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Abstract

Content Delivery Networks (CDNs) play an important role in today’s video
distribution solutions. While the need for efficient content delivery is well
understood, the energy consumption of various video CDN topologies de-
serves extra attention since energy considerations are increasingly becoming
a key performance factor for system designers and operators. This paper
investigates the energy efficiency aspect of a special class of video CDN
system, namely pervasive wireless CDN based on wireless mesh network
implementation. We start by analyzing and defining the energy efficiency
of a generic video CDN system. Then we introduce mathematical analysis
and simulation model description for wireless CDNs exploring the idea of
content placement among wireless access points which serve as local video
servers. Computer simulation analysis, based on mixed integer linear pro-
gramming model, is used to derive “optimal” content placement and caching
strategies while minimizing the energy consumption subject to a constraint
in terms of the storage size at each mesh router. The objective function of the
mathematical model captures the desire to optimize multiple performance
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factors. In this particular case we are focusing on the QoS/latency time and
power consumption. The results demonstrate trade-off dependency between
QoS and power consumption. In summary, the paper offers additional insight
into the content diffusion strategies as related to a pervasive wireless CDN,
and implications of the placement strategies relative to its energy efficiency.

Keywords: Wireless Mesh Network (WMN), energy efficiency, CDN, video
streaming, caching, average delivery tree length.

1 Introduction

Distribution of video over high-speed networks plays important role in many
multimedia applications, such as video-on-demand, IPTV, and distance learn-
ing. Since video application needs real-time transmission and tight quality of
service, the Content Delivery Network is usually used in order to meet these
requirements. Through the edge servers deployed close to the end users, the
service providers address performance requirements in terms of the access
delay and solution scalability.

Nowadays, the operator overlays a content delivery network on top of
its existing transport, control, and management infrastructure in order to
offer on-demand and time shifted video streaming services to its users. In
its generic architecture, a CDN comprises a central library at the original,
and several replica server clusters residing at the edge of the network that
are mutually interlinked and communicate with each other. Such an overlay
network is further connected to users’ appliances and devices (e.g. STBs,
smart-phones, etc.) through the operator’s access (e.g., CATV, wireless, etc.)
networks. The original server is the main repository of the CDN where all
contents originally reside in and come from its database. Each of the replica
servers usually acts both as a content server as well as a cache server host-
ing a subset of the contents of the original server in its database. The CDN
management system places, moves, and replaces the content files across each
replica server in accordance to its replica placement and en-route caching
algorithms in order to ensure the “optimal” performance and operation of the
CDN in the face of the dynamic demand of its user population. A simplified
Video CDN topology is shown in Figure 1.

The edge servers are geographically distributed and are generally used to
stream video to its local end users. The content replication and propagation
to the edge servers is governed by carefully designed policies, which usually
calculate content popularity in terms of temporal and spatial viewing patterns.



Greening of Video Streaming to Mobile Devices by Pervasive Wireless CDN 3

Figure 1 A generic distributed CDN topology.

Relative to serving all the requested content from the original servers, this
decentralized approach brings significant advantages in terms of access time
and scalability performance. These benefits will normally come at the cost
of using more servers and needing more complex management algorithms
to support the predictive content replication, updates and distribution. Note
that an actual implementation of a given video CDN solution may be more
complex than that shown, for example, the video servers can be organized in
a multi-tier hierarchy.

When a user’s request for content traverses a replica server, it intercepts
and examines the message to determine whether it has the requested content.
If so, it will serve the request as long as it is not overloaded. Otherwise, it for-
wards the request to origin server or another replica server for service. Hence,
in the current paradigm, a single server, either the origin or a replica/cache
server, streams all chunks of the content to the user.

Recently the energy consumption of IT and networking infrastructure has
attracted significant attention since the number of server farms is growing
and it is estimated that ICT already accounts for >10% of the overall energy
consumption in developed countries. Energy consumption is thus considered
as an important factor of IT and Communication system design [1].

In recent publications [2, 3] interdependency between video CDNs to-
pology and energy efficiency has been established. Definition of energy
efficiency for a video CDN system has been established by Boscovic et al.
[2], while comparison of energy efficiencies between a centralized video
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delivery system and a distributed CDN system has been provided in [3].
This paper goes one step further and examines diffusive content placement
policy in a pervasive mobile mesh CDN wherein each mesh router can serve
as a replica/cache server. After describing the need and merits of wireless
Mesh CDN, in Sections 3 and 4 we are laying out mathematical framework
for understanding principles behind energy consumption considerations for
video CDNs, with a special emphasis on wireless CDN topology. Section 4
goes one step further to offer ideas on possible improvements in terms of
content replication and management that are likely to yield better energy per-
formance. These recommendations have been validated by means of carefully
devised computer simulations and results will be presented in Section 4.

2 Pervasive Wireless Video CDN

As smart-phone penetration and the volume of video traffic on mobile net-
works increases, Content Delivery Networks (CDNs) are becoming important
factor in the mobile landscape. CDNs are important for both operators and
content providers as they seek to strengthen their presence in the mobile
market.

It is fair to say that market for mobile CDN services has not hit its stride
yet; nevertheless it will be a key growth area in the scenarios where offered
services are based on delivering the video content. Mobile video traffic is
poised to increase exponentially as usage of high-end mobile devices like
smart-phones and tablets ramps up. According to Yankee Group’s Global
Mobile Forecast [4] fewer than 600 million smart-phones will be in use in
2010, but that number will more than double in 2014 to nearly 1.4 billion
elevating mobile video to 66% of the total mobile data traffic.

The end-user experience is important to content providers because it will
determine how often their servers are hit by the user requests. If content on a
given CDN can be viewed easily and with low latency, then user experience
and service rating goes up. These issues have been around a while for fixed
networks, but now they are becoming just as important for mobile.

The constraints and impairments associated with wireless video delivery
are significantly more severe than those associated with wire line. Three of
the primary issues that must be dealt with for wireless video distribution are:

• Mobile Device CPU, screen and battery limitations: Mobile devices, par-
ticularly those with smaller form factors, utilize processors with lower
capability than those in tablets. In addition, the set of display sizes and
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resolutions can vary greatly. For these reasons it is critical that the video
assets be transcoded into formats and “gear sets” that ensure both good
quality and efficient use of resources for transmission and decoding.
Mobile devices are typically multi-use communication devices on which
customers depend for multi-day availability between charges and the
battery current drain required for video delivery must be minimized.

• Wireless channel throughput impairments and constraints: Due to the
lower available bandwidth and typically smaller displays on mobile
devices, the “gear sets” selected for wireless are very different than those
for wire line. For example, a mobile device with a 640 × 480 display
can work with video bitrates anywhere between 0.16 and 1.0 Mbps, as
opposed to 2.5Mbps required by a 1280 × 720 display.

• Diverse wireless Radio Access Network (RAN) types (e.g. Wi-Fi, LTE,
WiMAX, etc.): Video delivery solutions should be RAN agnostic.
Should the client side control the requested video bit rate, differences
in RAN performance can be automatically accommodated as long as
there are enough “gears” provided to span the required range.

A pervasive wireless mesh CDN will be an embedded part of the CDN oper-
ator’s network, control and management infrastructure. Its mesh routers are
equipped with required intelligence and storage so it can serve as a dispersed
cache/replica server system within and under the control of the operator’s
CDN management system. At its most basic level, the concept of pervasive
wireless CDNs offers simple node caching to help with traffic distribution
across the network elements and deliver content with low latency and high
user experience. This is very much in line with the vision outlined in [5]
by which processing resources are attached to memory resources in order
to cut down on the need for data transportation and consequently reduce
energy use. This is in contrast to today’s computational paradigm in which the
microprocessor is in the centre of the computing universe, and information is
moved back and forth at heavy energy cost. In addition to the traffic balancing
benefits the mobile CDNs hold promise for value add services that can be
interpreted as the “special sauce” needed by mobile operators to differentiate
their video offerings. Examples of these value added services may include:

• Device profiling: With device detection capabilities the mobile CDN is
able to detect the screen size/resolution and other graphics perform-
ance of the attached device and decide on the best possible delivery
mechanisms to maximize the viewing experience.
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Figure 2 Future composite CDN ecosystem.

• Scalability: Content providers do not want to keep changing the way
their content is accessed each time a new device debuts. Mobile CDN
scalability enables the URL on content provider sites to remain un-
changed, even as the content is conditioned (dynamically or statically)
and delivery is changed to accommodate a new device.

• Analytics: As mobile video delivery takes off, data about who is access-
ing what content becomes more valuable. Mobile CDNs can report this
data back to whatever analytics system the carrier uses.

Services shown in Figure 2 can be all provided within a single CDN or
through aggregation. For example, a CDN provider can support media adapt-
ation and conditioning for smart phones and tablets on its own platform, and
then for broader device support, it partners with mobile providers that built
out their applications over the CDN’s operator infrastructure. These mobile
providers handle the other value added services, like the handset profiling and
on-the-fly content encoding listed above.

3 Energy Efficiency of the Video CDN

We define energy efficiency of a video delivery solution as the amount of
concurrent video streams served at requested quality divided by the total
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energy used for the streaming transaction:

efficiencyCDN = Nstreams

Etotal
(1)

This is a relatively broad definition as used in [2], and here focus is not
on defining actual measurement metrics or reference workloads. Instead, we
would factorize the above efficiency definition into a number of constituting
components that can be independently measured and optimized within related
engineering disciplines in order to help us identify opportunities for energy
saving. As shown in Figure 1, a video CDN comprises a web of data centres
and/or servers. The efficiency of each CDN video server site, whether it is a
dedicated data centre or a simple server, can be modelled by the following
equation:

efficiencyDC = NstreamsDC

EtotalDC

= 1

PUE
× 1

SPUE
× NstreamsDC

Estreamings&storageDC

(2)

The above definition is conformant with the Green Grids Data Centre Per-
formance Efficiency (DCPE) definition as given in [6]. The first term in
equation (2) relates to the power usage effectiveness (PUE), and reflects
energy efficiency of the building infrastructure hosting the CDN servers. It
is expressed as the ratio between total power brought to the building, and
the power consumed by the actual computing equipment (servers, storage,
networking equipment, etc.). The second factor in equation (2) accounts for
inefficiencies within the IT equipment itself. Substantial amounts of power
may be lost in the servers and network storage power supplies, voltage reg-
ulator modules (VRMs), and cooling fans and the SPUE factor reflects these
electrical losses. It is defined as the ratio of total server input power and the
useful power, where useful power is qualified as being the power consumed
by the electronic components directly involved in the video streaming tasks.
The PUE and SPUE factors are agnostic to the nature of the service and/or
processing load and this paper will not address any specific saving measures
as related to them.

The third term of (2) accounts for energy used, in the case of video CDNs,
to support specific number of concurrent video streams. Ultimately, in the
context of video CDNs we would like to measure the amount of concurrent
video streams delivered by the network from the perspective of the energy
invested in the related computational tasks across all the servers/data centres
constituting a given CDN.
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The total energy consumed by a distributed CDN system should also ac-
count for the energy consumed by the interconnecting network. In order to
transition from energy efficiency of a self contained data centre to a distrib-
uted CDN constellation we invoke efficiency analysis of parallel computing
[7]:

efficiencyCDN = NstreamsCDN

EtotalCDN

=
[
α

β
+ (1 − α)

]
× efficiencyDC (3)

As a CDN is an assembly of mutually interconnected data centres and/or
servers, the overall efficiency has to factor for efficiency of each CDN geo-
graphical edge server/data centre. Equally it has capacity to account for
energy efficiency of the CDN topology, the energy toll of the interconnecting
network and efficiency of the content management algorithms. These various
energy considerations are modelled by parameters α and β in equation (3).
The factor β defines the increase ratio in terms of processing and storage
resources deployed in a CDN overlay network relative to the reference VoD
data centre. For the sake of simplicity, we assume extra IT resources linearly
increase energy consumption within a given video CDN network:

EtotalCDN = β × EtotalDC (4)

Parameter α represents the extent to which these additional resources contrib-
ute to servicing additional video streams. The border case for α = 0 signifies
a design in which all additional resources are used to increase the number of
serviced video streams; in contrast the design for which α = 1 corresponds to
the case where all additional resources in a given CDN constellation are used
for other purposes (e.g. to improve content access time) and do not contribute
to adding new video streams. We therefore have:

NstreamsCDN = [α + β × (1 − α)] × NstreamsDC (5)

Equation (3) can be easily derived from (4) and (5).
The two factors α and β are important parameters of the CDN’s genetic

code. The problem then becomes how to derive α and β in terms of those
factors in the video CDN that relate to the topology and the performance of
the caching algorithms.

4 Energy Efficiency of Pervasive Wireless CDNs

Pervasive Wireless CDN concept is based on premise that entire network
act as a single dispersive data centre. In today’s computational paradigm
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Figure 3 Pervasive mesh wireless CDN.

the microprocessor is in the centre of the computing universe and constantly
shuttle data back and forth among faster and slower memories. The systems
keep frequently used data close to the processor and then move it to slower
and more permanent storage when it is no longer needed for the ongoing
calculations [5]. Information is moved, at heavy energy cost, first to be used
in computation and then stored. A parallel can be drawn with modern wireless
networks, especially mesh networks, in which data is moved back and forth
between the access points and application servers. The new vision, depicted in
Figure 3, would be to add significant storage resources to each of the mesh AP
in order to cut down on data transportation, relieve pressure on the backhaul
bandwidth resources and reduce energy use.

4.1 Analytical Approach

In order to analyze energy efficiency of a pervasive wireless CDN, we simply
model it as a distributed video CDN system. We assume that the pervasive
mesh wireless network consists of I subnets, each subnet connected further
into the network through one of I mesh gateways (i.e. β = I ). We also
assume a uniform user base and request pattern on each mesh-subnet. In a
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pervasive wireless video CDN, the intelligent content distribution algorithm
pushes the most popular video content from the central media server onto
the storage resources within a mesh subnet. However, this distribution of
content is generally imperfect and based on probabilities. As a result, the
given wireless mesh subnet will only be able to service λ of the total requests.
This is known as local cache hit ratio. The hit ratio depends on the content
caching algorithm, the local storage size, the service usage pattern and many
other contextual parameters. Assuming the same average hit ratio is achieved
at each mesh subnet within a given pervasive wireless CDN, only λ percent
of concurrent requests are served from local media servers. Now, drawing
a parallel with CDN analysis from the previous section, we can write the
following relation:

NstreamsWCDN = β × λ × NstreamsDC (6)

Based on equation (3), we can derive α in terms of the cache hit ratio λ:

α = (1 − λ) ×
[

β

β − 1

]
(7)

For the ideal case in which all the requests can be served locally, λ = 1,
i.e. a 100% cache hit ratio, we have α = 0 meaning all extra resources go
to increasing the stream count by the factor of β. This is in line with the
definition of α in (3). Conversely, for the worst case of α = 1, where none of
the extra resources are used to increase stream count, we have λ = 1/β. In
that case each mesh subnet only picks up a proportional fraction of the total
load. Using equations (4) and (6) we arrive at:

efficiencyWCDN = NstreamsWCDN

EtotalWCDN

= β × λ × NstreamsDC

β × EtotalDC

= λ × efficiencyDC

(8)
We can see from (8) that the efficiency of a pervasive wireless CDN, relative
to a centralized network with the same amount of processing and storage re-
sources, simply equals to the cache hit ratio of the wireless CDN local media
servers. It is evident that main source of inefficiency in a pervasive wireless
CDN comes from the imperfect content distribution mechanisms deployed to
move, store and synchronize content across the storage/cache resources.

It can also be shown that in case of a hierarchical video CDN architecture,
in which central server holds the entire content library and picks up cache
misses from the pervasive wireless CDN, overall energy efficiency is still
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directly proportional to the hit ratio. In summary, the higher hit ratio leads to
more energy efficient wireless CDN solutions.

For the reason explained above it is worthwhile to discuss possible energy
efficiency improvements by means of content caching coordination across a
number of subnets within a given wireless CDN.

In a pervasive wireless CDN system, several adjacent subnets can form
a virtual cluster, which then cooperate in terms of coordinated caching and
media synchronization in order to best accommodate usage patterns of local
users.

Any improvement over the local hit ratio, due to improved media caching
and synchronization strategy, will result in energy saving. In the pervasive
wireless CDN system, the cache from multiple APs within a single subnet
can be pooled together to form a larger, virtual storage space. Piece of video
content needs to be cached only once in the virtual storage pool, by the vir-
tualization of local media servers we can consequently host a larger video
library. As presented in [8], the popularity of the cached content follows the
“cut-off” Zipf-like discrete probability density distribution:

pN(i) = �

iϑ
, � =

(
N∑

i=1

1

iϑ

)−1

(9)

In (9), the adjusting parameter ϑ can be within 0 < ϑ ≤ 1 range, and i is
the rank order of a content title from a library of the size N . For this class
of probability density functions, the hit-ratio grows in a log-like fashion as
function of the cache size. A larger ϑ means more requests are concentrated
on fewer hot video files. The relationship can be expressed as:

λ(S) = C × ln(S) for ϑ = 1; λ(S) = C × S1−ϑ for 0 < ϑ < 1
(10)

In (10) S is the cache size and C is proportionality constant. Let us assume
that there are I wireless mesh subnets (each subnet is controlled by unique
Mesh GW) in a pervasive wireless CDN. Each subnet has J local media
servers (i.e. APs), and the storage size of each local media server is SAP.
The virtual storage of a subnet is then aggregate storage across J local media
servers, i.e. SSN = J × SAP. The hit ratio for a digital library within a given
subnet is:

λSN = C × ln(J × SAP) = λ + C × ln(J ) for ϑ = 1 (11)

Or:
λSN = C × (J × SAP)

1−ϑ for 0 < ϑ < 1 (12)
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It is obvious that the hit ratio is to benefit from larger storage sizes on each
of wireless AP and larger subnets. The concept of larger subnets can be ex-
panded so it does not necessarily insist on the number of AP within a subnet
but rather include partial content synchronization between adjacent subnets.
Nevertheless, in both cases the higher hit ratio benefits energy efficiency
while additional storage resources are to increase total energy consumption.
Careful consideration has to be given to these two trends in order to maximize
wireless CDN efficiency for the given size of content library and probability
density function of content popularity.

Pervasive wireless CDN system is poised to benefit from intelligent con-
tent dispersion – i.e. partial distribution of the overall content library that
turns constituting APs into localized media servers. This benefits overall
energy consumption in several ways:

• APs are network elements that need to stay on regardless of their CDN
assignment. Therefore, PUE and SPUE (2) parameters of APs do not
significantly influence the overall system power consumption.

• Backhaul links in WMNs represent the biggest limitation in light of
streaming capacity (especially those backhaul links that are closer to
mesh GWs). Number of requesting users can be greater than WMN’s
streaming capacity (number of concurrent streams). Strategically dis-
tributing a small portion of the video content library across APs enable
a certain number of requesting users to be serviced by APs to which
they are directly connected. These streams will not burden the backhaul
links. By intelligent load balancing over WMN backhaul links, local
placement of content on APs will significantly improve streaming capa-
city of a pervasive wireless CDN. This will result in increased number of
concurrent video streams compared to the number of streams achieved
by a centralized streaming approach (parameter α decreases) and con-
sequently bringing energy efficiency of CDN closer to that of a data
center.

• Selective preloading of content on APs places it closer to the end users,
consequently reducing the transport delay and access time, which in turn
improves end user perceived QoS/QoE.

In the next section a replica placement algorithm is described. This algorithm
makes optimal placement of required number of copies of video file, address-
ing transportation delay and system power consumption minimization.
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4.2 Simulation Approach

A simulation model of video streaming CDN over pervasive wireless mesh
network was developed to analyze merits of content caching at access points.
Impact of this content caching approach on delivery tree length (which is dir-
ectly proportional to transfer delay) and system power efficiency is analyzed.
To tackle this problem we have modelled a CDN over pervasive wireless
mesh network as a network flow problem and used a mixed integer linear
programming (MILP) approach. Exact MILP problem solving is invoked
within the Monte-Carlo simulation runs, in order to examine the overall
cost and performance of the CDN for different replica placement cases,
and number of randomly placed users/requestors, etc. Underlying network is
modelled as a network flow graph with mesh type backbone graph (connec-
tion among WMN access points), with predetermined edge k-connectivity,
and star topology of APs and users connected to APs. These network flow
graphs, which are used for the experiments, represent discrete statistical snap-
shots of the network topology and user request distribution. Using Wolfram
MathematicaTM and Math Works MatlabTM for generating the network graph
and solving the MILP problem, we have conducted a number of distinct
experiments on a CDN of varying size, whose requesting user nodes were
randomly distributed across the network. Pareto-optimal (in the sense of
multi-objective optimization problem at hand) replica placement strategy is
calculated on basis of two key performance objectives. The first one con-
cerns with minimization of average delivery tree length (ADTL), which is
directly proportional to user perceived QoS (delay). This value is obtained by
summing up the utilized router hops on the path, connecting the end user to
replica server, and dividing that sum with the total number of users served.
If the only goal of optimal file caching is minimization of ADTL, then para-
meter α from (3) will increase and come closer to 1 (it will not be equal
to 1 because streaming capacity of a WMN will increase with caching on
APs too). Therefore, newly deployed resources (parameter β) are meant for
QoS improvement and, because of WMN technology characteristics, these
new resources improve streaming capacity as well and consequently energy
efficiency (see (8)). The second optimization objective is minimization of
total power consumption of system. This optimization objective directly tends
to improve energy efficiency of a pervasive wireless CDN system.

An MILP model of a pervasive wireless CDN system is derived from
multi-commodity flow problem with multiple sources of video files (access
points and source servers) and multiple sinks (requesting users). In order to
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Figure 4 Graph of the simple WMN with ARCFn node added.

tackle the problem at hand we have introduced super source nodes in network
flow graphs for every video file in the system (video file ⇔ commodity).
Therefore, for every file, which is to be placed in the caching storage of
the access points, we introduce a superficial (super source) node named All
Replica Containing File n (ARCFn) and connect it to all other network nodes
(parameter J from (11)) considered to be legitimate targets for placement of
replica of file n.

In our experiments we have considered all WMN access points to be can-
didates for replica placement and the whole WMN is one subnet (all APs are
connected to all GWs-directly or indirectly). Regarding these facts, ARCFn

node for every file will be connected to every WMN access point in the net-
work graph. Connecting edges are directed from ARCFn node to all candidate
nodes and have weight equal to zero in order not to change the ADTL value.
When needed number of copies of video file and user request distribution
are derived, ARCFn node will be used as super source node, which will
transform the multi-source/multi-sink multi-commodity flow problem of the
original network flow graph to the single-source/multi-sink multi-commodity
flow problem. Figure 4 depicts an ARCFn node concept for simple pervasive
WMN network. All access points are considered to be candidates for replica
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placement. Therefore, there are edges from ARCF1 to all nodes representing
access points. If two copies of video file 1 are to be placed in caches of WMN
access points, then solid lines, representing edges from ARCF1 to access
points 4 and 3, mean that these access points are selected as optimal solutions
for replica placement problem.

Previously published work [2] has shown that video streaming from one
centralized video server is more energy efficient then streaming from several
distributed video servers. On the other hand, our results clearly show that
more distributed video streaming systems have shorter ADTL and provide
better QoS/QoE to the end users. Therefore power efficiency and ADTL
(QoS/QoE) are two opposing requirements and optimal design of a wireless
CDN will be based on the trade-off between them.

Taking into consideration multi-objective optimization problem with two
optimization criteria (power consumption and ADTL) and ARCFn concept,
we have formulated a MILP model of a video streaming CDN over pervas-
ive wireless mesh network (13)–(22). Variables and parameters of the MILP
model are presented in Table 1.

The MILP model is defined as:

Minimize:

�f �(i,j)(W × ωij + (1 − W) × p′′
ij )X

f

ij

+ (1 − W)(�f �(k,l)pklQ
f

kl + �f �(k,l)p
′
klY

f

kl )

∀((i, j) ∈ (E ∪ K), (k, l) ∈ K,f ∈ F), 0 ≤ W ≤ 1 (13)

Subject to:

�i,(i,k)X
f

ik − �j,(k,j)X
f

kj = L
f

k ∀((i, j) ∈ (E ∪ K), f ∈ F) (14)

�(i,j)Q
f

ij = Nf ∀((i, j) ∈ K,f ∈ F) (15)

X
f

ij ≤ Mf Y
f

ij ∀((i, j) ∈ K,f ∈ F) (16)

�(i,j)Y
f

ij ≤ Nf ∀((i, j) ∈ K,f ∈ F) (17)

Q
f

ij ≤ qij Y
f

ij ∀((i, j) ∈ K,f ∈ F) (18)

Q
f

ij ≥ X
f

ij

Mf
∀((i, j) ∈ K,f ∈ F) (19)
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Table 1 MILP model variables and parameters.
E Set of edges of starting CDN network
ARCFn Virtual nodes added for delivery tree calculation convenience. ARCFn stand

for “All Replica Containing File n”.
K Set of edges that are incident to ARCF nodes
F Set of files in network
Nf Number of copies of file f that are to be placed in network. This parameter

is derived by taking into account predicted local popularity of a file and user
request distribution

Mf Total load for file f which directly equals to number of requesting users and
consequently the popularity of file f

ωij Cost of network edge (number of router hops)

L
f
k Requested load of node k for file f

X
f
ij Load for file f over edge (i, j)

Y
f
ij

Integer (binary) variable, encoding the existence of edge from ARCF node i

for file f to replica server j

p′
ij

Base power consumption of network node j , encoded as (second) weight of
edge between server j and ARCF node i (the first weight is ωij ; for all edges
starting from ARCF nodes, ωij = 0). This parameter includes processing
power consumed by streaming engine and caching management.

p′′
ij

Power needed for transmitting data over wireless link

pij Power consumption per unit of storage on network node j (unit of storage is
one copy of video file)

Q
f
ij Number of copies of file f stored in network node j

qij Storage capacity of network node j . This is directly connected with the
parameter β from (3) and equal to parameter SAP from (11)

W Weight coefficient for aggregation function

X
f

ij ≥ 0 ∀((i, j) ∈ (E ∪ K), f ∈ F) (20)

Q
f

ij ≥ 0 ∀((i, j) ∈ K,f ∈ F) (21)

Y
f

ij ∈ {0, 1} ∀((i, j) ∈ K,f ∈ F) (22)

The variable Y
f

ij in the solution shows which of the edges between ARCFn

node and corresponding candidate nodes are used in multi-commodity flow
problem solution. When Y

f

ij equals to 1 (depicted as solid line in Figure 4), the
corresponding candidate node is selected for replica placement. The variable
Q

f

ij tells how many copies of the video file are stored in one access point.

The variable X
f

ij shows the amount of load for every file over every edge
in the network graph (number of streams going over network link). These
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variables compose the solution of the optimal replica placement problem. All
p (pij , p

′
ij , p

′′
ij ) parameters represent different power consumptions in the

system and are scaled to appropriate values (the lowest parameter receives
value of 1 and others are accordingly scaled down) in order to evade the
prioritization of one or the other optimization criterion.

Constraint (14) is the flow conservation for every network node. Con-
straint (15) represents that exactly Nf copies of file f have to be placed in the
system. The maximum number of the selected nodes for replica placement is
less or equal to the number of copies of file f (17). Constraint (18) represents
limited storage space on APs. Constraints (16) and (19) give the connection
between model variables (i.e. if Q

f

ij for one node is 0, then nothing can be

streamed from that node, and corresponding X
f

ij for the edge from ARCFn

to that candidate node is also 0). Domains of the variables are given in (20),
(21) and (22).

Model for ADTL minimization have been developed first. For derived
number of copies of video file, that are to be placed in cache space of access
points, model will select all candidate nodes for replica placement if their
number is less than number of copies of file. If a number of nodes (access
points), which are replica candidates, exceeds number of copies of video file,
model selects optimal nodes for replica placement. Objective function for
optimal replica placement for purpose of ADTL minimization is:

Minimize: �f �(i,j)ωijX
f

ij ∀((i, j) ∈ (E ∪ K), f ∈ F) (23)

According to the experiments, objective function (23) combined with con-
straints (14), (16) and (17) tends to maximally distribute copies of video
file over as many access points as possible. For experimental approach de-
scribed in Section 4.3 and experimental WMN graph from Figure 6, ADTL,
as function of number of replica candidates, is shown in Figure 5. This con-
firms ADTL as optimization criterion whose minimization requires maximal
decentralization of caching among WMN access points. Therefore, ADTL
optimization criterion will result in energy efficiency decrease on behalf of
QoS increase.

When one copy of a video file is placed on every AP in the WMN, ADTL
for that file will be minimal (equal to 1 as shown in Figure 5). However, if
a local popularity of that particular video file is such that streaming capacity
of a WMN cannot support all stream requests, caching on more APs will
increase streaming capacity of a system and consequently increase energy
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Figure 5 ADTL as function of number of candidate nodes for replica placement.

efficiency. This implies that precision of predicted local file popularity is very
important for system power efficiency.

The model for minimization of system power consumption is developed
in order to confirm the claims in [2], where it states that power efficiency of a
video streaming CDN system goes up with streaming process centralization.
The model objective function is:

Minimize: �f �(k,l)pklQ
f

kl + �f �(k,l)p
′
klY

f

kl ∀((k, l) ∈ K,f ∈ F) (24)

Objective function (24) with constraints (15) and (17) represents MILP model
for system power consumption minimization. The first sum in (24) addresses
power consumption of caching storage per copy of video file. The second
sum represents total base power consumption of nodes selected for replica
placement. With parameter pkl we can model storage devices with different
power efficiency (HDD, SDD, Flash memory). Parameter p′

kl represents base
power consumption of candidate nodes (including power needed for stream-
ing process and caching management) and can be used for modelling data
centres and devices with different power efficiency. Parameters pkl and p′

kl

directly address parameter β (3) in light of power consumption of newly
deployed resources. When a number of copies of video file are derived and
when we do not have storage capacity limitation on access points, power con-
sumption minimization model will always place all copies of video file on one
access point only. If all candidate nodes have the same power efficiency (base
and per unit of storage power consumption), model will randomly select one
candidate node. If parameters p′

kl and pkl are different for different candidate
nodes, model will select the most power efficient solution.
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Power consumption of transferring video file over wireless link is the next
parameter that needs to be included in the model with objective function (24).
This requires that constraints (14), (16) and (19) be included into the model.
By including this new system parameter, we have upgraded objective function
for power consumption minimization criterion:

�f �(i,j)p
′′
ijX

f

ij + �f �(k,l)pklQ
f

kl + �f �(k,l)p
′
klY

f

kl ∀((k, l) ∈ K,f ∈ F)

(25)
The first sum in (25) addresses power consumption for transferring video files
over wireless links. This part of total system power consumption directly
depends on ADTL value. With ADTL minimization, total file transferring
power consumption is also minimized. Now, when the model with objective
function (25) has to choose among replica candidates with the same power
consumption (base and per unit of storage), it will select the one which
results in minimal ADTL for requesting users. Since ADTL minimization
requires caching/streaming decentralization, we come to conclusion that total
system power consumption (energy efficiency) and ADTL (QoS) are not two
totally opposing criteria. However, since base and storage power consump-
tions represent major part of the total system power consumption [9], these
two optimization objectives will oppose one another and appropriate trade-off
between them should be found.

Objective functions (23) and (25) represent ADTL and power consump-
tion optimisation criterion. In order to find trade-off between these two
objectives, we have combined them in one aggregated objective function.
Aggregation is done with help of weight parameter W . This results in
objective function (13). Parameter W (value between 0 and 1) represents
importance/priority given to two different optimization criteria. Parts of the
objective function (13) that are multiplied by W correspond to the ADTL
optimization criterion and parts that are multiplied by (1 − W) correspond
to the power consumption criterion. When we want to place fixed number
of copies of video file in the APs, if parameter W comes closer to value
of 1, parameter α will also come closer to the value of 1. If the streaming
capacity of a standard WMN is enough to serve all of the predicted user
requests, then W = 1 results in α = 1 (caching on APs will increase available
streaming capacity of a WMN, but since user requests do not require stream-
ing capacity increase, all new resources will be used for QoS improvement,
leaving number of served users the same as for the original WMN). When
streaming capacity of a standard WMN is not enough to serve all requesting
users, W = 1 will result in α < 1, because number of concurrent streams
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will increase with caching on APs. By taking into account power consump-
tion, as one of the optimization criterion for optimal replica placement, when
parameter W tends to a value of 0, parameter α will also tend to a value of 0.

The next step in MILP model evolution is adding the storage capacity
constraint (18). When caching storage of APs has unlimited capacity, all
copies of video file, which need to be placed into the system, can be stored
on one AP. In reality, APs will have very limited storage capacity, which
will make candidate nodes selection more challenging problem from power
consumption objective point of view. Experiments were conducted in order
to determine influence of the storage size of APs on the power consumption
of the system as well as on the ADTL and establish the trade-off dependency
between them.

As discussed in [9], CDN systems using caching of content at networking
elements (routers, access points, etc.) achieve greater energy efficiency than
those with centralized streaming approach. This claim from [9] is based on
the fact that networking elements work all the time (regardless whether or not
they are streaming video content), therefore their base power consumption
should not be included in power consumption of the overall CDN system.
Furthermore, the content cached on access points is being placed closer to the
end users, which results in shorter ADTL and consequently the improvement
of the QoS perceived by the users.

Spatial user request distribution and weight factors for both of the op-
timization criterions are the inputs into the optimization algorithm (13)–(22)
which in turn produces a pareto-optimal replica placement. The model as-
sumptions are: (a) all access points have the same power consumption per unit
of storage, (b) one unit of storage is equivalent to the video file size, (c) ad-
ditional power required to run local media server services is identical from
AP to AP, (d) all APs poses the same storage capacity, and (e) transmission
power consumption is the same for all wireless links in the system.

4.3 Experiments

Wireless mesh network used in this experiment is shown in Figure 6. It is
a wireless mesh network with k-connected mesh backbone where k = 2,
which permits multiple paths between APs. This makes network graph more
realistic, since a good wireless mesh structure, in practice, requires for
every access point to be able to connect to multiple neighbouring APs. The
rectangles represent wireless access points and all of them are candidates
for replica placement. Shaded circles depict users that are requesting the
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Figure 6 Graph of the network used for the experiment.

video file. The shaded rectangle represents optimal connection for video
server for the case of centralized video streaming. This solution is used for
benchmarking the other solutions.

As mentioned earlier, base power consumption of APs does not need to be
included into the overall CDN system power consumption. On the other hand,
streaming/caching servers are dedicated devices and as such all of their power
consumption goes directly to the overall CDN system power consumption.
Speaking in relative power units, as used in this experiment, power consump-
tion of a streaming server (shaded rectangle in Figure 6) is around 400 which
is at least 4 times more than the most power consuming scenario (only ADTL
minimization is considered, see Figure 8) when streaming is done only from
WMN access points.
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Table 2 Content distribution among access points with changes of parameter W .
W 50 51 52 53 54 55 56 57 58 59 60 61 62 63 ADTL Power
0 0 0 0 0 3 4 0 0 3 4 0 0 0 0 1.63 78
0.1 0 0 4 0 0 3 0 0 0 3 0 0 0 4 1.63 78
0.2 0 0 0 0 3 4 0 0 3 4 0 0 0 0 1.63 78
0.3 0 0 0 0 3 4 0 0 3 4 0 0 0 0 1.63 78
0.4 0 0 3 0 0 0 0 0 0 2 3 0 3 3 1.52 80
0.5 0 0 2 0 2 2 0 0 2 3 3 0 0 0 1.41 82
0.6 0 0 1 2 2 2 2 0 0 2 2 0 1 0 1.26 88
0.7 0 0 1 1 1 1 2 0 2 2 2 0 2 0 1.18 91
0.8 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 111
0.9 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 111
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 111

When W = 1, only ADTL minimization is considered and for W = 0
minimization of the system power consumption is the only optimization goal.
In the simulation trials, for each value of access point storage capacity, we
vary the W parameter over the whole range of [0, 1] with steps of 0.1 in order
to gain a better understanding of the trade-off between the ATDL and power
consumption. In Table 2 it is shown how copies of file are distributed among
access points with parameter W changing.

The experimental task was to place 14 copies (the number of access
points) of file into the access points caching storages whose capacity is 5. For
lower parameter W values, power consumption is more dominant optimiza-
tion criterion and therefore model tends to place number of requested copies
over as minimal number of access points as possible. Replica placement, in
cases when parameter W takes values from 0 to 0.3 (see Table 2), results in
the same power consumption and ADTL values, although selected candidate
nodes are not the same. In cases like this MILP model will randomly select
one of the solutions. From W = 0.4 to W = 0.7, replica placement solution
changes with every step resulting in increased value of power consumption
and decrease in ADTL value. The last three values of W parameter from
Table 2 result in replica placement solution where one copy of video file is
placed on every access point. This results in minimal value of ADTL and
maximal value of system power consumption.

Including more access points in the streaming process impose greater
power inefficiency than placing more copies on the same access point. By
including power consumed for content transmission into MILP model, more
realistic results are obtained. For example, in the case when W = 0 we have
streaming from four access points, although their caching capacity allows for
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Figure 7 ADTL and power consumption are two opposed optimisation criteria.

streaming to be done from three access points. Streaming from three access
points is better from a power consumption point of view if the delivery tree
length (transmission power consumption) is not included into the overall sys-
tem power consumption model. However, streaming from four access points
results in sufficient ADTL reduction that overall system power consumption
is actually minimized by including additional AP into the streaming process.
This is the result of transmission power consumption being included in the
experiment. The last two columns from the right in Table 2 show how ADTL
decreases and power consumption increases with growing parameter W .

From the results of this experiment we can see that minimization of power
consumption and ADTL are two opposed optimization criteria, see Figure 7.
Opposing nature of these two performance parameters can be seen in Figure 8
which depicts how increase in AP storage capacity impacts the overall system
power consumption and ADTL. When available storage resource on an AP
is limited, the hit ratio (λ) is low and a significant amount of AP resources
will be used for relaying video streams, which results in power consumption
increase. However, since we have to place the precise number of copies of
video files in the storage of APs, a lower level of AP storage capacity results
in a decrease of the ADTL. With growth of storage capacity of the APs, the
replica placement algorithm has greater freedom in determining how many
APs to include into the streaming process and which ones, resulting in power
consumption minimization.
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Figure 8 Impact of the increasing storage capacity of the APs in terms of ADTL and
consumed power metrics.

We can see from Figure 8 that after a certain threshold, there is no be-
nefit in adding additional storage resources, as they are not improving the
hit ratio and consequently the changes in ADTL and power consumption are
negligible.

5 Conclusion

In this paper we have investigated the energy efficiency of a special class of
video CDN system, namely pervasive wireless CDN based on Mesh Wi-Fi
implementation. Both analytical calculations and computer simulations con-
firmed our initial hypothesis that content placement strategy for a wireless
CDN has to carefully balance energy consumption versus QoS/latency per-
formances. We have captured the idea of intelligent coordination of content
placement among wireless access points that serve as edge video servers
into a number of experiments. Computer simulations are conducted based
on mixed integer linear programming (MILP) model in order to demonstrate
its capability to come up with pareto-optimal content placement and cach-
ing strategies as function of power consumption and QoS requirements. Our
analytical approach has shown very strong dependency between the energy
efficiency for this class of CDNs and associated content hit ratio. All of this
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points out towards a very strong need to build a context driven wireless video
delivery networks in which content/caching placement strategies are dynam-
ically changed in accordance with user’s request changes, user’s mobility and
content popularity.
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