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Abstract—We investigate in this paper the sharing of energy in order to reduce the energy consumption of the network, a
consumption among service categories in the access of a W|reles.°promi5ing way consists in optimizing the energy consumed by
network. We focus on the fixed component of the energy con- yhe petwork elements to offer a given service. To do so, one

sumption, which is known to be significantly larger than the load- d del t th tion ind db
dependent variable component, and propose its sharing among needs a model 1o assess the energy consumption induced by

the service categories based on coalition game concept, the ShapServices so as to measure the energy efficiency gain related t
ley value. We consider five service categories, two large players: green techniques. For example, the model can be implemented
streaming and web browsing, and three smaller ones: download, in a Life Cycle Assessment (LCA) software. A LCA software
voice and other minor services, and compare our proposal with 5)16\y5 ysers to evaluate, compare and track the envirorahent
two other sharing methods: uniform and proportional which ’ .

follows the same traffic proportions. Our results, applied on a performance C,)f produqs, using .not.ably steps suggested by
real dataset extracted from an operational network in Europe, 15014040 which specifies the principles and the framework
show that our proposal is more fair both towards small services applicable to realize LCA, Ines et al. [8].

in that it reduces their shares in comparison to the uniform To date, the existing models assess mostly the energy
approach and towards larger services as it reduces their shares consumption for some specific applications (we will repart o

in comparison with the proportional one. Indeed, our Shapley- . . . .
based model accommodates both short term network behavior, SOM€ of them in section I1). We propose in this work a model

in which the fixed energy component is independent of the traffic for sharing the global energy consumption of a mobile access
load, and longer term behavior, in which it varies with the load network among the provideskervices By "sharing”, we mean

and infrastructure. Un'iform sharing accounts only for the short  the sharing of the responsibility of the energy consumption
term, and the proportional one only for the longer term. between the different service providers using the netwiork.
Index Terms—Energy consumption, Service-oriented, Mobile effect, traffic in the network originates from different giee
networks, Shapley value. providers, such as Google, Youtube, voice calls, etc. Wamgro
in this paper services into five categories: streaming, web,
download, voice and other minor services. We call each servi
category a player. We propose to share the responsibility of
CCORDING to Cisco [1], overall IP traffic will grow at a the network’s energy consumption between these playees. Th
compound annual growth rate 23 percent fron2014 to  players’ responsibility may represent their contributinrthe
2019. In order to face the Internet's growth, Internet providensetwork’s carbon footprint for example.
upgrade their networks so as to keep up or improve the user§Ve focus specifically on the fixed component of energy
perceived Quality of Experience. This leads to an increasedonsumed in a mobile access network and its sharing be-
power consumption, resulting in turn in two main challengesween different service categories. We consider severaicee
economical, as operators margin is decreasing and ecalpgicategories representing players of different sizes, lange
in a context aiming at reducing greenhouse gas emissiosmall, in terms of traffic loads. We decompose the energy into
Thus the research in green networking has fostered a numbariable versus fixed components and share the former in a
of investigations. For instance, Debaillie et al. [2] and &u manner that is proportional to the traffic proportion of each
al. [3] propose models for assessing the energy consumptssrvice category. As of the latter, we propose an approach
of the mobile access network. Vu et al. [4] and Jada et al. [Bhsed on coalition game concept, the Shapley value [9].
introduce models for optimizing the energy consumption of We consider two settings: one with a constant network
the mobile access. Bianzino et al. [6] and McLauchlan et @hfrastructure and one with an evolving one, over a larger
[7] discuss the main trends in the fields of green networkirtgme scale, in terms of additional and/or changing equigmen
and green energy. so as to keep up with an increase in the traffic load. In the
If modeling the energy consumption of network elemenfsrmer setting, energy consumption as well as traffic loadlsh
is important for optimization sake, investigations are enoibe considered as constant, whereas in the latter settiag, th
and more focusing on the energy impact of services on theuld both increase.
network. In fact, knowing the energy consumption induced by We study two variants of the sharing models: one where
services should help in the eco-design of applicationseédd no service category is mandatory and one with mandatory

I. INTRODUCTION



player(s) which reflects the realistic case where some tperathe equipment implied on the path of the service flow. This
may be legally mandated by the state to offer a certain serviapproach has several limits. Firstly, it allows modelingcimu
such as voice. more the energy consumed by an application than the one
Unlike an equal sharing of the fixed energy that is unfatonsumed by a service. Secondly, it is quite impossible to
towards players with small traffic load, and a sharing praneasure the energy consumed per bit of service, as most of the
portional to the traffic load that puts too much weight otime network equipment serve several services simultasigou
the players with large volume of traffic, our Shapley-basdd order to overcome this complexity, the authors mostly
model is a trade-off for all the players in that it puts lesgefer to the power consumption models of the constructors
weight on small players than equal sharing, and less weighliich do not reflect the reality of the field. We propose to
on big players than proportional sharing. Our results eramei base our model on realistic inputs, i.e., the traffic voluroes
hence the transport of services with small traffic as welhas tproportions of the service categories.
introduction of novel ones, and also acknowledge the role of Depending on which network segment is considered, one of
services with large traffic as major drivers for networktti these component is preponderant over the other. For example
and increased deployment. the energy consumption in the core of the network is largely
The remainder of this paper is organized as follows. llwad-dependent because routers energy consumption varies
section Il, we review some literature related to the asseasmsignificantly with utilization, while it is largely indepeent
of energy consumption per service category. In sectionvl, of the load in the RAN because the access is typically under-
describe our Shapley-based models for sharing the fixed cdeaded (typicallyp < 50% so as not to exceed some operating
ponent of the energy consumption among service categoriesad threshold). Fig. 1 shows the power consumption of an
We discuss some implementation issues of the Shapley-baepédrating 4G base station versus its traffic load. Theseesalu
model and how we tackle these issues in section IV. In sectioame from traffic and power measurement probes installed in
V, we run numerical applications, comparing our Shapleydrange France’s network. At0% of load, the fixed power
based proposal to uniform as well as proportional sharing ednsumption representsl% of the base station total power
energy, on a real dataset taken from an operational Europ&ansumption.
network transporting three main service categories: istieg
browsing and download, in addition to voice and other minor
services. Eventually, section VI concludes the paper.

Il. RELATED WORK.

Marquet et al. [10] investigate the energy consumption of
information and communication technology services and CO2
emission at life-cycle of the equipment, including negatwnd
positive impacts: positive impact refers to potential gailue
to dematerialization, such as physical transport subistitu
Negative impact refers to CO2 emissions notably. The model
for assessing the end-to-end energy consumption of a servic
is based on the notion of consumption rate, i.e., the energy
consumed per unit of service, for example kWh/hour/user.
However, no distinction is made between fixed and dynamic
energy consumption components. Fig. 1. Power consumption of a 4G base station.

Jalali et al. [11] discuss an energy model in order to esémat
the energy consumption of cloud applications, and is agplie
to the case of sharing photos on Facebook. The model consigjfs
in determining the energy consumed per bit on a device, then o
multiplied by the traffic volume of the service. Only the load\ Description of the system.
dependent power component is considered, the fixed poweRA wireless network is composed mainly of three segments,
component is ignored since it is independent of services. the access, the transport and the core, [13], [14], running

Preist et al. [12] provide a statistical model to calculatpossibly several technologies: 2G, 3G and 4G, as shown in
the overall energy output required for a digital servicenir Fig. 2.

a Datacenter to the end user, using Monte Carlo analysisThe Radio Access Network is the segment of the mobile
No information is given about the nature of the energyetwork interfacing the end-users and the mobile core nétwo
consumption, fixed, dynamic or both. The GSM EDGE Radio Access Network is composed of

To date, the investigations in the literature related to mothe Base Transceiver Station (BTS) and the Base Station
eling the energy consumption of services are based on inpGisntroller (BSC). A BTS implements minimum shift keying
that are very difficult or even impossible to measure. Marqumodulation for GSM and phase shift keying modulation for
et al. [10] and Jalali et al. [11] cited above base their modEDGE. It provides essentially voice services. The corgral
on the energy consumed per transmitted bit of the service ioycharge of the radio resource management and implements

eNodeB power consumption (Watt)

Traffic load

M ODELING OF THE ENERGY CONSUMPTION SHARING



We first focus on the variable component of the energy
consumption of service categoiy Let us denote by, the

mm:ss""-»-.x /et \ traffic volume of service category
[ .\ — | B =ik B ®
= a”f n %, -~ @—) | where; is the share of service categoryn E?, given by :
/nterffac S l'fi —_-— s
NG H (]
s I SN | = 4
y - | Pi Zszl . 4)
) i i
b _ = |/ _
i As of the fixed energy component :
El = ¢; x B (5)

where ¢; is the share of service categoryn E/.

Unlike the variable component of the energy consumption,
that is, as shown above, proportional to the traffic propod;j
we propose in this work to determing using the Shapley

resource allocation algorithms. A BSC implements Time D}(alue. ) o ) )

vision Multiple Access which consists in dividing the radio & begin by giving some introductory material on the

resource inte time slots allocated to users. Shapley value co.nce.pt, [9], [15]. This m_ath(_amatlcal tod ha
The UMTS Terrestrial Radio Access Network is compose% number of applications in telecommunications, [16]-{18]

of the NodeB and the Radio Network Controller (RNC).

The Nong implgments hyper phasc_e shift keying modulati@_ Shapley value

and provides voice and data services. The RNC, as with .

GSM, is in charge of the management of the radio resourcel) Cooperative game theory N

and implements Wideband Code Division Multiple Access as!n game theory, a cooperative game (or coalitional game)

resource allocation algorithm. is a game which allows grouping of players within so-called
The eNodeB hosts both the base station and the controff@@litions, thanks for instance to the possibility of emter

functions in a single equipment, for LTE networks. Orthogion enforcement of cooperative behavior (e.g.., through f:ontra_l

Frequency Division Multiplex is the modulation technology@W)- These are opposed to non-cooperative games in which

and Orthogonal Frequency Division Multiple Access the rdh€re is no possibility to forge alliances. Cooperative gam

source allocation algorithm. LTE provides data servicey.onaré typically analyzed in the framework of cooperative game
Alongside with the network elements on a site, there aFQeOW* which focuses on predicting which coalitions wallrh,

the equipment of the Technical Environment composed of tH%e joint ac_tions that groups take and .the resulting cduect_
cooling system, the rectifiers and the backup battery. payoffs. It is opposed to non-cooperative game theory which

Traffic and energy measurements are regularly made on Iﬁguses on predicting |nq.|V|<.juaI players actions and playof
and analyzing Nash equilibriums.

network for management and investigation purposes. Thes . .
measures will feed our models in the numerical applications n cooperative game theory, there are two types of SO“.J“O”
concepts. The unobjectionable solutions and the equitable
solutions. The former guarantees a sharing between thenglay
such that any coalition (grouping of players) cannot inseea

B. Energy consumption model its gain by leaving the coalition composed of all the players

Let us first consider a radio access network with only orféled the grand coalition. Such solutions include the cone
radio technology (homogeneous network) transporting a &€ IS the set of |mputat|ons.under wh|cr] no coalition has a
N of N service categories, consuming enefgyo be shared value greater than the sum of its members’ payoffs. Theeefor
among the provided service categories. As stated eattier, F'© coalition has incentive to leave the grand coalition and
energy consumed by the access equipment is composed&5€1Ve @ larger payoff. An imputation is a solution of the

a variable and a fixed components, denotedAsyand £/ cooperative game that exactly splits the total value of the
respectively. Then we have grand coalition among the players, such that no playervesei

less than what he could get on his own. A solution is a
E=FE'+ B! 1) vector of RY that represents the allocation to each player,
with N the number of player. Equitable solutions take into

Denoting byE; the energy consumption induced by servicgccount some consideration of equity between players. Such

categoryi, with variable and fixed componenfs! and Eif, solut!gns_ mclr:Jdehth(.a Sh?p:]ey value. .Ig.l.th's fpiper, ;V; are
respectively, considering the sharing of the responsibility of the netkigor

energy consumption between the players in a fair way, and
E,=E;+ Ef (2) hence the use of the Shapley value concept.

Fig. 2. The system.



2) Shapley value definition and properties traffic volume and the number of services, as the fixed energy
. The Shapley value is a cooperative game concept used ¢an be shared equally among the players when considermg it i
sharing a common gain between the members of a coalitimonstant, or shared proportionally to the traffic volumemwh
in a fair way. The fairness of the Shapley value comes frooonsidering it is load-dependent. Then, when considerifyg o
the fact that the payoff of each player in the common gatoalitions having the same number of members, we fix the
is proportional to its contribution in the coalition’s gaibet variable related to the number of services, and so the vdlue o
us consider a gamg NV, V') with N denoting the number of a coalition should be only proportional to its traffic volume
players and the characteristic function associating to eachhus, the value of a coalition is the ratio of its traffic volem
coalition of the game a value. A coalition is a set of playergersus the traffic volume of the coalitions having the same
that cooperate so as to improve their revenue. The gramadmber of members as the given coalition. This explains the
coalition consists of all the players. There ak possible characteristic function we defined.
scenarios of constructing the grand coalition. Now that the characteristic function of the game is de-

Let S¢ denote the largest coalition not containing yet playeermined, we use the Shapley value concept to compute the
i in the construction of the grand coalition with regard tpayoffs of the players. According to Shapley, the paygfbf
scenarioo. We define the incremental cost vector associatg@tayeri is:
to the scenariar by:

o o o - o 1 N C;V:ll
wherec?, ({i}) = V(S? U {i}) — V(S?), i.e., the marginal s=1 =t
copwibution of player 1IV(S7 O b - wheres({i}, ) = V(S ()= V(S 11y \{i}) is the marginal
1€ ohapiey valu€rsnapiey IS e anthmelc mean of contripution of player, in coalition S. It represents the cost

the incremental cost vectors associated to the scenarlosggfned or lost by the coalitio§ with the entry of player.

constructing the grand coalition, The computational complexity of (9) grows exponentially
_ 1 Z - 7 in the number of service categories, which could represent a
LShapley = 37 Cinc obstacle for being implemented. We hence propose a closed-

) ) . form expression for the Shapley value computation, derived
The Shapley value derived from the following axioms ( from (9).

is the payoff of player) : Let p; denote the traffic proportion of player p; = 2.
o Efficiency Axiom: >\, ¢:i(V) = V(N) The Shapley value of is then:
o Symmetry Axiom: If player i and playerj are such
that V(S U {i}) = V(SU{j}) for every coalition S not N4
containing playeri and playerj, then¢,; (V) = ¢;(V). @i(N,p;) = (Z o )i
o Dummy Axiom: If player i is such thatl’(S) = SEN

V(SU s=1
= al (Czsviz 1~ CJS\7111)CJS\7122

{i}) for every coalitionS not containingi, theng; (V)
0

. + (Z Cs_l CS_Q sOS )(1 _pi) (10)
« Additivity Axiom: If u andv are characteristic functions, =2 NLEN=17EN
theng(u + v) = ¢(v + u) = d(u) + ¢(v). The derivation of this expression is found in Appendix A.

D. Game without mandatory players

As stated earlier, the game is characterized gy, V'), with
N the number of players anti the characteristic function. Let us now consider a game with a mandatory player. As
The characteristic function allocates to each coalitiorost,c Stated above, this is the case for instance when an operator
corresponding to a fraction of the fixed energy consumptiofias the obligation, by the state, to offer a given service,
Let S denote a coalition of size, with s = |S|, |.| the notably voice, when deploying a given network infrastruetu
cardinal function. In the sequel, the payoffs of the playerd A mandatory player is such that there can not exist any
values of the coalitions are normalized by the fixed energpalition without him.

E. Game with a mandatory player

consumption of the network, unless otherwise stated. Let us denote byix the mandatory player and a non
. mandatory player. The characteristic function of the gase i
) 1 .
V(S) = Cinkl_sl k1,8 ®) defined as follows:
ijzl Z:kl:l Uky1,S;, V(S) o 221:1 Vky,S 1 (11)
The value of coalitionS is the ratio of its traffic volume - Z]Cfv_l S ks, es
. .. . 2= 1= Rl
versus the traffic volume of all the coalitions of same size as ’
S, whose number i€'%,. vy, s is the traffic volume of the:'" ¢;« andg,, of the mandatory player and a non mandatory
player of coalitionsS. playero, respectively, are obtained by (9).

The intuition behind the characteristic function can bensee The closed-form expression of the Shapley value of the
as follows: the value of a coalition should be a function & thmandatory player is :



H. Case of evolving network infrastructure

N N s—2 . . .
1 (G5 Over long periods of time, typically on the order of years,
Gin(Nopin) = (3 sC%, pis + (3 51 o0 ) =Dis)  the network infrastructure needs to be upgraded in order to
s=1 s=2 TNZ1TEN (12) keep up with traffic load increase, as depicted in Fig. 3.
The derivation of this expression is found in Appendix B-A.

The closed-form expression of the Shapley value of a non
mandatory player is :

N — — _
(C]SV_21 - O]sv_ll)ofvfg Traffic evolution
QZSO(N, pi*vpo) = ( § 51 52 (s )pi,* of the network
N-1YN-15UN

s=2
N s—2
CN—Q
+ ( P 5 )po
; O3 1,503,
N s—2 s—1 s—3
(CN—I - C(N—1)CN—3
+( T )= pic—po) (13)
; Cy —11 Cy —21 sC¥
The derivation of this expression is found in Appendix B-B.

Fixed energy consumption
of the network

F. Game with only mandatory players

Let consider a game where all players are mandatory. The
closed-form Shapley value of a player is given by:

1
d)k(N) = N (14) : |
The derivation of this expression is found in Appendix C.
Thus, in the SpeCiaI case where all the players are mang%-. 3. Evolution of the traffic load and network infrastruc.

tory, the fixed energy consumption is uniformly distributed

among the service categories, whatever the traffic volumewhen there are several upgrade levels to be modeled, the
proportions. The uniform model is a special case of thghare of a service category in the fixed energy consumption of
Shapley-based model. the network is derived from its shares per technology and per
It is worth to note that the closed-form equations argpgrade level. Let denote the set of upgrade levels, ; the
simplification of the Shapley value equation, reducing sigraffic volume of the service categoiyon the sub-network
nificantly the computational complexity of the algorithmytb considering the upgrade level £, (Etf.z) the variable (fixed)

we lose at the same time the generality of the Shapley valgergy consumed by the sub-netwdrlon the upgrade level
equation. Indeed, since the closed-form equations conme frg

the replacement of the characteristic functiomn the Shapley Vit
equation (Egn. (9)) by its analytical expressions we defined Ei=>) Y (27 E}y + iy Ef)) (17)
our work, these equations are therefore specific to the game leL teT 4ekeF, Tkt
we investigate. The traffic variations impact strongly the network upgrade,
) and so one needs to make again a fair sharing of energy and
G. Heterogeneous radio access network model equipment costs, that take into account this aspect. Fer thi
When the network is composed of several access teChnqj)Q'(pose' one can consider the variations of traffic,instead
gies, the sharing of the energy consumption is done per ra@iothe traffic volumesyp, in the model.
technology, then we deduce the overall sharing considexing

2 3
Upgrade epochs

the technologies. Bi=> > (% E} + ¢ E]))  (18)
Let 7 denote the set of radio technologie®; the set i ier 2ker, OVktl 7

of services served by the sub-network associated with radio

technologyt, E? (E]) the variable (fixed) energy consumption IV. IMPLEMENTATION ISSUES

of the sub-network, v; ; the traffic volume of service category Fig. 4 shows the runtime (in second) of two algorithms
i on sub-networkt. The total network energy consumptiorfor the computation of the Shapley values of the service

(variable and fixed) induced by the services categories, one using (9) - denoted by Classical - and the oth
B, = Z( Vit EY + ¢y Ef) (15) using the clqsed—form expression (10) - denoted py Optichize
pymd D kerF, Ukt The algorithm using the closed-form expression (10) has

If 6, is the share of the variable component of the ener(i,runtime almost independent of the number of service cate-
consumption, then : gories in the network (less thansecond for up t&0 service

Vig categories, the maximum number of service categories we
Ei=) (6 27@ + (1= 0:) ¢it) By (16) measure in the considered network), while the algorithmaisi
teT keF, Tkt (9) has a computational complexity growing exponentiafly i



of the players’ share in the fixed energy consumption. Con-
sidering for instance the scenario without a mandatorygslay
and considering 5 service categories, the minimum share of a
service category iB(5) = 12%.

Fig. 6 shows that the lower bound of the share of a service
category depends on the number of categories defined in the
model. Considering again the scenario without a mandatory
player, the minimum share of a player is maximal when
considering 5 service categories2¢c) and minimal with 2
service categorie%).
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Fig. 4. Runtimes of the classical-based and closed-formeb&kapley value
algorithms.

the number of service categories, does not converge and ha
some resource limitation from a certain number of service
categories (depending on the hardware and software envi-
ronment). This comes from that (9) computes the marginal
contribution of each service category in aW! scenarios

of constructing the grand coalition, whilst the closedafor
expressions we derive from (9) are simple linear functiohs o 0
the traffic proportions, which can be written in the follogin
general forms:

o
o
o

>

T
(1YY
Aﬁﬂﬁﬂnnﬁnﬁrrrrnnwnrcnhrrrnnnnn

Impact of traffic proportions on players’ responsabilities

o
=)
S}

10 20 _30 _4b bb
Number of categories of service

Fig. 5. Impact of traffic proportions in the fixed energy shgrin

¢i(N,pi) = A(N)p; + B(N) (19)

for (10),
Gix (N, pix) = C(N)pis + D(N) (20)

for (12) and
Go(N, pix,po) = E(N)pis + F(N)p, + G(N)  (21)

for (13), where A(N),C(N),E(N), F(N) represent the
impact of traffic proportions in the sharing of the fixed eryerg
consumption, andB(N), D(N), G(N), the lower bounds of
the players’ share in the fixed energy consumption.

For example, for N = 5, ¢i(pi)) = AGB)p +
B(5) = 0.417 p; + 0.117. As depicted in Figs. 5 and 6,
A(N),B(N),C(N),D(N),G(N) are asymptotically equiv-
alent to 1/N. E(N),F(N) tend faster to0. That is

(10),(12) and (13) become respectively(N,p;) = HT”

05- =

)
=

=)
w

1N
4 B(N)
= D(N)

G(N)

Lower bound on players’ responsabilities
P

o
>

¢ix(N,ps) = 2= and ¢,(N) = 2 for large number of ' Hay,
services.
It is worth to note thatp,(p;) = A(2)p; + B(2) = p; for 00- 4
N = 2, which means the Shapley-based model is equivalent . i " - - p
to a proportional distribution when considering jisservice Number of categories of service

categories, if none is considered as a mandatory service. _
In addition, besides the simplification of the computatlong'g'
complexity, the closed-form expressions give the lowermabu

6. Lower bounds of the players’ share in the fixed eneysamption.



V. NUMERICAL APPLICATIONS re = (r¥);en is the regret vector of the players when strategy

We now turn to the evaluation of our Shapley-based sharifigS chosen.
model of energy between different service categories. We co 1) Pareto-dominant strategyA strategy k maximizes the
sider Orange France’s network. The period of the study soveéatisfaction of the players if it is Pareto-dominant, tistthe
two years representing a mature 2G/3G network with eafgsociated regret vector, is such that:

LTE deployments and associated traffic increase. We measure . o

all voice and data services that are transmitted in the métwo ri <ri’vVieN,Vk €S (24)
with the following segmentation for the service categorie®

large ones, namely streaming and web browsing, and th

smaller ones: download, voice and other minor services. Fig Ji.strd <ol (25)

7 shows their traffic proportions as taken from the real @dtas

We consider just the traffic and energy consumption of the 3GWe show that no strategy among the three we consider is
sub-network (the network of NodeBs and RNCs). Pareto-dominant. Let assume that such a strategy exidté. Le
andks be two given strategie&. is a Pareto dominant strategy
implies thaty " | «% < SV 2 = 1 < 1. This absurd
result shows the non existence of a Pareto dominant strategy
in this game. We thus turn to the social welfare strategyctvhi
minimizes the mean regret of the players.

2) Social welfare strategy:A strategy & maximizes the
satisfaction of the players if it minimizes their mean regre
with regard to the others strategies. However, all the exgias
offer the same mean regret to the players, as shown next. Let
Rj, denote the cumulative regret of the players, given strategy

k.
N
Ry, Dzt Tf
k. ~
R, = Y. 2 —%
o N k N
Re = 2 ioai—2im 4
' . . . Ry = 1-SN &
Fig. 7. Traffic proportions per service category. k= i=1"7

The variable component of the energy consumption isp, = 1 — Zlel shows the cumulative regret of the
shared proportionally to the traffic loads, as this compoien players is independent of the strategy, then all the stiegeg
load-dependent. This implies that data services indWt8d have the same mean regret, hence the need to look for another
of the UMTS Terrestrial Radio Access Network (UTRAN)order relation onS.

variable energy consumption. These services are dominated) The strategy of the minimum varianceés strategy k

by Over The Top (OTT) actors like Google. maximizes the satisfaction of the players if it minimizes th
_ variance of the associated regret vectqr, with regard to the
A. Performance metric other strategies. By minimizing the variance of the regrets

In order to quantify the comparative performance betweehe strategyk minimizes the difference between the regrets of
the three sharing strategies, i.e., Shapley-based, umiford satisfied and those of unsatisfied players. A player is sadisfi
proportional, we develop next several metrics and show thahen its regret is lower than the mean regret of the players,
the third one will be the one we will use in our performancand is unsatisfied otherwise.
evaluation.

Let S denote the set of strategies of the playe$s.= var(ry) = min((var(ry))wes) (26)
{u,p, s} with u denoting the uniform modely the propor-
tional model, ands the Shapley-based model. Each player has The idea of the "satisfaction function of the minimum
three strategies he can play. Lst denote the set of players,variance” is as follows: Every player has a preferred slgarin
z¥ the fixed energy share of playewhen playing strategy. model, which corresponds to the model that assigns him its
Let Z; denote the minimum share of playgrwith regard to lowest responsibility in the fixed energy consumption. When
its strategies. implementing a sharing model, a player has a regret corre-

& = min((z¥)es) (22) sponding to the difference between its responsibility itlee
|mplemented sharing approach and its lowest respongyibilit
Given that all the players have the same mean regret whatever
the sharing model, their aim is then to minimize the diffeesn
between their regrets, hence the minimization of the vagan
of their regrets. The sharing model that minimizes the vega
=k -z (23) of their regrets, maximizes their satisfaction.

Z = (Z;)ien is the vector of minimum shares of the players
Let 7* denote the regret of playeér playing strategyk. It is
the difference between its share when playing strategyd
its minimum share.

k
T
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. Uniform sharing
. Shapley-based sharing
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15%
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9%

20.63
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Streaming  Web Download Others Data  Voice Uniform sharing Proportional sharing Shapley-based sharing

Fig. 8. Sharing of the fixed energy using three approache&forom Fig. 9. Players’ satisfactions per sharing approaches.
proportional and Shapley.

satisfaction is equivalent to reducing the differencesvben
B. Energy sharing without a mandatory service category the highest and the lowest regrets of the players.

We now turn to the fixed component of the energy consump-BaSEd on our Shapley-based model, data services represent
tion and show in Fig. 8 the sharing achieved by our Shapleja’o of the UTRAN fixed energy consumption, versiis)
based proposal along with two other approaches: unifor®f voice service. We deduce that data services rep_resent
sharing between the different service categories, indégratty  0-910s¢ + 0.85(1 — f3¢) of the total energy consumption
of their traffic loads as on the short term the fixed enerjg‘zed and variable) of the 3G RAN. Typicall§;; = 0.2
consumption is independent of the network traffic load. An@ecause the access is under-loaded (say 25%), finally
a proportional sharing which follows the traffic proportioof data services represeft’% of the total RAN energy con-
the service categories, given that traffic increase overgeta Sumption. We consider the power consumption model of the
time scale causes network upgrades that in turn augment B@se station in Fig. 1, i.eR(p) = 0.62(1+ p). For p = 25%,
fixed energy consumption. Osc = 0'7357% =0.2.

It is worth to notice in the figure that the uniform approach
favors "big services” (in terms of load) while "small onegea C. Energy sharing with a mandatory service category: voice
favored by the proportional sharing. Our Shapley-basedanod We now turn to the case where the voice service is manda-
achieves actually a trade-off among all the players, takingry due to legal constraints. In this scenario, voice is not
into consideration the double behavior of the fixed energy asnsidered in the selection of the best sharing approade sin
it varies or not with the traffic load according to the timét is a mandatory player, then must play whatever the sharing
scale, unlike the uniform sharing that accounts only for theodel.
short term, and the proportional approach for the longenter Based on Fig. 10, the best sharing model can not be the
Indeed "big players”, namely streaming and web serviceg hgproportional approach as the regret of big services is vigty.h
a lower impact in the network fixed energy consumption thadniform sharing is also eliminated because it induced highe
they would have had with a proportional approach, as webgrets for all the players with regard to the Shapley-based
as "small players”, namely voice, download and other minenodel. The Shapley-based sharing appears as the stratggy th
services with regard to a uniform sharing. minimizes the difference between the players regrets, launsl t

This is a good trade-off for streaming and web services asaximizing their satisfaction, as depicted in Fig. 11.
it does not penalize them a lot and acknowledges the fact thatt is worth to notice that the Shapley-based model takes
they are major drivers for network activity, and is also adjodanto account the mandatory nature of the voice service by aug
trade-off for services with small loads as it does not makaenting significantly its share in the fixed energy consuampti
them too much responsible of the fixed energy consumpti¢inom 15% to 29%). This results in a significant reduction of
and encourages their transport as well as introduction of yhe impact of data services on the total energy consumption
new, small ones. of the network. Data services represent ngif of the total

The trade-off offers by our Shapley-based model to all thenergy consumption, that corresponds to a decreas9%f
players results in the maximization of their satisfactian f compared to the scenario where voice is not a mandatory
this sharing model, as illustrated in Fig. 9. Maximizing th@layer.



D. Case of evolving network infrastructure

We now study the case where the network infrastructure
is upgraded due to a traffic increase. Fig. 12 shows real
measurements for the traffic volumes of the same service
categories over two periods of time corresponding to two
network upgrade levels, termed levdlsand 2 in the figure.
We consider only th&G traffic and2 upgrade levels.

. Uniform sharing

. Shapley-based sharing
. Proportional sharing
=)

'
Streaming Download Others Data  Voice

29%

19%
20%
20%

17%

9%

13%
13%

Players’ responsabilities
5%

9%
%
2%

. Level 1
. Level 2

Traffic proportions

13%
13%
13%
12%

Fig. 10. Sharing of the fixed energy - voice a mandatory player.

4%

47.45
l | ! ! i
Streaming Web Download Others Data Voice

Fig. 12. Traffic per service category - case of evolving nekwnfrastructure.

The sharing of the variable component of the energy
29.71 consumption follows here too the traffic proportions, and so
the corresponding figure is omitted. For the fixed component
however, Fig. 13 shows the new sharing based on (10), at each
level, considering both the traffic volumes and the variatio
of traffic, at level2.

Considering the traffic volumes puts the weight on big
services, while considering the traffic variations puts the
weight on service categories whose traffic increases mgpidl

s taking into account the impact of traffic increase on the
Unitorm sharing Proporionalsharing  Shapley-based sharing necessity of upgrading the network infrastructure (addfig
new equipment in the network), that is itself responsiblamf
Fig. 11. Players’ satisfactions per sharing approachesceva mandatory increase in the e”ergy _consumpt_ion, both fixed .and Variabl_e'
player. Note that the traffic increase is correlated with the traffic
volumes in the studied network. This results in a similar
sharing (in terms of weights) of the fixed energy consumption

It is a good outcome that the responsibility of the mandatoAfMoNg the services when considering either traffic volunnes o
player, voice service in this work, in the network’s fixed ent'affic variations.
ergy consumption significantly increases because the topera
would be mandated by the government to implement and offer VI. CONCLUSION
it on a national basis. And so, to offer this service, the afmer  We investigated in this work the sharing of the energy
would need to deploy a network and dimension it in such@nsumed by a wireless access network among the provided
way so as to reach all the citizens of the given country. Ia thservice categories. We focused on the two energy companents
case, the network can be seen as initially deployed to tmahspsmall, load-dependent variable one and significantly large
primarily this service, and so it is natural that it would sha fixed one (since the RAN is most of the time under-loaded
a large part of the responsibility of the energy consumptiamith traffic load p < 50%), load-independent over the short
(yet not all of it since it is sharing the infrastructure withiterm but load-dependent over longer period of time (typycal
subsequent services). years). The former is to be shared among the different servic

Players’ satisfactions
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having the same size & whose number i€’%;, and size is
s. vg,s is the traffic volume of thé&!" element of the coalition
S.

The marginal contribution of playeris the gain or loss of the
coalition S due to the entry of player in the coalition. It is

determined as follows:

26%
0%
28%
24%
25%
25%

%]
Q
= S
= o o v
5 sEEE 8 D Y
3 BEEE S V(S) =VS\{i}) = =7
5 E et Dot Dok =1 Vk1,S;,
% 2 . Level 2 (increasing traffic) 1
<l 8 3 .Levela(absolutetrafﬁc) ZZ_ 1 vk)g S\{i}
» — 2= 5
5] - s—1
S cy s—1
g Zj4:1 Zk2:1 Uk2,S;,
Then,
CISVle 0;7—11 s
Z' = —1Vk1,S: 4
E ) Jj1=1 Z/ﬂ—l 1>94q,{i}
V(Sjl) - V(Sjl \{Z}) - C3, S
Steaming  Web  Download Others Data  Voice Ji=1 Ejg:l Zklzl /Uk?hSJQ
Czsv:ll s—1
_ 231:1 Zk}Q:l 'UkQ,Sh\{i}
Fig. 13. Sharing of the fixed energy - case of evolving netwofiastructure. O —s—1
D Ujas Doka=1 Vk2.Sy,

categories according to their load proportions. As of thedix Cn-1 Is the number of coaliions of size containing

s s—1

component, it can be shared in a variety of ways: the simplgdayers, Zj(f;l;l > h—1 kiS5, andziil Zz;l Vk,,s;, are
one being an equal share between the players - this is unfaigpectively the traffic volumes of the coalitions of sizand
towards players with small traffic loads. Another one is a— 1. They are constant for a given coalition sizenence we
sharing proportional to the traffic loads - this puts too mudtan gg'gl'them out of the sum over coalitions of same size.
weight on the players with large volumes of traffic, which are fo;l 1 UkyS,, (i, IS the sum of the traffic volumes
a major driving force for the network to be operating. of the coalitions of sizes containing playen. vy, s ., is the

We proposed in this paper a third approach, based on ic volume of thek™ element of thej*" coalition of size
Shapley value, which put less weight on small players thancontaining player. Playeri of course is present in all the
equal sharing, and less weight on big players than proptio C3;!, coalitions, while each other player is presenify %,
sharing. This is appreciable as it encourages transport afihjitions. In fact there ar€’32 coalitions of sizes with
|ntroduct|0|_1 of small services, and acknowledg_e§ the réle gyin playeri and a given playet.
larger services as major drivers for network activity. o5l s . '

We considered two settings: one with constant networ52j1:1 > k=1 Vks,5;,\ (s} IS the sum of the traffic volumes
infrastructure and one with evolving network infrastruety ©' the coalitions of size —1 tQOt containing p'i}L’e"- Uk, 5;\{i}
over longer periods of time. Moreover, we considered the cd§ the traffic volume of thé:™ element of the/™ coalition of
of mandatory services wherein some service categories Sf& [%i| not containing playet. |.| is the cardinal function.

AN . . s—2 ..
legally obliged to be provided, such as voice service in ve >IMilarly, a given playek: appears irC'y , coalitions among
deployed operator networks.

the C3!, coalitions of sizes — 1, derived from theC3 !,
Our next work will focus on the end-to-end path, fronfoalitions of 3|zefs containings.
the content location in a datacenter for instance to the end! €N we have:

user, and on the quantification as well as the sharing of the - O35y, 1 052 ZN
. . . . N-1 N—-1Yi N—2 ks=1 Uks
total energy consumption, again, among the different servi Z V(S;,) — V(S; \{i}) = ki
categories in the overall network. _ ) ) N Cs LN
Jji=1 N—12uky=1 Yka
-2 N
APPENDIXA CN 9 D ky=1Vky
k}375’L

CLOSED-FORM SHAPLEY VALUE OF A PLAYER IN A GAME
WITHOUT MANDATORY PLAYERS

The characteristic function of the game without a mandatory

T 52 N
Oy Zk4:1 Uk,

- S— S— N
player is as follows: 1 & CN_hvi + CR 5 Z’;f;l, ks
s #i(v) = —'Z(N— s)!(s —1)! —
V(S) = csZklzgl e T s=1 CN 1 2ky=1 Vhs
ijil Zklzl Uk1,S5, 1 N C}g\/__Qz Zli\gzl Vks
The value of a coalitiort' is the ratio of the traffic volume - Z (N —s)l(s - 1)'—3#

ts—2 N
of that coalition and the traffic volume of all the coalitions T s=1 CN Zk4:1 Uks



N! N!
s — V(s — 1) =
Cx s!(N—s)':>(N s)i(s—1) SC
Hence
N
1 1
¢i(v) E(; sCfV)Ui
N s—2 s—1 s—2
C - C C
i(z( N—-1 N—l) N_2)('Utfvi)

s—1 s—2 s
vr i Oy 03580y

Let p; denote the traffic proportion of playér
Vi

uT

(CXA = Ch )OS
OV ON2sC%

) —pi)

s=2

APPENDIXB
GAME WITH A MANDATORY PLAYER

A. Closed-form Shapley value of the mandatory player

Let ix denote the mandatory player. The value of a coalition

with the mandatory player is :

V(S) = CSZ’“Fl s

ijlil 221:1 Uk1,8;,
The payoff of the mandatory player is :

1i*€S

s—1
C4N 1

—S 8—1 ZV ]1{1*})

J1=1

QSZ*

N.Z

In fact V(S\{ix}) =0V S

CS:l CS 1
— ZJI 1 Zlﬁ 1 Y185, (4
> V(S = e
=1 Zj2=1 Zklzl Uk1,Sj,
ot = L, N
-~ g Oy i+ O D ka1, kti Uk
> VS = ——
=1 Oy Zk4=1 Vky
s _ i Czsv vis + OF Zk'g 1,kzix Vks
s=1 Oy 11 Z}M 1 Vky
Hence,
N N s—2
1 1 1 Oy
v) = —— U + — ——— ) (v — v;
¢z*( ) vr (; SCJSV) i vr (; CJS\F_llSC}gV)( T 2*)
N N s 2
N
¢z*(N7 pz*) — (Z pz* Z 1 pz*)
s:l 2
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B. Closed-form Shapley value of a non mandatory player

Let o denote a non-mandatory player. The value of a
coalition with a non mandatory player and the mandatory
player is:

cs-2

1 N N-2
Po(v) = 75 DN =s)s=1)! > V(S fix0})
s=1 jz=1
1 N 015\722
Z — S S — 1 Z V FEREER o}\{o})
T s=1 Jjz=1

C37% is the number of coalitions of size containing both
playersix ando.

ZZ —1 Vky,S
(8) = V(S\{o}) = ——
Zn 1 Zkl =1 Yk, S]2
B Zkz 1 Vka,S\{o}
ZM 1 Zkz 1 Vk2,5;,
cg
> V(Sjaginot) = V(Siaygimor\o}) =
jz=1
C;[i_zz S
Zj3:1 Zk1=1 Vk1,Sj4 {ix,0}
ol
Zj;Ll 221:1 Vk1,S5,
0}5\7_22 s—1
B ng 1 k2 1 Vk2,S5, (ix,0y \{0}
Eh 1 Zkg 1 Vk2,5;,
O
Y VSistined) = V(Sjsginay \{0}) =
jz3=1
O350 x +O5 %0 + O3 % SNt ks
ks#i*,0
—1 N
CN_1 2 k=1 Vka
C5 5 +053 S N1 0y
O#'L*7J

s—2
N Zm:l Uk,

In the case of a mandatory player, any non mandatory player
can not form a coalition of less thahmembers.

Bo(v) =
1 & CJSV QUi * "'CJSV 2o + CzsiriBg Zikal Vks
— N —s)l(s—1)! Sk
| Z( s—1 N
s=2 Cn_h Zk4=1 Vky
s—2 s—3 N
1 XN: Oy v x +CO3 7 Zkk;?l Vks
—— ) (N —-9)(s—1)! Salak
| s—2 N
N s=2 Oy Ek4:1 Uky
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1 XL 08

—— v
s—1 s ) o
N_15CY

v
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N OO
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Yo — v x —,)
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(CN—I B CN—I)CN—Q
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APPENDIXC

CLOSED-FORM SHAPLEY VALUE OF A PLAYER IN A GAME

WITH ONLY MANDATORY PLAYERS

(1]
(2]

K]

(4]

(5]

(6]

(7]

(8]

B

(20]

Let us consider a game where all players are considered
as mandatory. In this game, only the grand coalition can be
formed, whose value i% (), the fixed energy consumption*%
to share between services. According to (9), the payoff of a

playerk is:
1

¢k:m(

N — N)I(N = 1)!

(12]

s is always equal taV and the marginal contribution of any[13]

player in the grand coalition is the value of the grand cimalit
as all players are mandatory.(N) — V(N\{k}) = 1, since

V(N\{k}) = 0, Vk.

(14]

As a reminder, payoffs and values are normalized by the

fixed energy consumption, i.€¥[(N).
Hence,
1

¢k(N):N

[15]

(16]

We showed that the uniform sharing is a special case of thél

Shapley-based sharing, when all the players of the game are
(18]

mandatory. This ends the proof.
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