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Abstract

Energy consumption of digital media services in lifiternet has previously been assessed based omatisns of
average use patterns and power draw of devices Mtteasing popularity of these services also grthe need for
models which accurately assess the power consumfdiotheir provision. We present a dynamic modellap-
proach based on real-time measurements at datacsartrers, the network infrastructure and the eswat devices
which can serve to corroborate previous resultsimtide future design of more energy efficient tigservices.

1. Introduction

Existing work on end-to-end energy and carbondifele analysis of digital services (Malmodin, Madper
Lundén, Finnveden, & Lévehagen, 2010), (Chandatimter, & Williams, 2011), (Daniel R. Williams,
2011), (Baliga, Ayre, Hinton, Sorin, & Tucker, 2008eldmann, Lange, & Kind, 2010) uses static mod-
elling together with averaged, aggregate data degguusage and power. However, to get a more atcura
and nuanced value for the energy used by a paticustance of a digital service across the netvagrk

is delivered requires integrating an LCA model afigital service with real-time data collection aeding
the resource usage of that service at a given morbéifierent service customers will access the iserv
from different locations, at different times, witlifferent preferences, and under different load$oth
the network and the datacentres involved in thevelgl of the service. In this paper, we give anroiev

of such an approach, using as an example the delie specific view of a multimedia news and ente
tainment website to a specific customer.

Having a more precise, dynamically generated asedsof the specific delivery of a webpage viewing
(or other digital service) can be used in ways Imiclv the standard aggregate approach cannot stlyFir
it can be used to provide feedback to an online asdo the energy impacts of their online behayiou
with the potential for encouraging behaviour chage(Preist & Shabajee, 2010) observe, it is ikefly
that this will have a significant impact on behawigoarticularly under the current network chargmngd-
els, nor is it clear that this is necessarily ardbte approach. Secondly, and more importantlgait be
used (together with user behaviour data) to profedeback to website designers as to the energgdmp
of specific design decisions on specific pages, whdther the energy 'cost' of features is meriigdrg
the observed 'value' to the user. Thirdly, whileéy not be appropriate to dynamically assessalices,
such an approach can be used to test assumptiales imanore static assessment methodologies and ei-
ther corroborate or challenge their validity.

The remainder of the paper is structured as follé@estion 2 will introduce the goal and scope ef @ls-
sessment using the terminology of a life-cycle-ass®ent. Section 3 describes the model parts deseblo
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for the individual parts of the delivery systermdlly, in section 4 provides a discussion of thelel@and
presents further work.

2. Goal and Scope

LCA methodologies (European Commission - JRC -timst for Environment and Sustainability, 2011)
require specific LCAs to clearly present thgial andscope. While what we present here is not a specific
and rigorous LCA, we adopt this approach to procideity.

The goal of the methodology and system we are ptiesgis to allow the energy and carbon footprigtin
of a specific media webpage access, at a speiafecftom a specific location. This is intended wused
in the longer term to enable decision making w&gard to both the design of the web site, and el
derlying architecture supporting it (both in theat®ntre and over the broader internet).

The scope of an LCA includes several aspects lfitbe type of LCA to be adopted; an LCA candbe
tributional, allocating all emissions in the system under carsition on a pro-rata basis to appropriate
system outputs. Alternatively, it can bensequential, considering the change in emissions from the sys-
tem under consideration resulting from a changeraduct consumption - for example, if website usage
rate was to increase by 10%. In line with past worthis area, we adopt an attributional approactitfe
purposes of this paper. We focus specifically oergy use, and do not consider other impact categori
which are included in a complete LCA.

Secondly, the scope of the LCA requires a deciaimund theunctional unit selected for analysis. The
functional unit is a description of the productservice which is delivered from the system undersab
eration, and its characteristics. For example,radymamic LCA of web page delivery could specifgisu
features as the typical size of the web page, timeber of javascript calls associated with it, theakion
of the typical viewer etc. However, in our case determine the functional unit of the analysis todbe
livery of a specific web page to a specific user as determined at the time of execution. Thoughogead on
this functional unit for the purposes of this papeis straightforward to see that this informatican be
aggregated to support other functional units likelye of interest to a service provider - suckhasfoot-
print of a particular customer visit to the sitetloe footprint of a given page on the site in\zegiday.

Finally in determining the scope, we need to casrsttie system and its boundaries. The system we are
considering consists of themergy use involved in the delivery of a giveweb page instance from a ser-
vice provider to a given customer, and viewing lidttpage. Hence the system under consideration in-
cludes the specific server activity involved in dymcally constructing and populating of the webeyag
instance with content for the user. This will inv@lseveral servers systems such as web servetgaapp
tion servers or database servers at the hosbsites also likely to involve server activity elseeve - for
example, in content delivery networks to accelethtedelivery of the site, and third party advémtis
servers selecting and delivering appropriate advertthe page and user. When browsing an onlirgiane
web page such as a newspaper or a video portal wile generally receive the basic HTML document
from the original service provider, but it in tucontains links referring to a server operated ley@DN.
When a client browser attempts to fetch a linkesbuece, such as an audio, video or image, the CGBN d
rects its request to the server likely to be ablprbvide the resource most quickly. As a consecgiein-
dividual users receive the data which makes uwengiveb page from different physical machines fn di
ferent geographical locations and along routesféérént number of hops and of different router raisd

We also consider other data centre energy usagh,asiby peripherals and air conditioning equipment

Copyright 2011 Shaker Verlag Aachen, ISBN: 978-3-8440-0451-9



Beyond the data centre, we include the energy byeequipment used in both core and edge Internet
networks in communication between client, host datare and third party data centres involved. W§e a
include network access devices of different typesbile networks, home networks and client devides o
different types.

The analysis does not include the embodied enerdlyeoimpact of the end-of-life phase of the dewice
involved, and does not include energy used dutiweggeneration of website content (e.g. by jourtslis
copy editors etc.) However, we do allow for the oé@& development system running alongside the live
system in the data centre, where new pages aradgioand tested prior to going live.

3. Assessment techniques

In the previous section, we described the systedemunonsideration in our analysis. We now consider
each contributor to energy consumption within ty&team — provider data centre, network, third pdeta
centre and end user. In each case, we descritsppuvach to modelling its energy consumption associ
ed with the delivery of a given service, and démcmwhat techniques we use to gather appropriateidat
real-time. Where real-time primary data is not asd#e, we describe what secondary sources wesuse a
estimates.

3.1 DataCentre

To allocate energy use within the service providi@tacentre to a given service instance, such asba w
page request by a specific user, we need to meadaeresources within the datacentre are usedrt@ s
this request, and then allocate energy usage fnosetresources on a pro-rata basis. Specificallyen-
ergy using resources in a data centre are thersemssociated peripherals such as storage equipmen
network equipment and power transformation as vaasll heating, ventilation and air conditioning
(HVAC)equipment to service the data centre as adavho

Presentation Application
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| -+ >
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Figure 1 Multi-Tiered Datacentre Application

In delivering the multimedia news web service, weume the provider adopts the commonplace multi-
tier application architecture as illustrated in¥ig 1 where concerns of the service delivery aparseed
between systems which are typically deployed agraber of virtual machines. Web pages are composed
in response to a user request. An increasing paveb pages are customised for each user. Thistrinigh
clude local weather forecast or customised ademist. By combining power monitoring of individual
devices and performance monitoring of process iactbn these devices, it is possible to determinere

gy associated with a given service request. Firstly allocate energy usage to each virtual machyne
using the resource utilisation model of (RivoireR&anganathan, 2008). In our initial model eachusirt
machine is responsible for a single function witthia tiered application stack, and at any giveretim
terval handles a number of service requests. Warasshat, within a given virtual machine, each esju
uses roughly equivalent computational resourceshande apportion the energy used in that timevater
evenly between the requests serviced. Howeveremngustomer service will require different numbeafrs
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requests to different applications within the statkch can be inferred from application log filés.order

to calculate the power per request power monitaagure the power draw on physical servers in small
time intervals(t,,t;). LetM be the set of virtual machines which are involiredervicing the particular re-
quest. During this time, each syst&mn M servicemg requests. Not all machines in the datacentre have
to be involved in servicing the particular requést n refer to the total number of requests serveden th
time interval. Based on (Daniel R. Williams, 201§ allocate an energy overhead from the network de-
vices in the datacentre and equally apportion #lt@ervice requests during a given time interyaand

use a fixed value for the power draw of these desvlmecause their energy consumption does not #igectu
with load (Hlavacs, Da Costa, & Pierson, 2009). sl add an additional coefficient for HYAC and
power transformation, commonly referred to as pawigisation efficiency (PUE). Given these definitis

the equation for the energy allocation to a givenvise request is:

Ps. P
EM:(Z —2t 4+ “220) . PUE - (t; —t;)

ng n
S,em S

3.2 Network

The internet consists abre, edge andaccess networks. A number of core networks, high speedragh
bandwidth, are operated semi-independently of ettodr and are referred to agonomous systems (AS).
These core networks are linked to each other, amohd access networks, via the edge networksrin tu
the access networks consist of home and office Mixeless and cabled), and mobile networks.

To allocate energy used in the network by spes#iwice requests requires identifying which paft$he
network have been used to service a given requesitifying the network devices involved, and afibc
ing the energy proportionally according to whatgeetage of the traffic the specific service requesss
responsible for.
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Figure 2 Network Model

The route taken through the network can be idewtifising the r acer out e utility. This tool can identi-

fy network devices involved in a connection betw@eovider and customer which provide routing ser-
vices using the Internet PrototdHowever, it does not give information about whagecific models the
switches and routers involved are. To do this, wtemnine whether they are likely to be core or edge
units, and then use power values for typical prtglidentified from existing analyses (Baliga et al.
2009), (Lee, Rimac, Kilper, & Hilt, 2011), (Feldmaet al., 2010). To determine if a unit is likety lhe
core or edge, we use the following heuristic: Thacer out e IP address allows identification of which
autonomous system (AS) the unit belongs to. Wenasghat in any AS path of length four or greatér al
but two hops are core routers and that there ar®@hops in ASs of length three or less. Thisiags

tion is based on similar descriptions of the magetween the physical and the logical topologget:
works found, among others, in (Medhi, 2007). Gitleis, we calculate the energy used by edge and core
network devices by using equations based on thiodatiga et al., 2009).

In addition to the network switches and routersiidied by thet r acer out e, there is also additional en-
ergy consumption from internet transport systeragraffic is forwarded both overland and through un
dersea cables. To determine the distance a sigmiltnavel both overland and undersea, we use ga-IP
olocation service to identify the location of thedeuser and intermediate points on the path, tegetith
data on the location of undersea cable landingtpofgain, using variants on equations and data fro
(Baliga et al., 2009), we can estimate the enargglved in transportation for this specific service

% In the OSI model the Internet Protocol (IP) isnitieed with layer 3 or the network layer. In edgred core networks IP enabled
devices are connected by fiber optic links withHeigcapacity than Ethernet cables and which dausetP but a set of protocols
which are placed at lower layers of the OSI model.
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A selection of the variety of common access netwedhnologies which subscribers can choose from is
illustrated in Figure 2. Line terminals provide@aoection between a specific end user access tlegyno
such as DSL to the part of the Internet in whictadarouted by the Internet Protocol. These deviteh

as DSLAMs, cable line terminals or the mobile bsisions serve several end users simultaneously but
the number of users who connect through these @eticthe Internet is smaller than those who ofodav

in the edge or core network. We therefore assuatarthiffic in the access networks is less aggrebatel
throughput more variable. In other words, patterstilisation of access network devices show déig
variability as those of the edge and core netwAtkthe same time, the power consumption of network
devices is independent of their load (Hlavacs e28I09). We account for these two features bycatiag

the power consumption in the access network byutfegs’ viewing time of the web page as opposed to
the data volume transferred. Unfortunately, Intesevice providers do not publish detailed infotioma
about the structure and subscription rate of thegess networks. We therefore model the power con-
sumption based on available average data.

3.3 Content Delivery Networks and other third parties.

As touched on in section 2, not all content the es®f receives is sourced from the data centrieeo$ér-
vice provider. Content delivery networks, ad netsgoand third party service providers (such as local
weather) can all contribute data within a web pagehis discussion, we focus on Content Delivest-N
works, though the principals can be applied to mtstr third party providers.

Content Delivery Networks (CDNs) such as those iglext by Akamdi and Level 3 play an important
role globally in increasing speed of end user acea@sl reducing congestion by hosting third partytet

at distributed locations around the internet. Thergy used in the process of interacting with a GION-
sists of the energy of transmitting the data actkesetwork, and the energy used at the CDN’scdata
tre. To calculate the energy used by the netwoskhawe two options depending on if the end-usanis
active participant in the analysis. If this is ttase, ar acer out e can be run from the end-user location
to give accurate information about the network @paind the approach described in section 3.2 capbe
plied. If this is not possible, an estimate of picgl CDN route from (Huang, Wang, Li, & Ross, 2p08
can be used instead. To calculate energy useai@HN data centre, we adopt a modified versioref t
approach taken by (Chandaria et al., 2011) andréppdhe energy used by a canonical CDN server ac-
cording to proportion of its average load takenabgiven service. In both cases, data is requirethen
size of the resources sent from the CDN. This &lable from the service provider, who holds thigier
nal versions of each resource.

3.4 End User

The end user equipment includes an access devibeawiariable power consumption ranging from desk-
top PCs to mobile phones and optionally networkats/for Internet access such as a wireless roLiber.
power consumption of the access device dependeeoresource utilisation of the applications exetute
on it. The power consumption of the network devicimdependent from utilisation (Hlavacs et al.02p

In previous studies the power consumption of eretsus/as estimated on average values without adjust-
ing for the large variation of power consumptionirafividual devices. In order to improve on thesté-e
mations we require for the user to participate towijgling information to the model. The number antik

7 http://www.akamai.com
8 http://www.level3.com
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of applications on the access device varies ovee.tFor the web browser application variabilityref
source use results from the varying throughputaté cis well as the variation of the type of medsa d
played. As an example, video decoding utilises meseurces than rendering of text. In order to wapt
this variability we dynamically calculate power samption for each application based on several per-
formance indicators such as CPU, memory and l/{zsatiion. We distinguish between user applications
which the user interacts with, such as the browasserprd processing application or a music playerthe
system processes which support these applicafidrestotal power of the end user device is the siim o
the power consumption of all applications and psses. The system processes are shared between all
processes and their resource utilisation is aleatéd a specific application pro rata of user ditbentime

to that application. We assume that the user asagfe time can only lend his attention to a maximof

two separate applications one serving audible therovisual content. At this point of the modelling
assume for applications serving textual contenattention to be with the application which haswhe-

dow focus. As with other simplifying assumptions gsplore their consequences and options for refine-
ment during the implementation of the models. Aggtions serving audio content are considered te con
stantly have the user attention. Then the basedbagstem processes is equally apportioned t@ypiphi-
cations which have the user attention. The remgibise power consumption during idle phases during
which no application has the user attention iscalled equally to all running applications. The Hasy
energy consumption of the end user device is ttegiated power consumption of the web browser over
the time of reading the web site. The power consiemgdor a specific degree of resource utilisatisn
device specific. Therefore, the model needs todlibrated for every specific device configuration.

Optional network access devices such as wirelagenoare usually not powered down when not in use
and draw constant power independent of their dataughput. As a consequence, the power consumption
of home networking in general is independent of ghdicular applications that users are executfig.
this stage we allocate power for home networkingeldaon the time of the page visit. Initially, agra
values for network device power consumption willused. If user input is provided to the power madel
can be improved with the specific power consumptibtihe particular networking model.

4., Discussion and Further Work

We have presented approaches to a dynamic enestgyifting of digital media. The technology for dig

tal media delivery in the Internet is under constivelopment towards higher diversification of qass-

es. Power models have to keep up with this tremdcapture the dynamics of power consumption. While
the existing end-to-end models provide conservalibveer bound estimations (Baliga et al., 2009),
(Feldmann et al., 2010) the models based on maiket provide lose upper bounds (Koomey, 2007),
(Malmodin et al., 2010). Our dynamic model improweasboth of these approaches, particularly in rgar
of power consumption in the data centre and theused

As network operators do not disclose the power wmpsion of either their network devices or theftcaf
patterns in their networks for commercial reasdres éxisting modelling approaches are based on best
practice assumptions. We build our model basecheget assumptions and expand them by dynamically
measuring the route length. Similar properties appithe content delivery networks which assuméan
creasingly important role in the digital media disition of the Internet.

The dynamic model does not directly provide an gynéootprint for the entire sector. Instead we nueas
the network routes from the vantage point of aipaldr content provider. At the same time we attetap
build the most accurate energy model of the enddméces. This requires their active participatibhe
advantage of these resource utilisation based madethat they provide high accuracy (Rivoire &
Ranganathan, 2008). However, we note that theselnoequire calibration for each particular endruse
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device and hence will only be available for staddamd user devices with a limited number of hardwar
configurations.

We are currently in the process of implementing thbdel. We have developed the software models for
the data centre and plan to trial them with a magws provider. We also have developed parsera for
growing number of publicly availabler acer out e servers to measure hop distances between system el
ements. A possible extension of the model is thiigion of carbon emission data of electrical epdog
each system part based on its geolocation.
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