with =8& of con®dence. In this
case, the initial penalty N is strong enough to let succeed the connectivity check, and
savings between 28& and 40& are achieved. However, savings depend on Oalso in
this case.

Fig.8.; (top-right) and Fig.8.; (bottom) report the network overload and the percent-
age of unaccepted choices, respectively. Interestingly, both metrics are minimized for
intermediate values of Q i.e., when the algorithm trades between full knowledge of past
learning (O= 1.0) and power consumption (O= 0.0). Interestingly, network overload
is always extremely small, i.e., typically smaller than 10 4 with N = 1, suggesting that
GRIDA is very effective in limiting the amount of traf®c rerouted over congested links,
with more than ;0& of choices that are accepted over one week.

Fig. 8.< reports the percentage of the explored states over all the possible ones
for each node running GRIDA. As expected, for O= 1.0 the percentage of exploration
tops =0&. This value is reached by backbone nodes that are connected by few links
whose states change quite frequently. On the contrary, when O= 0.0, the percentage
of exploration is below 30&, con®rming that the network reaches a stable con®guration
which does not involve frequent changes of the node states.

Penalty Update We now evaluate the impact of N. In particular, we keep O= 0.9.
Tab. 8.8 reports the average performance metrics. Interestingly, the best results are
obtained with lower values of N, suggesting that larger N tend to penalize both power
savings and overload, since frequent recon®gurations occur.

Finally, the table reports also the optimal power saving and the performance metrics
for the MP-MP and LF-LF heuristics, showing that GRIDA saves a comparable amount
of power without requiring the knowledge of the actual TM, nor a centralized coordina-
tion or synchronization.

Choice Interval We look at the sensitivity of GRIDA to the time intervals at which
choices about links are made, i.e., ! ¢. Fig. 8.10 reports the performance metrics for
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Figure 8.=: Italian ISP: (top-left) Power Saving Comparison, (top-right) Percentage of Links
Off, (bottom-left) Maximum and Average link load with DLF-Distance and DMP-LastOff, (bottom-
right) Average Number of Recon®gurations with DLF-Distance.

Several considerations hold. First, both DLF-Distance and DMP-LastOff are able to
quickly follow traf®c variation, and to achieve a good power saving. Both guarantee 30-
80& of saving during night-time, which is comparable to the MP centralized heuristic,
but obtained without the perfect knowledge of the TM. Second, constant saving during
night-time suggests that algorithms have converged to a solution which remains stable.
Third, DMP-LastOff algorithm provides better performance than DLF-Distance in terms
of power saving. To give more insight about why this happens, Fig. 8.= (top-right) reports
the time evolution of the percentage of powered off links. The plot clearly shows that
DLF-Distance is able to turn off a larger number of links than DMP-LastOff. This is due
to the fact that the Italian ISP links that carry the least amount of traf®c are the ones that
are found at the edge of the topology. DLF targets thus these links, which unfortunately
consume a negligible amount of power compared to the long haul links found in the
core of the network. Power-hungry links are instead targeted by DMP which thus can
achieve a better power saving even if switching off a smaller number of links.

Finally, note that during the day, i.e., when more capacity is needed to meet traf®c
demand, both algorithms keep looking for possible links to be switched off. DMP targets
the most expensive links whose power cycling is re ected in the noisy power saving of
Fig. 8.= (top-left).

Fig. 8.= (bottom-left) details the average and the maximum link load obtained by run-
ning DLF-Distance and DMP-LastOff. Considering the average load, we observe that
its variation is limited during the day, suggesting that the algorithms ef®ciently match the
current network capacity to the actual demands. Still, an over-provisioning of capacity is
present since the average link load is smaller than 10&. Interestingly, during night-time
the maximum link load is below 30&, i.e., far from the load threshold & = 0.5. This
suggests that the connectivity constraint is stricter than the maximum load constraint.
During high traf®c periods, the maximum load constraint instead kicks in, and some link
loads actually get close to 0.8. Indeed, some violations are present, even if of short






Network Overloadx)

le-01

le-02

1le-03

le-04 -

DLF-Distance o
DLF-LastSleep-—&
DMP-Distance -

DMP-LastSleep—=—

le-05
20

40

80

Dy [s]

120 180 240

Average Unacc. Choice%t|

DLF-Distance o
DLF-LastSleep—&
DMP-Distance -
DMP-LastSleep—=—

D [s]
















J&+"0$&01/'()2$3%()

%) P ) W) )% ) )+ )
I"#$9%&($)

),











































