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Abstract—We investigate in this paper the sharing of energy categories representing players of different sizes, lage
consumption among service categories in the access of a wirelesgmall, in terms of traffic loads. We decompose the energy
network. We focus on the fixed part of the energy consumption ,qqe| into variable versus fixed components and share the

of the network, which is known to be significantly larger than the f . that i i | to the traffic load of
load-dependent variable part, and propose its sharing among the ormer in a manner that IS proportional 1o the framc load o

service categories based on coalition game concept, the Shapleyg@ch service category. As of the latter, we propose an agiproa
value. We consider five service categories, two large players: based on coalition game concept, the Shapley value [2].
streaming and web browsing, and three smaller ones: download,  Qur results show that the Shapley value allows to strike a
voice and other minor services, and compare our proposal with 4,4 hajance between the different service categoriediain t
two other sharing methods: uniform and proportional which : .
follows the same traffic proportions. Our results, applied on a it Off?fs small players reduced cost, "_"S compared to a umifor
real dataset extracted from an operational network in Europe, Sharing, and encourages hence their transport as well as the
show that our proposal is more fair both towards small services introduction of novel, small ones. It also offers big player

in that it reduces their shares in comparison to the uniform reduced cost as well, as compared to a sharing proportional
approach, and towards larger services as it reduces their shares to the traffic proportion of each service category. In doing

in comparison with the proportional one. Indeed, our Shapley- . . . .
based model accommodates both short term network behavior, SO it acknowledges their role as major drivers for network

in which the fixed energy component is independent of the traffic activity and increased deployment. This fairness comes fro
load, and longer term behavior, in which it varies with the load that, unlike the uniform sharing (which takes into accoumyo

and infrastructure. Uniform sharing accounts only for the short  the short term) and the proportional sharing (which takés in
term, and the proportional one only for the longer term. account only the long term), our Shapley-based model accom-

Index Terms—Service-oriented, Energy consumption, Wireless . . .
NEtWOrKS. modates the double behavior of the fixed energy consumption

which is independent of the network load over short periods
of time, and varies with the load and infrastructure ovegkm
periods of time, on the order of years.

Internet traffic is growing exponentially over the years, The remainder of this paper is organized as follows. In
mainly due to the democratization of Smartphones and &blgection 11, we review some literature related to the assessm
and the increase of content. According to [1], overall IFfita of energy consumption per service category. In sectiori,
will grow at a compound annual growth rate (CAGR)2¥ describe our Shapley-based models for sharing the fixed com-
percent from2014 to 2019. In order to face this situation, ponent of the energy consumption among service categories.
Internet providers upgrade their networks so as to keep We discuss some implementation issues of the Shapley-based
or improve the users’ perceived Quality of Experience (QoEhodel and how we tackle these issues in section IV. In section
This leads to an increase in power consumption, resulting\f we run numerical applications, comparing our Shapley-
turn in two main challenges: economical, as operators margiased proposal to uniform as well as proportional sharing of
is decreasing and ecological, in a context aiming at reducianergy, on a real dataset taken from an operational European
greenhouse gas emissions. That is why optimizing the powsstwork transporting three main service categories: istireg,
consumption of network equipments is such an active areabbwsing and download, in addition to voice and other minor
research. services. Eventually, section VI concludes the paper.

If modeling the energy consumption of network elements is
important for ecological and economical reasons, assegsme
of energy consumption of services is not less important. In Authors in [3] investigated the information and communica-
fact, knowing the energy consumed by services should helption technology (ICT) services’ energy consumption and CO2
eco-design of applications and cost sharing model design. emission at life-cycle of the equipment, including negatwd

We focus in this work on the fixed part of energy conpositive impacts: positive impact refers to potential gailue
sumption in the access of mobile networks and its sharitg dematerialization, such as physical transport substitu
among different service categories. We consider sevenakse Negative impact refers to CO2 emissions notably. The model

I. INTRODUCTION

Il. RELATED WORK



for assessing the end-to-end energy consumption of a servic 1,40
is based on the concept 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 variable
energy consumptions. 0,62

In [4], an energy model was developed to estimate the 0,40 \
energy consumption of cloud applications; This model was 020 R
applied to the case of sharing photos on Facebook. The o 1o a0 a0 ao sost com 00 some o0 1005
approach consists in determining the energy consumed pei Traffic load
bit on a device, then multiplied by the traffic volume of
the service. Only the load-dependent power consumption was Fig. 1. Power consumption of a 4G base station.
considered in the model, the fixed power component is ignored
since it is independent of services.

Authors in [5] propose a statistical model to assess the
overall energy output required for a digital service, from a N\ e\
Datacenter to the end user, using Monte Carlo analysis. No /o Nework ' "
information was given about the nature of the considered
energy consumption, fixed, variable or both. B ! |

To date, the investigations in the literature related to etod =, ? ~§ii - =
ing the energy consumption of services are based on inpaits th interiacSs g , 1 -
are very difficult or even impossible to measure. In [3] and [4 |\ em el I S
cited above, authors base their models on the energy comlsume \ ‘ . =)
per transmitted bit of the service by the equipments impbied R~ Lt
the path of the service flow. This approach has several limits
Firstly, it allows modeling much more the energy consumed
by an application rather than the energy consumed by a gervic
category. Secondly, it is quite impossible to measure tleeggn
consumed per bit of service as most of the time, network
equipments serve several services simultaneously. Inrorde
to overcome this complexity, the authors mostly refer to the
power consumption models of the constructors which do not ) _
reflect the reality of the field. We propose to base our modg| COMPosed of the Base Transceiver Station (BTS) and the

on realistic inputs, i.e., the traffic volumes or proporticof 5ase Station Controller (BSC). .
the service categories. The UMTS Terrestrial Radio Access Network (UTRAN) is

Depending on which network segment is considered, one@mPosed of the NodeB and the Radio Network Controller
these component is preponderant over the other. For exam@eNC): The RNC, as with GSM, is in charge of the manage-
the energy consumption in the core of the network is large ent of the radio resource and implements Wideband Code

load-dependent because routers energy consumption vaHdsion Multiple Access (W-CDMA) as resource allocation
significantly with utilization, while it is largely indepelent 2/gorithm. _
of the load in the RAN because the access is typically under-The eNodeB hosts both the base station and the controller

loaded (typicallyp < 50% so as not to exceed some operatingmCtionS in a single equipment, for LTE networks. Orthoglon
load threshold). Fig. 1 shows the power consumption of &H€dUency Division Multiplex (OFDM) is the modulation tech

operating 4G base station versus its traffic load.18% of nology and OFDM Access (OFDMA) the resource allocation

load, the fixed power consumption represenit¥ of the base &/gorithm. . _
station total power consumption. Alongside with the network elements on a site, there are

the equipments of the Technical Environment (TE) composed
I11. M ODELING OF THE ENERGY CONSUMPTION SHARING of the COOIing system, the rectifiers and the baCkUp battery.
Traffic and energy measurements are regularly made on the
network for management and investigation purposes. These
A wireless network is composed mainly of three segment®easures will feed our models for the numerical application
the access, the transport and the core as depicted in [6], [g] )
running possibly several technologies, for instance 2@AGS B- Energy consumption model
3G/UMTS and 4G/LTE, for the access, as shown in Fig. 2. Let us first consider a radio access network with only one
The RAN (Radio Access Network) is the segment of theadio technology (homogeneous network) transporting afset
mobile network interfacing the end-users and the mobile cal/ service categories, consuming enefgyo be shared among
network. The GSM EDGE Radio Access Network (GERAN}he service categories. As stated earlier, the energy ocoesu
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Fig. 2. The system.

A. Description of the system



by the access equipments is composed of a variable an@®.aGame without mandatory players
fixed components, denoted B* and E7, respectively. Then

we have As stated earlier, the game is characterized @y, V'), with

E_p .l 1 N the number of players antl the characteristic function.
- + @) The characteristic function allocates to each coalitiorost,c

Denoting byE; the energy consumption induced by servicgorresponding to a fraction of the fixed energy consumption

categoryi, with variable and fixed componenfs! and Elf . of the network.
respectively, Let S denote a coalition of size, with s = |S|, |.| the

E, =E'+E/ ) cardinal function. In the sequel, the payoffs of the playard
_ _l ' _ values of the coalitions are normalized by the fixed energy
We first focus on the variable energy consumption due #®nsumption of the network, unless otherwise stated.
service category. Let us denote by; the traffic volume of
servicei. > 1 Vky,S
EY = x E° 3 V(S) = Ze5 <
i Pi (3 nglil 221:1 Vk1,S;,

The value of the coalitiot$ is the ratio of its traffic volume

(8)

wherep; is the share of service categaoiryn E*, given by:

0; = Nvi’ (4) and the traffic volume of all the coalitions having the sarze si
> k=1 "0k as S, whose number i€'%;. vy s is the traffic volume of the
As of the fixed energy consumption component, it is givek” element of the coalitiors.
by: Now that the characteristic function of the game is defined,
Bl = ¢; x Bf (5) We use the Shapley value concept to compute the payoffs of
’ ’ the players. According to Shapley, the payoffof the player
where ¢; is the share of servicgin E7. iis:

Unlike the share of a service category in the variable energy
consumption, that corresponds, as shown above, to itsctraffi 1 X ‘
proportion, we propose to determing using the Shapley — ¢i(V.5) = WZ(N*S)!(S* !> 6 S)  (9)
value. T s=1 Ji=1

We begin by giving some introductory material on thgv SV S) = VI(S. 1) —V(S: a\{i)is th inal
Shapley value concept, based on [2], [8]. This mathemati eres({i}, 5) (51, 4i) =V (S5, 153 \{7}) IS the margina

100l h ber of licat in tol icat 9 ntribution of the playei, in coalition S. It represents the
ool has a number of applications in telecommunicatioris; [ cost gained or lost by the coalitiofi with the entry of the

[11]. playeri.

C. Shapley value: definition The computational complexity of (9) grows exponentially
in the number of service categories, which may represent an
\Shstacle for being implemented. We hence propose a closed-
YdFm expression for the Shapley value computation, derived
from (9).

Let p; denote the traffic proportion of the playerp;, = .

s—1
C4N—1

The Shapley value is used in the theory of cooperati
games to determine a solution for sharing the common reve
of a coalition. Let us consider a gam@N,V) with N
denoting the number of players anid the characteristic
function, associating to each coalition of the game a value. . vt
A coalition is a set of players that cooperate so as to improviaThe ‘c_I0§ed-form expression of the Shapley value of the
their revenue. The grand coalition is the coalition inchgi players s .

all the players of the game. There a8 possible scenarios N
of constructing the grand coalition. és(N, pi) = (Z 1 )i
Let S denote the largest coalition not containing yet the ’ pry sC%
player: in the construction of the grand coalition, with regard N (372 sy
to scenariar. We define the incremental cost vector associated + (O ) (- (10)
to the scenaria by: =  CONLONAsCy

e = (T ({1}), - T ({i}), -+, el ({N})) (6)  The derivation of this expression is found in Appendix A.

wherec?,.({i}) = V(S7 U {i}) — V(S7), i.e., the marginal
contribution of the player i i/ (S U {i}).

The Shapley valuergpqpie, is the arithmetic mean of Let us now consider a game with a mandatory player. As
the incremental cost vectors associated to the scenariosstsited above, this is the case for instance when an opegor h

E. Game with a mandatory player

constructing the grand coalition, i.e., the obligation, by the state, to offer a given service, nigtab
1 voice, when deploying a network infrastructure. A mandator
T Shapley = il Zc;’nc (7) player is such that there can not exist any coalition without
T o him.
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Fig. 3. Runtimes of the classical-based and closed-formeb&kapley value Fig. 4. Traffic proportions per service category.

algorithms.

) number of service categories, it does not converge and has
Let us denote byix the mandgtqry p'a¥er and a non some resource limitation from a number of service categorie
ma_ndatory player. The characteristic function of the game ('depending on the hardware and software environment). This
defined as follows: comes from that (9) computes the marginal contribution of

S) — Zzlzl Vky,8 each service category in aN'! scenarios of constructing the
V(S) = Z]C;i ks, grand coalition, whilst the closed-form expressions wevder

from (9) are simple linear functions of the traffic proponto
i ando, of the mandatory playes and a non mandatory

1i*€S (11)

player o, respectively, are obtained by (9). V. NUMERICAL APPLICATIONS
The closed-form expression of the Shapley value of theWe now turn to the evaluation of our Shapley-based sharing
mandatory player is : model of energy between different service categories. We
consider a realistic commercial network of a European agunt

Ny N os—2 The period of the study covers two years representing a matur
Gix (N, pix) = (Z F)pi* + (Z Csflvi’zcs)(l — Dix) 2G/3G network with early LTE deployments and associated
=1 PVN s=2 UN-15VN traffic increase. We measure all voice and data services that
. ) . , (1,2) are transmitted in the network with the following segmebtat
The derivation of this expression is found in Appendix Bq; the service categories: two large ones, namely stregmin
The closed-form expression of the Shapley value of a NG \yeh browsing, and three smaller ones: download, voice
mandatory player is : and other minor services. Fig. 4 shows their traffic proposi

N s—9 sl \ r5—2 as taken from the real dataset. We consider just the traffic an
(CNfl B CN71)CN72

o(N, Din, Do) = L il i energy consumption of the 3G sub-network (the network of
PolV:pis: Po) (; Ci O3 2sCy ) NodeBs and RNCs).
N ose2 The variable component of the energy consumption is
+ 0O o shared proportionally to the traffic load, as this comporient
= OnoasCy load-dependent. This implies that data services indWesd
N oo - ohHoes, of the UMTS Terrestrial Radio Access Network (UTRAN)

+ (Z 5L 52 o )1 = pix —po) (13)  variable energy consumption. These services are dominated
5=3 N-1¥N-152N by Over The Top (OTT) actors like Google.
The derivation of this expression is found in Appendix C. .
A. Performance metric
In order to compare the three sharing strategies, i.e.,
Fig. 3 shows the runtime (in minutes) of two algorithms foShapley-based, uniform and proportional, we introduceta sa
the computation of the Shapley values of service categoriégfaction measure based on the concept of regret.
one using (9) - denoted by Classical - and the other using theLet S denote the set of strategies of the playefs.=
closed-form expression (10) - denoted by Optimized. {u,p, s} with u denoting the uniform modely the propor-
The algorithm using the closed-form expression (10) hadtianal model, ands the Shapley-based model. Each player has
runtime independent of the number of service categoridsen three strategies he can play. L&t denote the set of players,
network (less tharl second for up td0 service categories, =¥ the fixed energy share of playewhen playing strategy.
the maximum number of service categories one measutest ; denote the minimum share of playgrwith regard to
in the considered network), while the algorithm using (9)s strategies.
has a computational complexity growing exponentially ia th & = min((z¥)es) (14)

IV. I MPLEMENTATION ISSUES
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Fig. 5. Sharing of the fixed energy using three approachegprom
proportional and Shapley. ) )
as "small players”, namely voice, download and other minor

services with regard to a uniform sharing.

7 = (#;)icn is the vector of minimum shares of the players, This is a good trade-off for streaming and web services as
Let 7* denote the regret of playérwhen playing strategy it does not penalize them a lot and acknowledges the fact that

It is the difference between its share when playing straﬂ«egytheg ar?f Tajor dr!vers fqrhnetwolzkl acgwty, a_nd dIS also a@oi
and its minimum share. trade-off for services with small loads as it does not make

them too much responsible of the fixed energy consumption
k= kg, (15) and encourages their transport as well as introduction bf ye

ri = (rF)sen is the regret vector of players when strateg new, small ones.

Tk = AT JieN gret ve playe : Y " The trade-off offers by our Shapley-based model to all the
is chosen. A strategy maximizes the satisfaction of players layers results in the maximization of their satisfactiam f

if it minimizes the variance of the regret vectqr with regard piay . . N .

! . AR 9 : g this sharing strategy, as illustrated in Fig. 6. Maximizihg

to other strategies. By minimizing the variance of regrtts, tisfaction is equivalent to reducing the difference |
strategy £ minimizes the difference between the regrets (%Sﬁ

satisfied and those of unsatisfied players. A player is sadisfi e highest and the lowest regrets of the players, since the
layers have the same mean regret whatever the strategy.

\év:g?slfn;ea%gelz gpvsrrv\fgin the mean regret of the pIayePS’Based on our Shapley-based model, data services represent
' 85% of the UTRAN fixed energy consumption, versis%
var(ry) = min((var(ri))res) (16) for voice service. We deduce that data services represent
916 .85(1 — 0 of the total energy consumption
B. Energy sharing without a mandatory service category ?fiied?)i\r::j Ovza;ble) g?)the 3G RAN. Typiggllﬁgg _ 0?2
We now turn to the fixed component of the energy consumpecause the access is under-loaded (say 25%), finally
tion and show in Fig. 5 the sharing achieved by our Shapleyata services represeft% of the total RAN energy con-
based proposal along with two other strategies: uniforni-shgumption. We consider the power consumption model of the
ing between the different service categories, indepehdenpase station in Fig. 1, i.eR(p) = 0.62(1+ p). For p = 25%,
of their traffic loads as on the short term the fixed energy, . — % = 0.2.
consumption is independent of the network traffic load. And ' ) ) ) )
a proportional sharing which follows the traffic proportioof C. Energy sharing with a mandatory service category: voice
the service categories, given that traffic increase overgeta We now turn to the case where the voice service is manda-
time scale causes network upgrades that in turn augment thiy due to legal constraints. In this scenario, voice is not
fixed energy consumption. considered in the selection of the best sharing strategyesin
It is worth to notice in the figure that the uniform approacht is a mandatory player, then must play whatever the sharing
favors "big services” (in terms of load) while "small oneg®ea approach.
favored by the proportional sharing. Our Shapley-basedeinod Based on Fig. 7, the best sharing model can not be the
achieves actually a trade-off among all the players, takimgoportional approach as the regret of big services is vigly.h
into consideration the double behavior of the fixed energy &miform sharing is also eliminated because it induced highe
it varies or not with the traffic load according to the timeegrets for all the players with regard to the Shapley-based
scale, unlike the uniform sharing that accounts only for theodel. The Shapley-based sharing appears as the straggy th
short term, and the proportional approach for the longenterminimizes the difference between the players regrets, lansl t
Indeed "big players”, namely streaming and web serviceg hanaximizing their satisfaction, as depicted in Fig. 8.
a lower impact in the network fixed energy consumption than It is worth to notice that the Shapley-based model takes
they would have had with a proportional approach, as wefto account the mandatory nature of the voice service by aug

r



proposed a sharing model based on coalition game concept,
Uniform  * Proportional  @shapley the Shapley value, which allows dealing with the double
behavior of that energy component as it varies or not with
29% the network load according to the time scale. Our proposal
||= favors small players, in terms of traffic load, when compared
to uniform sharing (which takes into account only the short
term) and favors larger players as compared to proportional
sharing (which takes into account only the long term). This
is appreciable as it gives incentives to the introductiod an
transport of small services, and acknowledges the rolergéta
service categories as major drivers for network activity.
— p— : Our next work will focus on the end-to-end path, from
S S ’ the content location in a datacenter for instance to the end
user, and on the quantification as well as the sharing of the
Fig. 7. Sharing of the fixed energy - voice a mandatory player.  total energy consumption, again, among the different servi
categories in the overall network.
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20% 20% 20%
17%

2% 19
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4745 APPENDIXA. GAME WITHOUT MANDATORY PLAYERS

/ The characteristic function of the game without a mandatory
/ player is as follows:
29,71 / s
1V
Services \ / V(S) — CSZkl_l k1,8

satisfactions \ / Zj;il 221:1 Uk1,85,

\\// The value of a coalitiort' is the ratio of the traffic volume

1 of that coalition and the traffic volume of all the coalitions

having the same size & whose number i€’%;, and size is

- ‘ | s. vg,s is the traffic volume of thé&" element of the coalition
Uniform Proportional Shapley S

. e . . The marginal contribution of the playeiis the gain or loss of
Fig. 8. Players’ satisfactions per sharing approaches eevai mandatory = . L.
player. the coalitionS due to the entry of the playérin the coalition.

It is determined as follows:

. D k=1 Vky,S
menting significantly its share in the fixed energy consuampti V() = V(S\{i}) =

: the fixed e . SN S s,
(from 15% to 29%). This results in a significant reduction of et =l
the impact of data services on the total energy consumption D ka1 Vka, S\ {1}
of the network. Data services represent ngif# of the total Z_Cf(l Zs—l v
energy consumption, that corresponds to a decreas®%f da=1 Lcky=1 k2,554
compared to the scenario where voice is not a mandatory

s—1 s—1

player. N ) DFGELD DR

The mandatory nature of the voice service can be interpreted Z V(S;,) = V(S5 \{i}) = “g% k;_l a8
as if the network infrastructure was primarily deployed to s.=1 21 2oky=1 Vk1,S5,
deliver voice service in application of a legal obligatidiat Zéi,iﬂ Zs—l v A
is reflected in the Shapley-based model, which is impossible J1=1 Ziko=1 "k2,8, \{i}

i . . Cs—l o
with the uniform and proportional models. PO Z/@:ll Vky .55,

V1. CONCLUSION Cji,jll is the number of coalitions of size containing the

s s—1
We investigated in this work the sharing of the energ)'@Yeri ch;il D k=1 Uk, a”dzyiil 2,29:11 Uky,s;, are
consumed by a wireless access network among the provid&gPectively the traffic volumes of the coalitions of sizand
service categories. We focused on the two energy companerits 1+ They are constant for a given coalition sizehence we
small, load-dependent variable one, and significantlyeilargt@" get them out of the sum over coalitions of same size.
fixed one (since the RAN is most of the time under-loaded, > _; ;' Zzlzl Vki,S,, (IS the sum of the traffic volumes

— 2i1.{1 L. ) .
with traffic load p < 50%), load-independent over the shorbf the coalitions of sizes containing the playet. vs, ,, is
term but load-dependent over longer period of time (typycalthe traffic volume of thek*" element of thej!* coalition of
years). The former is to be shared among the service cagsgosize s containing the playei. The player of course is present

according to their traffic proportions. As of the latter, wén all the C]S\,jll coalitions, while each other player is present



in C3 %, coalitions. In fact there ar€'y, % coalitions of size
s with both playeri and a given playek.

s—1
Cy_1 s—1

D i’ Doky—1 Vksy,s;,\ (i} IS the sum of the traffic volumes
of the coalitions of sizes — 1 not containing the playet.
vk,s;\{i} IS the traffic volume of the:!" element of thejt"
coalition of size|S;| not containing the playet. |.| is the
cardinal function. Similarly, a given playérappears ier\,_z2
coalitions among thes, !, coalitions of sizes — 1, derived

Cs—l

(s —1)! Z V(S Jl{z*}

J1=1

Pis (v

1 N
,FZ —9)

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

s—1 Cs—l CS 1
from the C'},_; coalitions of sizes containings. N V(s Zh D h—1 kS,
Then we have: Z i {i})
Jj1=1 Zj2:1 Zk1:1 Vk1,Sj,
0571 Cf\,illvi + C‘]S\;,QQ Z’]ZVB;]. Uk,
Y VI(S) = VIS, \{i}) = 2
j1=1 Cy-a Zk4 1 Vka On_a Cjev—l v; + C;v Z o
CJSV 221@3 1 Vkg Z V(Sjl’{l}) = = s—1 ; i
ks#i =1 Oy Zk4:1 Uk,
013\7121 Zk4:1 Uk,
s—1 s ¢z* EN: S — 1) C]é\] 111)” + C ZkS 1,kFix Uk
i 1! Cnrvi CN 2 Zk?’g;éi Vks s=1 Ci A Zk4:1 Uky
(s —
s=1 C}gv_—11 Zk4:1 Uk, H
o ence,
1 N CNEQ Z’%\g;l Uks
52
— 37 2 (V= 9)l(s - Dy —
T =1 N—1 Zk4:1 Uky 1 N 1 1 N 52
_ = . N-2 )
N N ¢z*( ) or (Sz:; SC}%)U” or (Sz:; Oji/'__ll CJSV)(U 'Uz*)
cs = = (N—8)l(s— 1) = —
N SN —s)! ( sHs—1) sC%;
Hence N N Ojev_z
—2
N Gis (N, pix) = (Z sC%, )Pix + (Z W)(l — Pix)
1 1 s=2 “N-1 N
¢i(v) = T(Z oz i
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playersix ando.

Let i+ denote the mandatory player. The value of a coalition

with the mandatory player is :

S
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The payoff of the mandatory player is :
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