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Several Peer-to-Peer (P2P) protocols and applications have been developed in order to allow file distribu-
tion/sharing, video and music streaming, data and information dissemination. These P2P systems are reg-
ularly used by a large number of users, both in desktop and mobile environments and generate a remarka-
ble portion of the overall Internet traffic. However, many common P2P protocols and applications were de-
signed neglecting the energy problem. In fact, they often require always-on devices in order to work 
properly, thus producing significant energy wastes. The problem is even much more relevant in the mobile 
context, since the battery lifetime of mobile devices is limited. Therefore, energy efficiency in P2P systems 
is a highly debated topic in the literature. New P2P approaches – more energy efficient than traditional 
client/server solutions – have been proposed. In addition, several improvements to existing P2P protocols 
have been introduced in order to reduce their energy consumption. In this paper, we present a general tax-
onomy to classify state-of-the-art approaches to the energy problem in P2P systems and applications. 
Then, we survey the main solutions available in the literature, focusing on three relevant classes of P2P 
systems and applications, namely file sharing/distribution, content streaming and epidemics. Further-
more, we outline open issues and provide future research guidelines for each class of P2P systems.  

Categories and Subject Descriptors: C.2.4 [Computer-Communication Networks]: Distributed Sys-
tems 

General Terms: Design, Algorithms, Performance  

Additional Key Words and Phrases: peer-to-peer, P2P, energy efficiency, file distribution, content stream-
ing, epidemics. 

 INTRODUCTION 1.
Peer-to-Peer (P2P) systems have gained an increasing importance in recent years. 
P2P file-sharing applications are among the most popular Internet services account-
ing for a large fraction of the overall Internet traffic [Carlinet et al. 2010; Schulze 
and Mochalski 2009]. They are daily used by a large number of users to locate and 
download media files such as books, music, movies, and games. In addition to P2P 
file sharing, P2P content streaming services such as Video on Demand (VoD) and Live 
Video streaming are also quite popular [Kurose and Ross 2013a]. Finally, several dis-
tributed services such as reliable multicasting [Birman et al. 1999; Ozkasap et al. 
2009c; Eugster et al. 2003], aggregate computation [Jelasity et al. 2005], frequent 
items discovery [Cem and Özkasap 2013], overlay topology construction and failure 
detection rely on P2P epidemic approaches. 

Originally, P2P solutions have been designed without paying so much attention to 
their energy demands. For instance, the most popular protocol for P2P file shar-
ing/distribution (i.e., BitTorrent [Bharambe et al. 2005]) has no internal mechanism 
for energy efficiency. The main motivation for this design choice is that, in P2P sys-
tems, energy consumption is distributed among a large number of peers, differently 
from traditional client-server architectures where energy is mainly consumed at data 
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centers. Hence, in P2P systems energy costs are not supported by a single organiza-
tion; instead, they are shared among a large number of users. As the energy costs of 
P2P systems keep increasing with their popularity and share of the overall Internet 
traffic – and awareness about energy and environmental issues increases – develop-
ing energy efficient solutions has attracted more and more attention in recent years. 
In addition, due to the proliferation of mobile devices (such as smart-phones and tab-
lets), many P2P applications and services have been made available for mobile plat-
forms. Mobile devices are typically powered by batteries with limited energy and, 
hence, energy efficiency is vital in order to extend their lifetime. 

Designing energy efficient P2P solutions is not a trivial task. Since energy con-
sumption is distributed among a number of peers, addressing energy efficiency in 
P2P systems is generally more challenging than in traditional client-server architec-
tures [Kant 2010]. Introducing energy efficiency in P2P audio/video streaming is even 
more challenging as, in addition to save energy, the Quality of Service (QoS) con-
straints imposed by the application need to be satisfied as well. Typically, energy sav-
ings and QoS provision are contrasting goals. 

Despite the aforementioned challenges, a large number of solutions for energy ef-
ficiency in P2P systems have been developed in recent years. In this paper, we first 
introduce a general taxonomy to classify the main approaches to energy efficiency in 
P2P systems, applications and protocols. Then, we survey the main proposals pre-
sented in the literature, with special focus on three main areas, namely file shar-
ing/distribution, content streaming, and epidemic protocols. We show that, while the 
solutions proposed for the three considered areas are significantly different, the basic 
ideas are very similar and common to all the three areas. For each considered area, 
we also outline open issues and provide some general guidelines for future research 
activities.  

The rest of the paper is organized as follows. Section 2 introduces our taxonomy of 
energy efficiency in P2P systems and applications. Section 3 surveys the main solu-
tions for energy efficiency in P2P file sharing/distribution. Section 4 addresses energy 
efficiency in P2P content streaming, while Section 5 focuses on energy efficiency in 
P2P epidemic protocols. Section 6 concludes the paper. 

 GENERAL CLASSIFICATION 2.
In this section, we provide our classification of energy-aware P2P solutions based on 
six main classes, namely sleep/wakeup, proxy-based, peer selection, resource alloca-
tion, structure optimization and message reduction, depending on the approach they 
take for energy efficiency. As shown in Figure 1, our classification concerns three rel-
evant classes of P2P systems and applications (i.e., file sharing/distribution, content 
streaming and epidemics). For energy efficient file sharing/distribution, there exist 
several solutions in the literature, based on the six main classes of approaches we 
identified. As shown in the figure, energy efficient content streaming solutions are 
based on three main approaches, namely sleep/wakeup, peer selection, and resource 
allocation. Energy efficient P2P epidemic solutions make use of four main approaches, 
namely sleep/wakeup, resource allocation, structure optimization and message reduc-
tion. Description of each approach is provided as follows. 

Sleep/Wakeup. When taking a sleep/wakeup approach, the whole P2P system, or 
some of its components are switched off when unused, so as to save energy, and are 
woken up again whenever necessary to exchange data. Sleep/Wakeup solutions usu-
ally exploit features provided by the operating system and/or the network interface 
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(e.g., Wake On LAN [Lieberman 2006]). Shutdown and wakeup operations can be 
performed either autonomously by a single peer, or in coordination with other peers 
in the overlay network. Generally, specific schedules and policies allow to avoid deg-
radation in the performance of the overall system while preventing single peers from 
repeatedly switching on/off. 

Proxy-based. In proxy-based solutions, a dedicated entity (called proxy) inside the 
overlay network acts as a delegate of a number of peers and downloads data on their 
behalf. During the download, peers can enter a low-power mode to save energy. The 
proxy will wake up peers as soon as the related download is finished. This way, peers 
can download data from the proxy at the maximum speed allowed by the connection, 
thus minimizing the time they must stay active and, hence, their energy consump-
tion. Proxies are quite common in mobile environments, where they are used to pre-
vent peers from participating in swarms with low downloading rate. In fact, by down-
loading directly from the proxy, a mobile client can achieve higher bit rates and fast-
er download times than with the classical P2P approach, thus extending its battery 
lifetime. 

Peer Selection. When a peer requires some data, it has to select which peer to re-
quest them from. The choice of the most appropriate supplying peer should consider 
several aspects. For instance, if a peer has to fulfill many requests, it uses its CPU 
more intensively and requires more bandwidth, thus consumes more energy. There-
fore, a simple strategy to save energy could be to balance requests among peers, so 
that none of them is overloaded. Similarly, in a mobile context where peers are di-
rectly connected (e.g. using Bluetooth [Bluetooth.org 2014] or WiFi direct [Wi-Fi Alli-
ance 2014]), if the selected peer is far away, or the channel between the two peers is 
noisy, the communication requires a larger number of retransmissions, thus result-
ing in a higher energy consumption. In this case, selecting a near peer as a supplier 
could reduce the energy consumed for communication. It clearly emerges that an ap-
propriate selection of the supplier peer may produce significant energy savings. In 
this perspective, solutions falling in this category rely on different selection criteria 
to identify the peer that is able to satisfy data/file requests with minimum energy 
consumption. 

Resource Allocation. P2P applications require significant amount of system re-
sources such as CPU, memory, network interfaces. By using such resources properly, 
it is possible to reduce the energy consumption of peer devices. To this end, several 
approaches can be followed. For instance, virtualization techniques can be used to ef-
ficiently allocate shared resources among the peers of an overlay network. In mobile 

 
Fig. 1. General Classification 
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environments, some proposed solutions reduce the energy consumption by properly 
using specific hardware components. For instance, since short-range connections (e.g., 
WiFi, Bluetooth) are consuming less energy than long-range ones (e.g., 3G, UMTS, 
LTE), the former should be preferred whenever possible, for downloading a content. 
Similarly, in some environments it is possible to limit the energy consumption of peer 
devices, by appropriately tuning the transmission power of their network interfaces.   

Structure Optimization. P2P overlay networks maintain some sort of structure or 
topology that defines which peers are connected to each other, and how they can 
communicate. Approaches based on structure optimization specify how such struc-

Table I. General Classification 

 FILE DISTRIBUTION/SHARING CONTENT STREAMING EPIDEMICS 

Sleep/Wakeup 

[Blackburn and Christensen 
2009]  

[Lee et al. 2010]  
[Forshaw and Thomas 2013]  

[Sucevic et al. 2011] 
 [Andrew et al. 2011]  
[Hlavacs et al. 2012] 

[Jourjon et al. 2010]  
[Pussep et al. 2010] 

[Lefebvre and Feeley 
2000]  

[Hou et al. 2006] 
[Rajeswari and Venka-

taramani 2010] 

Proxy-based 

[Nordman and Christensen 
2010] 

[Anastasi et al. 2010] 
[Giannetti et al. 2012] 
[Hlavacs et al. 2012] 

[Jimeno and Christensen 2007] 
[Agarwal et al. 2009] 

[Kelényi and Nurminen 2010] 
[Kelényi et al. 2010a] 
[Kelényi et al. 2010b] 
[Kelényi et al. 2011a] 
[Kelényi et al. 2011b] 
[Kelényi et al. 2012] 

  

Peer Selection [Mawji and Hassanein 2010] 
[Enokido et al. 2010] 

[Li et al. 2009] 
[Maamar et al. 2011] 
[Maamar et al. 2013] 

 

Resource  
Allocation [Hlavacs et al. 2012] 

[Chen et al. 2011] 
[Chen et al. 2013] 

[Albiero et al. 2008] 
[Yeung and Kwok 2008] 
[Ramadan et al. 2008] 

[Barua et al. 2013] 
[Zhang et al. 2007] 

[Garbinato et al. 2010] 
[Kontos et al. 2014] 

Structure  
Optimization 

[Han et al. 2008] 
[Trunfio 2014] 

[Chandrasekar et al. 2012] 
[Raj et al. 2013] 

[Leung and Kwok 2005] 
[Leung and Kwok 2008] 

 [van Renesse 2002] 
[Ozkasap et al. 2014] 

Message  
Reduction 

[Kelényi and Nurminen 2008a] 
[Kelényi and Nurminen 2008b] 

[Ding and Bhargava 2004] 
[da Hora et al. 2007] 

 

[Fauji and Kalpakis 
2011] 

[Lu et al. 2008] 
[Khouzani et al. 2012] 
[De Rango and Amelio 

2013] 
[De Rango et al. 2013] 

[Lee et al. 2014] 
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tures should be formed. In addition, solutions called hierarchical allow to build a new 
layer on top of the P2P overlay, formed by special peers (namely super peers) that 
perform additional tasks with respect to regular peers. By properly control-
ling/maintaining the topology or introducing super peers, it is possible to optimize 
data and information flow, thus achieving significant energy savings. 

Message Reduction. Message reduction approaches aim at conserving energy in 
P2P overlay networks by reducing the number of messages required for their opera-
tion and maintenance. Basically, peers have to exchange a smaller number of mes-
sages. This way, processing and transmission overheads inside peers are reduced, 
thus saving energy in the overall P2P overlay network. 

Table I shows the main solutions proposed for energy efficiency in P2P systems 
and applications, classified according to the taxonomy introduced above. For each 
considered scenario, the main solutions will be discussed in the following sections. 

 FILE DISTRIBUTION/SHARING 3.
The most popular applications of P2P overlays are in the field of file distribution and 
file sharing. These applications account for a large share of the overall Internet traf-
fic, ranging from 40% up to 73%, depending on the considered geographic area 
[Carlinet et al. 2010; Schulze and Mochalski 2009]. It is therefore evident why energy 
efficiency in P2P file distribution/sharing is so important.  

From the energy point-of-view, the main motivation to use a P2P approach for file 
sharing/distribution systems is that in a P2P architecture energy consumption is dis-
tributed among a large number of peers, while in the traditional client-server archi-
tecture energy is mainly consumed at data centers. Hence, in P2P file shar-
ing/distribution, energy costs are not supported by a single organization, but are 
shared by a large number of users. However, the question that could arise is: which 
architecture (P2P vs. client-server) is more energy efficient without any mechanism for 
controlling energy consumption?  

To answer this question, different factors contributing to energy consumption in 
both architectures have been considered and the most energy efficient one was inves-
tigated in [Nedevschi et al. 2008]. In a P2P file sharing system, peers typically spend 
a high portion of the day fully powered-up, while their average utilization is typically 
very low. This factor plays a significant role in energy consumption of P2P file shar-
ing/distribution. Apart from this, a P2P system makes much heavier use of the net-
work than a client-server system. This is due to the overhead traffic generated for 
peer discovery and searching, as well as for membership maintenance. The average 
path length between peers can be significantly longer than the average path length 
between a client and the central server. On the other side, in a client-server architec-
ture, the power consumed by cooling in data centers is the most important factor that 
contributes to energy consumption, while a P2P architecture is exempt from this cost 
due to its geographic distribution and the fact that peers are mostly home PCs. An-
other factor is the high baseline energy consumption of PCs, defined as the amount of 
energy that a PC consumes just to be powered up (i.e., when it is idle). The baseline 
energy consumption is typically much higher than the additional energy consumed 
by the PC when its utilization increases. The difference between P2P and client-
server systems mainly lies in the fact that a P2P service is only responsible for the 
increase in the peer’s power consumption but is not responsible for baseline energy 
consumption, while in client-server architecture, the data center is responsible for 
the entire power consumption. The authors of [Nedevschi et al. 2008] considered all 
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the aforementioned factors in modeling energy consumption and comparing P2P and 
client-server architectures. They concluded that, in terms of energy consumption at 
end systems, P2P is likely the most convenient. However, this conclusion strongly 
depends on the assumption that the baseline energy consumption of peers comes for 
free.  

In any case, the P2P architecture turns out to be actually a valid option for file 
sharing/distribution, also in terms of energy consumption, compared to the tradition-
al client-server paradigm. Therefore, starting from this assumption, many solutions 
have been proposed to further improve the energy efficiency of P2P file shar-
ing/distribution systems. The main solutions appeared in the literature are discussed 
in the following, according to the taxonomy introduced above.  

 Sleep / Wakeup Approaches 3.1
Sleep/wakeup solutions are a class of energy efficient techniques, in which peers are 
turned off and switched on in order to save energy, without any (or with a little) deg-
radation in the system performance. The proposed approaches in this category can be 
further divided into two sub-classes, namely self-adaptive and scheduling-based solu-
tions, depending on who makes the decision about the state (sleep/wakeup) of peers 
in the swarm.  

3.1.1. Self-Adaptive Solutions. In self-adaptive solutions, peers themselves decide 
when to switch between sleep and wakeup mode according to their own local calcula-
tions, or in cooperation with other peers. This approach typically requires modifica-
tions in P2P file sharing applications and protocols. Therefore it is obvious that the 
solutions in this subcategory are achieved in the application layer. In this respect, a 
Green BitTorrent protocol has been proposed in [Blackburn and Christensen 2009]. 
In this modified protocol, peers can be turned into sleep mode without being dropped 
from the peer list in the tracker (i.e., the host that contains the list of all the clients 
in a specific swarm). This is achieved by flagging a disconnected peer as asleep, in-
stead of removing its entry from the peer list. Therefore, a tracker can maintain 
knowledge of sleeping peers through the swarm. If the resources of a sleeping peer 
are later needed, it can be woken up to restore the TCP connection. To this end, 
Green BitTorrent relies on the Wake on LAN (WoL) technology [Lieberman 2006]. A 
similar approach is also used in [Lee et al. 2010], where an energy efficient set-top-
box prototype for BitTorrent networks is proposed. Like Green BitTorrent, this solu-
tion is based on the definition of new peer states, including energy saving modes. 
Similarly, the communication of this state information is realized through specific 
hibernation and wakeup messages, and sleeping peers are resumed through the WoL 
technology.  

In [Forshaw and Thomas 2013], the authors consider the perspective of a content 
provider and propose an energy efficient solution for BitTorrent-based content distri-
bution systems. Basically, they consider a seed pool, i.e. a group of servers in charge 
of sharing content to peers, ensuring satisfactory levels of performance. This pool is 
said to be elastic, in the sense that the number of its elements is adapted dynamical-
ly in response to real-time service demand, so as to provide the required performance 
while minimizing the energy consumption of the pool. In this respect, each seed can 
be in a sleep or in an active state. Basically a seed can be placed in the active state, to 
serve the requests from the swarm, or in the sleep state, to limit its energy consump-
tion. While asleep, the state of the server is stored in memory, allowing the machine 
to quickly resume into the active state.  
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3.1.2. Scheduling-based Solutions. These solutions rely on a given schedule to turn 
peers on and off, in order to decrease the energy consumption of the system and are 
typically achieved in the application layer. Such schedule is obtained analytically 
from an energy model of the P2P network. The approach is generally centralized, 
since the schedule is calculated by a central algorithm and peers are switched on and 
off accordingly.  

Following this approach, a scheduling mechanism for powering down peers inside 
a P2P file sharing system is proposed in [Sucevic et al. 2011]. The authors present a 
mathematical model and an optimal strategy for small networks. They prove that, for 
small networks, the optimal strategy consists of turning peers off as soon as they 
have finished their downloads. However, they also show that the optimal strategy 
quickly becomes extremely complex as the number of peers grows, resulting in a sub-
stantial limitation in practical situations. Therefore, in order to study the case of 
large networks, the authors consider a heuristic approach, in which the peers with 
the highest upload capacities remain active in the swarm longer, to ease the down-
loads of the other peers. Simulation results show that this scheduling turning peers 
off according to an increasing order of capacity, reduces the average on-time (and, 
thus, the energy consumption) per peer, compared to other approaches (i.e., decreas-
ing order of capacities and random order).  

Based on the same idea, the authors of [Andrew et al. 2011] present a study about 
the energy efficiency of P2P file distribution and propose a different scheduling strat-
egy to minimize the total energy consumption. In order to obtain the best results, 
they show that peers should be active only when they can download at the highest 
possible rate, and should be turned off as soon as they have downloaded the file. Just 
a small set of energy efficient peers is required to be always on in order to help oth-
ers. 

In [Hlavacs et al. 2012] the authors present an energy consumption model for the 
BitTorrent file sharing protocol, inspired by [Qiu and Srikant 2004]. Starting from 
this model, they derive the analytical expression of the optimal seeding time, i.e., the 
optimal time seeders should stay online in order to minimize the globally consumed 
energy of the swarm. Simulation results show that, if seeders leave the swarm and 
are powered off according to the derived optimal seeding time, the system energy 
consumption is minimized and the average downloading rate is maximized. However, 
the authors do not discuss how the optimal seeding time can be obtained in a real 
scenario so as to define a usable schedule. 

 Proxy-based Solutions 3.2

In proxy-based solutions an entity called proxy acts as a delegate of one or more 
peers, either to maintain the network presence of devices while they are in sleep 
mode [Nordman and Christensen 2010], or to prevent them from participating in 
swarms with low downloading rate (typically in mobile environments). These solu-
tions are mainly achieved in the application layer, because they need to negotiate 
with file sharing applications at the protocol level. 

In [Anastasi et al. 2010], the authors proposed a proxy-based solution, namely EE-
BitTorrent, for the BitTorrent protocol [Bharambe et al. 2005; Kurose and Ross 
2013b]. It achieves energy efficiency by allowing a number of sleeping peers to be 
served by a BitTorrent proxy. The latter can run either on a dedicated computer or on 
a computer that already provides other network services (e.g., DHCP, Web proxy, 
etc.). In EE-BitTorrent peers delegate the download process to the associated proxy, 
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which performs the task on behalf of them. Most of the time, the requested file is al-
ready available on the proxy and can, thus, be immediately transferred to the user’s 
device. If this is not the case, the proxy participates in the BitTorrent overlay net-
work as a regular peer, and takes care of the overall download process. Therefore, the 
user’s device can be switched off during the download phase. The file will be down-
loaded from the proxy when the user’s device reconnects. EE-BitTorrent does not in-
troduce any change in the BitTorrent protocol, and is very effective when the user’s 
uplink rate is low. In such a scenario, the legacy BitTorrent protocol performs poorly 
due to the Tit-for-Tat mechanism, and EE-BitTorrent outperforms it in terms of av-
erage download time and energy consumption. However, the opposite occurs when 
the uplink rate is good. Therefore, in this respect, the same authors have proposed an 
adaptive algorithm, namely AdaBT [Giannetti et al. 2012], being able to dynamically 
select the most efficient option between legacy and EE-BitTorrent, according to the 
operating conditions available at download time.  

Download sharing [Hlavacs et al. 2012] is another proxy-based approach for Bit-
Torrent, mainly targeted for unpopular files, i.e., files for which very few copies are 
available in the overlay. In this case, the number of seeders (i.e., peers with a com-
plete copy of the file being downloaded by other peers) is very small. Hence, the P2P 
download tends to degenerate to a client-server file transfer that results in a high 
download time and energy consumption at the peer device. The basic idea of Down-
load sharing is employing a subset of leechers (i.e., peers with a partial copy of the 
file) as the external proxies or active leechers, to manage the download task on behalf 
of other leechers (passive leechers), which can thus be hibernated.  

Leechers with higher upstream network bandwidth are preferably selected to act 
as active leechers. The idea then is to combine the upload capacity of seeders and 
avoid semantically redundant download flows. Figure 2 shows the state cycle of a 
leecher. In state P (Passive), a leecher is hibernated and consumes only the power for 
holding the connection to the network (P is the starting state for all leechers). When 
a leecher in state P creates a new download task, it switches to state AB (Active – 
Blocked). In state AB, the leecher searches for other leechers being in state A (Active) 
with the aim to send out the task to them. If no active leecher can be found, the 
leecher itself switches to state A to execute the task locally. Also, from this time on, it 
accepts remote tasks generated by other leechers. Ideally, a leecher in state A is ex-
ecutor of many tasks created by different owners which are in state P. After the ex-
ecutor has finished a task, it sends back the results to the owners. If an owner is in 
state P, it must switch to state ABC (Active-Blocked-Content) for the time the upload 
from the executor to the owner takes. After the successful upload, the task is finally 

 
Fig. 2. State Cycle of Leecher. 
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completed and the owner can switch back to state P.  
Based on similar observations, the authors of [Jimeno and Christensen 2007;  

Agarwal et al. 2009] have proposed other proxy-based solutions for P2P file shar-
ing/distribution. However, unlike the approaches described above, these solutions re-
ly on a private proxy rather than an external shared entity. The proxy proposed in 
[Jimeno and Christensen 2007] for the Gnutella file sharing/distribution protocol 
[Klingberg and Manfredi 2002] operates in a low power micro-controller, co-located 
on the Ethernet Network Interface Card (NIC) of the user’s device. The proxy sup-
ports a subset of  the Gnutella capabilities, including initiating and accepting connec-
tions to and from other peers, receiving request messages (Query in the Gnutella 
terminology), replying through an acknowledgement message (QueryHit) if the re-
quested file is shared by the host, or forwarding request messages to neighboring 
peers. An idle peer can go to sleep as its presence in the overlay is guaranteed by the 
proxy. However, the latter has limited resources and, thus, it cannot store the files 
shared by the host. Hence, as soon as the proxy receives a request for downloading a 
file, it immediately wakes up the sleeping host and forwards the received request to 
it. In general, TCP connections with neighbors are maintained by the host when it is 
awake, and by the proxy when the host is sleeping. Specifically, when the control is 
transferred from the host to the proxy, TCP connections are terminated by the host 
and re-established by the proxy. Conversely, when control passes from the proxy to 
the host, the opposite occurs. To appropriately manage the interaction between the 
proxy and the host, some state information is essential, such as power state of the 
host (i.e., powered-on or sleeping), shared file names, and IP addresses of the neigh-
boring peers. In particular, file names are shared between the host and the proxy in 
the form of a Bloom filter [Jimeno and Christensen 2007]. Experimental results show 
that the proposed proxy-based solution outperforms the legacy Gnutella protocol, in 
terms of energy consumption. Clearly, deploying this solution in the real world re-
quires a specialized NIC, which is a major limitation of the proposal. To avoid this 
limitation, the authors of [Agarwal et al. 2009] have proposed a solution called Som-
niloquy, where the proxy is implemented through an external low-power embedded 
device equipped with an Ethernet NIC and connected to the user’s PC through a USB 
port. Somniloquy is able to guarantee the continuous operation of various P2P appli-
cations (e.g., BitTorrent, instant messaging) even when the PC is sleeping. To run 
BitTorrent on the low-power embedded processor, the authors have customized a 
console-based client called ctorrent. Since the energy consumed by the embedded de-
vice is much lower than the energy consumed by the PC (in the order of 5%), the en-
ergy savings provided by Somniloquy may be very significant. 

Proxy-based approaches are also used for P2P file sharing/distribution in wireless 
mobile systems. In this context, proxy entities are not used to turn peers into sleep 
mode, but mainly to prevent them from participating in swarms with low download-
ing rates. In fact, experimental results reported in [Nurminen 2010] show that low 
bit rates cause a high energy consumption in file transfers. Therefore, proxies are 
used to mediate between the mobile client and the other peers, so as to transfer data 
in high-speed bursts. Following this approach, the authors of [Kelényi and Nurminen 
2010] have proposed CloudTorrent, a proxy-based solution where the proxy resides 
on a cloud server. In CloudTorrent the proxy behaves as a regular BitTorrent peer 
and acts as an intermediary for mobile peers during the download process. Essential-
ly, files are downloaded by the proxy, and then transferred to the corresponding mo-
bile client through a fast and dedicated connection. This approach results in a signifi-
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cant reduction of energy consumption at the mobile device with respect to the legacy 
solution (i.e., without proxy). However, although running the proxy on a cloud is an 
attractive idea, it is unclear if any service provider would have enough incentive to do 
it.  

To avoid the problem, in [Kelényi et al. 2010b], the same authors have proposed 
the router proxy solution, where the proxy is hosted on the home router used by the 
user for residential Internet access. The authors highlight that home routers repre-
sent a good choice to act as proxies, due to their pervasiveness and stable energy con-
sumption (i.e., independent from the operation load). They also investigate the ener-
gy efficiency of the proposed solution. Simulation results show that the performance 
of the router proxy is strongly influenced by the limited memory space available at 
the router. Specifically, the amount of memory allocated to serve requests from other 
peers influences the file download speed, and, consequently, the energy consumption 
of peers. This is because, unlike regular BitTorrent peers, a router proxy deletes 
chunks already transferred to the mobile device, in order to reuse the limited 
memory space. Therefore, downloaded chunks are no longer available for other peers. 
However, the authors claim that the router proxy approach can reduce the energy 
consumption of mobile devices up to 80%, in comparison with the legacy approach.  

In [Kelényi et al. 2012], the memory issue of router proxies is further investigated, 
and its impact on energy consumption is analyzed. The authors define an analytical 
model to analyze the memory allocation strategies of router proxies and predict how 
they influence the performance of the P2P system. Besides, they study how the size 
of chunks (sent by router proxies to the mobile peers) affects the energy consumption 
of peers. They conclude that using large data chunks – although requiring more 
memory – reduces the number of transmissions and the related overhead, thus im-
proving energy efficiency.  

To overcome the memory problem of router proxies, the same authors, in [Kelényi 
et al. 2011b], propose to divide the available memory on the router proxy into two 
buffers, namely upload and download buffer. Specifically, the download buffer holds 
transient data directed to mobile peers. This means that chunks are downloaded, 
sent to the mobile device, and discarded, so that memory can be reused to download 
other chunks. Therefore, the content of the download buffer is constantly changing as 
the download of the file progresses. Conversely, the upload buffer stores those chunks 
that are served to the swarm. In practice, after a chunk in the upload buffer has been 
downloaded and sent to the mobile device, it remains in the memory and is made 
available for other peers according to the BitTorrent protocol. The authors introduce 
an adaptive algorithm to determine the optimal upload/download buffer allocation 
and show that it can lead to a significant improvement in the file download speed 
and, thus, to a reduction of the energy consumption at the mobile peer. 

In [Kelényi et al. 2010a], the router proxy idea is further extended. The authors 
propose a distributed proxy solution where multiple proxies are involved in the down-
load process. The aim is to increase the limited uplink rate of the home router by us-
ing multiple router proxies, in order to meet the downlink capacity requirements of 
the served mobile devices. The effect on energy consumption of increasing the num-
ber of proxies in the distributed proxy approach is investigated in [Kelényi et al. 
2011a]. It is shown that, after a certain threshold, adding more proxies to the system 
is not convenient since the aggregate proxy upload rate meets the download rate of 
the mobile devices. In addition, energy consumption for various upload/download ra-
tios in single and multiple proxy settings are explored. The experiments show that 
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the energy consumption of multiple proxies slowly decreases when the up-
load/download ratio is low, and becomes stable once the aggregate upload rate meets 
the download requirements of mobile devices.  

 Peer Selection Approaches 3.3

Peer Selection is one of the most effective techniques to reduce energy consumption 
of P2P file distribution/sharing systems. The idea is to decide which peer (i..e, a serv-
er peer) must be selected by another peer (i.e., a client peer) to download from, to-
wards optimizing energy consumption. As the decision maker needs information at 
the level of application, these solutions typically are achieved in the application lay-
er. 
In the standard BitTorrent algorithm, peers are selected according to a three-step 
strategy [Cohen 2003]. At the first step, a central server (i.e., tracker in BitTorrent 
terminology) randomly selects a list of peers to be sent to a new peer. At the second 
step, the new peer selects a random neighbor set from the received list. Finally, at 
the third step, the peer selects peers in its own neighborhood based on a choking al-
gorithm guaranteeing a reasonable level of upload and download reciprocation. Alt-
hough standard BitTorrent employs random peer selection along with a choking al-
gorithm to improve both the robustness and quality of service, there is no strategy to 
select peers in an energy efficient manner. 

In this respect, the authors of [Mawji and Hassanein 2010] propose a peer selec-
tion approach for a P2P file sharing overlay on top of mobile ad hoc networks (MA-
NETs). The objective is to formulate and solve the problem of optimally selecting the 
server peers – and their related paths – to download from, considering energy and 
download time constraints. To this end, the authors employ a mixed integer linear 
optimization program that returns the optimal set of paths for clients to choose. 
However, the proposed algorithm requires prior knowledge of all client download re-
quests, server locations, cost, and download time, thus limiting its practical value.  

In [Enokido et al. 2010] the authors propose a peer selection approach for data 
transfer applications (like FTP) using a laxity-based algorithm. Starting from exper-
imental results, they show that the power consumption of a server peer strictly de-
pends on the transmission bandwidth, in the sense that the higher the transmission 
rate, the more power is consumed. Therefore, the authors present a power consump-
tion model for a server peer that is applied to derive the laxity-based algorithm. The 
proposed algorithm allows to select a server peer among all the available peers, so 
that the deadline constraints are satisfied, and the power consumption of the server 
peer is minimized. Evaluations show that the laxity-based peer selection is more effi-
cient in terms of total power consumption than the traditional round-robin selection 
method. 

 Resource Allocation Approaches 3.4

Hardware virtualization technique can be effective in P2P systems and applications 
towards reducing energy consumption. In fact, by employing virtualization technique 
in a P2P system, resources can be managed by virtual machines to perform tasks in 
an energy efficient manner. Some studies propose virtualization approach to con-
serve energy in P2P systems [Garcia et al. 2010; Hlavacs et al. 2008; Hlavacs et al. 
2010]. They are based on the idea of energy efficient resource sharing among home 
networks interconnected via a P2P overlay, through virtualization of tasks. Virtual-
ization of tasks means moving the virtual machine responsible for a particular task 
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from one Virtual Home Environment (VHE) to another VHE. Shifting load to a small 
number of computers provides that the relieved computers can be hibernated to save 
energy. A task virtualization prototype for unpopular files in a P2P file sharing sys-
tem has been developed in [Hlavacs et al. 2012], where a virtual machine (VM) that 
remotely takes care of managing the resources for file download is used. By using the 
VM, download tasks are migrated to other machines. However, this approach has 
drawbacks in terms of privacy and security. The authors have developed scenarios to 
investigate the resource utilizations of CPU, memory and NIC, and the results show 
that resource utilizations grow linearly while the number of VMs involved in the sys-
tem increases. Furthermore, the effects of load, upload bandwidth and fairness on 
the energy consumption were demonstrated. As the proposed solutions in this cate-
gory need application level information to guarantee quality of service, they are 
achieved at the application layer.  

 Structure Optimization Approaches 3.5

During their life span, P2P networks maintain some sort of structure or topology, de-
fining how peers maintain connections and communicate with other peers. In this 
section, we review approaches where this structure is constantly adapted and opti-
mized with the new performance goal (i.e., energy efficiency) in mind. The existing 
approaches have been categorized into two sub-classes, namely hierarchical and to-
pology control solutions. 

3.5.1. Hierarchical Solutions. Hierarchical solutions build a new layer on top of the 
P2P file sharing overlay. In this layer, some peers carry out specific tasks in compari-
son to other peers in the overlay. The aim of this approach is to reduce the number of 
active peers in the system and, hence, the network overhead and resource usage. The 
special peers – usually called super peers – are either selected basing on an energy 
efficiency criterion across all peers [Han et al. 2008] or are fixed entities inside the 
overlay without any selection procedure [Trunfio 2014]. Super peer solutions can be 
achieved in both the network and application layer, depending on what kind of in-
formation the super peers need to maintain the system topology. For instance, if only 
routing is optimized, super peers act at the network level, whereas if content is in-
dexed, super peers act at the application level. 

In [Trunfio 2014], a hierarchical P2P file sharing model with two logical layers 
has been proposed. The lower layer is composed of a set of peers offering files to be 
shared, while the upper layer being made of super peers is responsible to form a dis-
tributed hash table (DHT), aiming to index the peers (including their availability sta-
tus) and the files at the lower layer. The idea behind the proposed model is to save 
energy by allowing peers to switch between wake and sleep modes cyclically. To this 
end, the author proposes an energy saving algorithm, allowing peers to make deci-
sions autonomously about their own availability status (sleep-wake cycle) based on a 
local criterion only (the number of files owned by them). Besides, the author proposes 
an extended DHT by introducing an additional data structure, which is handled by 
super peers to keep decentralized information about the availability status of all 
peers at lower layer. The reported results are promising since they show up to 50% 
decrease in energy consumption. In [Han et al. 2008], the authors propose an energy 
efficient routing approach for double-layered mobile P2P systems aimed to improve 
the system lifetime. In a double-layered P2P system there are two types of peers, 
namely super peers and sub-peers. The super peers are selected according to the 
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highest residual energy and the search process is carried out mainly through them. 
Each super peer in the proposed system maintains a routing table and a file table to 
keep the information regarding the routes and file lists, respectively. 

In the literature, there exists another type of hierarchical solution, which is not 
based on super peers, and is referred as active/passive peers. In this category we can 
include Smart Mobile Cloud (SMC) [Chandrasekar et al. 2012], that is an energy effi-
cient cloud-based P2P content sharing solution for mobile devices. SMC uses a strat-
egy for grouping mobile nodes (i.e., helper nodes acting as active entities that manage 
the file download process, and seeker nodes requesting file downloads as passive enti-
ties) close to each other based on their location. Serving file download requests by us-
ing resources of the nodes in the same group would then facilitate energy efficiency.  

Another energy adaptive technique for P2P file sharing in mobile devices is pro-
posed in [Raj et al. 2013] where the idea is to gather mobile users according to their 
energy budget and to restrict their transmission capacity in order to achieve energy 
savings. More specifically, peers are grouped into Energy Sufficient (ES) and Energy 
Constrained (EC) peers. Peers in the ES group are either not battery constrained, or 
they are battery constrained but are able to download the file successfully within 
their given energy budget (based on the average upload and download rate of the 
peers inside the group). In the ES group there are no restrictions on bandwidth us-
age, and peers download the file only from neighboring peers from the same group. 
Peers in the EC group do not have enough energy budget to download the file suc-
cessfully from the ES group. They are divided further into smaller sub-groups char-
acterized by their respective energy budgets. In each such sub-group, peers have a 
similar energy budget and download the file using the same bandwidth. Energy sub-
groups also have a unique energy consumption profile depending on the maximum 
upload and download rates at which peers in that group must adhere to while down-
loading the file. Therefore, peers usually join an energy sub-group with a lower ener-
gy consumption profile than its factual energy budget. In addition, peers in energy 
sub-groups are able to receive additional download rates from neighboring peers from 
the ES group by a credit exchanging strategy to prevent free riding. The authors of 
the paper evaluated and implemented the proposed mechanism in the context of the 
BitTorrent protocol with some changes in the tracker function. 

3.5.2. Topology Control Solutions. A decentralized and dynamic topology control proto-
col, namely TCP2P, is proposed in [Leung and Kwok 2005]. The protocol is able to 
support energy efficiency, fairness and incentives in wireless P2P file sharing appli-
cations by the dynamic construction of a specific adjacency set for each node that can 
be used in any typical ad hoc routing algorithm. In this work, the authors define a 
preference function enabling each node to quantify other nodes’ energy level as well 
as its intention to be a relaying node. This function is a combination of four metrics, 
including contribution, aggressiveness, file popularity, and energy. The contribution 
metric evaluates the level of contribution of each node to upload files. In fact it shows 
how selfish a node is in terms of downloading files without any uploading. The ag-
gressiveness metric evaluates the level of contribution of each node to maintain the 
network infrastructure. The file popularity metric evaluates how popular the files 
owned by each node in the network are, and the energy metric evaluates the remain-
ing energy level of each node. The preference function, along with a threshold value, 
is employed to construct the adjacency set inside each node dynamically.  

In [Leung and Kwok 2008] the authors have extended their idea by adding a new 
component to their topology control protocol. In general, the protocol presented in the 
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new work is composed of two components. The first one is a selective neighbors set 
construction mechanism (Adjacency Set Construction – ASC), exactly the same al-
ready mentioned, and the second new one is a community-based scheme for asyn-
chronous wakeup (Community-based Asynchronous Wakeup – CAW), being respon-
sible for grouping users into communities, each of which applies a different sleep-
and-wake schedule. The rationale behind this idea, for example in music file-sharing 
networks, is that data communication between users with similar interests is likely 
to be higher than between other users with different interests. Therefore, using 
community formation along with a different sleep-and-wake scheduling not only in-
creases the chance of successfully downloading a file, but also allows a group of nodes 
to turn into sleep mode and conserve energy when other groups are active. These so-
lutions are achieved at the application layer, as they need information at the level of 
application e.g., file popularity, contribution of the node in uploading and download-
ing. 

 Message Reduction Approaches 3.6
Reducing the number of messages being responsible for P2P file sharing system op-
eration and maintenance (i.e., ping/query message in Gnutella) can result in reducing 
the processing overhead inside peer nodes and, consequently, conserve energy. In 
[Kelényi and Nurminen 2008a] the authors investigate the behavior of a mobile DHT 
client inside the Kademlia-based mainline BitTorrent DHT. They show that the en-
ergy consumption used by a mobile client is a function of the number of incoming 
messages processed. In this work, two operational modes are introduced, namely, 
full-peer mode and client-only mode. In the former, the node participates to the DHT 
by replying the queries sent by other nodes. In the latter, the node does not answer 
queries and drops all incoming query messages in the application layer. In fact, the 
client-only mode allows a node to use the service of the DHT, however, it does not 
have to participate in the operations initiated by other clients. Further, the authors 
show that the client-only mode for a mobile client could achieve a significant energy 
conservation. A protocol extension of the Kademlia-based DHTs is presented in 
[Kelényi and Nurminen 2008b]. It allows mobile clients to drop messages selectively 
according to a probability, which can dynamically depend on the battery status of the 
node. They show that dropping incoming requests hardly influences the overall per-
formance of the DHT if the number of nodes using this method is relatively low. Mes-
sage dropping solutions can be achieved in different layers (e.g., network or applica-
tion layer), depending on how much information they need in order to act intelligent-
ly. For instance, random message dropping has the lowest level of intelligence, and 
thus it can be achieved in the network layer.  

Reducing the number of messages can be considered in designing P2P routing pro-
tocols. The authors of [Ding and Bhargava 2004] claim that broadcast-based routing 
protocols are inefficient in terms of energy consumption in P2P file sharing systems 
over MANETs. Therefore, they propose five different routing algorithms by integrat-
ing broadcast-based and DHT-based algorithms, and compare these approaches in 
terms of energy efficiency, complexity and scalability. Gossiping protocols, as routing 
algorithms, are able to reduce the number of messages through their inherent proba-
bilistic forwarding behaviors. Based on this, the authors of [da Hora et al. 2007] pro-
pose an adaptive routing protocol based on gossiping on top of MANETs which is able 
to adjust its forwarding probability according to the network load. They indicated en-
ergy reductions by at most 32% using simulation analysis of Gnutella. 
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 Open issues & Research guidelines 3.7
In this section, we identify some open issues existing in the approaches presented in 
the previous sections, and try to propose possible solutions for them.   

Some of the most significant challenges in proxy-based approaches [Anastasi et al. 
2010; Hlavacs et al. 2012] are privacy and security. In general, the proxy, as an ex-
ternal and dedicated entity, can become a weak point of the system. If the proxy is 
hacked (for example, when it is polluted or infected by viruses, worms or Trojan 
horses), the peers connected to it probably would be infected. On the other hand, for 
privacy reasons peers might not be willing that others be informed about what are 
sought by them. When considering privacy, privately owned proxies are to be pre-
ferred to publicly shared ones. 

Privacy and security issues can be also considered in task virtualization solutions 
[Hlavacs et al. 2012], where downloaded tasks are migrated to untrusted peers as 
virtual machines. Problems arise since such VMs can contain private data, which 
might compromise the VM owner. Thus, the VM should be protected from outside 
analysis, which is very difficult to be guaranteed once the VM in its entirety is stored 
at foreign storages. Relying on hardware enforced encryption and decryption as, for 
instance, provided by Trusted Platform Modules (TPMs) might be a solution, but is 
hindered by the low acceptance and availability of such devices. 

Within the sleep/wakeup class, the proposed scheduling-based solutions [Sucevic 
et al. 2011; Andrew et al. 2011] need to have a global knowledge from all peers to 
achieve balance between energy consumption and performance degradation in terms 
of downloading speed inside the system. This often leads to centralized management 
and, consequently, negates the distributed nature of P2P systems. A solution might 
be to design a fully decentralized scheduling mechanism in which peers would be 
able to make decisions about their own mode (sleep/wakeup) based on their local 
state and information received from neighboring peers.  

Peer selection approaches [Mawji and Hassanein 2010; Enokido et al. 2010] are 
based on the assumption that peers have global knowledge, such as client download 
requests, server locations, cost and download time, etc., effectively limiting their 
practical value. A solution for these approaches can be to apply a coordination strate-
gy between peers whereby each peer would be able to share its own information with 
others. In this case, further issues including privacy and communication overhead 
must be considered.  

As we stated in the previous subsection, reducing the number of messages re-
ceived by the peers inside a P2P file sharing system, although resulting in decreasing 
the processing overhead of the peers and, consequently, in decreasing the total ener-
gy consumption, can influence the overall performance of the system [Kelényi and 
Nurminen 2008a; Kelényi and Nurminen 2008b]. The challenge posed here is to find 
a trade-off between energy consumption and system performance. A solution can be 
obtained by using a cooperative setting, in which each peer is able to decide locally 
whether to drop incoming messages (i.e., not to forward them), and how often to do 
that. This effectively reduces the number of messages in the system and, therefore, 
the global energy consumption. The drop-probability might then be determined by 
some global parameter guiding the desired overall system performance, computed 
with the help of other peers. Since determining the desired drop-probabilities re-
quires communication and, thus, energy itself, care must be taken to prevent a situa-
tion where computing drop-probabilities costs more energy than which is effectively 
saved by message dropping itself. 
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Combination of two or more approaches to find a hybrid solution can be considered as 
an open issue. In [Leung and Kwok 2005] and [Trunfio 2014] the authors combined a 
structure optimization approach with a sleep/wakeup approach, and proposed a hy-
brid solution to achieve more energy efficiency in a P2P file sharing application. A 
question raised here is how to combine the approaches without any conflict. Consider 
a solution, which is a combination of sleep/wakeup and peer selection. In this situa-
tion, a peer might go to sleep by a command from a sleep/wakeup scheduler while it 
was selected previously by a peer selection algorithm to download from. Therefore, an 
orchestration strategy might be necessary to avoid such conflict in a hybrid solution.   

 CONTENT STREAMING 4.
Multimedia content streaming usually presents several QoS requirements and differs 
from traditional file sharing for a number of key distinguishing features. For in-
stance, the client typically begins video playout within a few seconds after it has 
started receiving the video packets (chunks) from the server. This means that the 
video playback starts while later parts of the video are being received. Thus, during 
the playback, it is desirable to minimize the probability of “freeze-ups” caused by 
buffer underflow. This clearly affects the download process. In file sharing protocols 
(i.e. BitTorrent), files are downloaded according to the available chunks. Therefore, 
after the user has started the download, the actual downloading of chunks may be 
delayed, interrupted or out of order. Conversely, in audio and video streaming, down-
loads are time-constrained and should be sequential. With reference to live stream-
ing, download time and speed are upper bounded by the source. In this case, a down-
load speed close to the bit rate of the video source is preferable. Anyhow, the network 
must provide each multimedia flow with an average throughput that is larger than 
the video consumption rate. 

In the following, we consider two main categories of multimedia applications 
[Kurose and Ross 2013a]: stored content streaming and live content streaming. In live 
video/audio streaming (aka live streaming), a source distributes content gradually as 
it is created, such as a live telecast, similarly to broadcast television. In stored vid-
eo/audio streaming  (aka Video on Demand or VOD), the user requests to watch a 
content (e.g. a movie) that has been pre-recorded and made entirely available by a 
source. Many Internet companies provide video streaming, such as Google (YouTube) 
and Netflix. While watching a stored video, the user may pause and reposition for-
ward/backward through the video content. The system must be responsive and exe-
cute the user’s actions with minimum delay.  

In the context of live content streaming, energy efficiency techniques are generally 
designed for mobile devices. In fact, appropriate download strategies can significantly 
limit the use of network interfaces, thus reducing the energy consumption and ex-
tending the battery lifetime. Ideally, applications should be able to satisfy both ener-
gy and resource constraints imposed by devices, while, at the same time, fulfilling the 
QoS requirements needed for an enjoyable video playback. In this respect, given the 
increasing relevance of mobile video streaming, a number of tools have been devel-
oped to evaluate the efficiency of streaming protocols and applications. For instance, 
the tools described in [Mohiuddin et al. 2013] and [Wichtlhuber et al. 2012] (an OM-
Net++ based simulator and an Android-based tool, respectively) allow to quickly de-
velop and compare different wireless P2P video streaming techniques and monitor 
the energy consumed by peers.  
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In the wired context, instead, optimizing network communications does not lead to 
a significant energy benefit. Essentially, in order to obtain more significant savings, 
the entire device should go into standby or sleep mode. Obviously, this is not feasible 
in case of live streaming, since the client device must be on for the whole duration of 
the video. On the other hand, an approach based on scheduled shutdowns/wakeups 
can be applied in the case of stored content, as we will see for set-top boxes below. 

In the following sections, for each considered approach, we will survey the main 
solutions proposed in the literature.  

 Sleep/Wakeup 4.1
The sleep/wakeup approach has been mainly applied to the wired context, particular-
ly for IPTV applications. IPTV (Internet Protocol Television) is a system that allows 
to deliver audiovisual contents on a packet-switched network based on TCP/IP pro-
tocols. Usually, contents are offered in the form of stored video streaming.  

Typically, the network architecture for content streaming is based on data centers. 
In practice, Internet Service Providers (ISPs) or Internet companies manage large 
server farms that provide for the distribution of multimedia contents. Therefore, us-
ers download contents through the client-server paradigm. Downloaded files can be 
placed into a cache memory, so that the user will be able to view them in the future. 
There are many devices that can be used to access the available contents: consoles, 
digital receivers, video recorders, home gateways (generically referred as set-top box-
es, STBes). An evolution of this fully centralized approach is represented by Content 
Delivery Networks or Content Distribution Networks (CDNs). A CDN [Peng 2004] is a 
large-scale distributed system made up of servers deployed in multiple data centers 
at strategically chosen locations throughout the Internet. In a CDN, contents are rep-
licated from the source server to replica servers scattered over the Internet and re-
quests are served by the replica server closest to the requesting user. CDNs (e.g. Ak-
amai, CloudFront, Coral, etc.) are typically used to deliver large media contents, 
such as IPTV, and offer audio and video streaming services. Indeed, CDNs result in 
several benefits both for users and content providers. For instance, since requests are 
handled by servers close to the destination, download times are typically shorter. In 
addition, splitting the load among a number of distributed data centers allows pro-
viders to optimize bandwidth usage and reduce management and electricity costs, as 
shown in [Qureshi et al. 2009; Feldmann et al. 2010; Gao et al. 2012]. 

 
Fig. 3. Collaborative scheme for IPTV STBes. 
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A different emerging approach for content streaming consists in creating a P2P 
network among the users’ set-top boxes [Huang et al. 2008; Laoutaris et al. 2008].  
This way, STBes can share the previously downloaded contents in their cache, reliev-
ing the load of servers (as shown in Figure 3). Therefore, users’ STBes form Nano Da-
ta Centers (NaDa), as opposed to traditional data centers.  

In the literature, there are many studies and comparisons about the architectures 
used for content streaming and, in particular, about Nano Data Centers (a synthesis 
can be found in [Ramos 2013]). In [Valancius et al. 2009], the authors propose to use 
ISP-controlled home gateways as Nano Data Centers, providing them with proper 
hardware in order to perform computing and storage of contents. In this way, STBes 
form a P2P network managed by the ISP. In the same work, the authors present the 
results of simulations carried out from real content access traces obtained from three 
popular sources (Netflix, Youtube, and a large ISP). The results show that the NaDa 
approach achieves significant energy savings compared to the solution based on tra-
ditional data centers. Specifically, energy savings are mainly due to two factors. 
First, it is possible to save costs for server cooling, since the distributed architecture 
does not need it. In addition, the considered approach makes efficient use of devices 
that are always on (i.e., home gateways), allowing to exploit the already committed 
baseline power of underutilized/idle gateways. 

However, as highlighted by the analysis in [Liu and Wang 2013], the energy effi-
ciency of the NaDa approach mainly depends on the energy consumption of STBes, 
especially when considering devices different from home gateways. Obviously, the 
consumption of STBes is determined by a number of factors. Firstly, the kind of set-
top box must be considered (e.g., a gaming console consumes much more than a home 
gateway). In addition, the amount of time that STBes are active must be taken into 
consideration. For instance, if energy-consuming STBes are used and are left on even 
when no uploads/downloads are in progress, the P2P approach is not convenient (as 
shown in [Baliga et al. 2009] and [Feldmann et al. 2010]). Conversely, significant 
savings – with respect to the traditional data-center approach – can be achieved by 
minimizing the uptime and the energy consumed by STBes. Besides, keeping end de-
vices active causes a shift of consumption (and, thus, costs) from data centers to us-
ers, resulting in a major drawback. In fact, users may not be interested in spending 
more in order to achieve an overall saving or a saving for the ISP. For all these rea-
sons, some solutions have been proposed to limit the STBes’ uptime, thus allowing to 
benefit from the P2P architecture (i.e., decreasing load and power consumption in the 
data center) while minimizing the energy costs for users. These solutions are typical-
ly implemented at the application layer, as the streaming application determines 
when the STB must be switched off and on, basing on the likelihood (known a priori 
or estimated by the device) that a cached content is requested for download. In 
[Jourjon et al. 2010] the authors perform a detailed analytical study about the energy 
consumption of an STB network. The presented model shows that the fixed part of 
energy consumption (simply due to the fact that the device is on) is a major part of 
the total consumption, even though the STB is involved in downloads or uploads. For 
this reason, turning off the STB when it is not being used can lead to significant en-
ergy savings. In the paper, a simple algorithm is proposed to determine, how many, 
and which STBes should be switched off so as to leave the minimum number of de-
vices needed to keep the IPTV service up and running. The proposed solution can 
drastically cut the total consumption of the P2P network. However, the algorithm is 
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purely theoretical and requires to know some data that are not available a priori (e.g. 
how many times each video is requested for download during the day).  

To overcome the previous limitations, the authors of [Pussep et al. 2010] have de-
signed and implemented several adaptive algorithms. In particular, the authors ana-
lyze the following Sleep/Wakeup policies. 
— Selfish. The STB is powered on only for the time the user utilizes it to watch vide-

os. Obviously, this solution limits the effectiveness of the NaDa paradigm by pro-
ducing a considerable amount of traffic to the servers.  

—Wakeup. The STB is switched off automatically at the end of a download. If a file 
that has been cached by the STB is requested, and the other online peers are not 
able to provide the necessary bandwidth, the STB is switched on through Wake-
On-LAN. In theory, this constitutes an optimal algorithm. However, since Wake-
on-LAN presents many shortcomings (e.g. security issues and starting delay), this 
policy has little practical applicability. 

— Popularity- and Supply-aware Policy (PSP). For each video in the cache, the STB 
calculates (and periodically updates) a level of “desirability”, based on the number 
of requests received in the past for this video, and the bandwidth that other peers 
in the network can provide for its upload. If the desirability of the cached videos is 
low, the STB is turned off, otherwise it remains active. Information about files 
owned by each peer and their bandwidth can come from a dedicated server (called 
indexing server) or can be exchanged by peers via gossiping. 

The simulation results show that the PSP algorithm exhibits the best behavior, with 
a hit rate (i.e., probability that a video is found in the P2P network without accessing 
the server) of 89% and an uptime equal to 8% of the total, thus allowing an energy 
saving in the P2P network of 86% compared to the always-on policy. 

 Peer selection 4.2
Peer selection approaches consist in picking proper peers of the P2P network to re-
quest chunks, so as to save energy. In other words, whenever a peer needs a particu-
lar content, the streaming application should properly choose the node to download 
from, in order to minimize the energy consumption. To this end, many criteria have 
been proposed for choosing the supplier peer. Some examples are presented below. 

Maamar et al. in [2011] and [2013] consider a protocol to select the supplier peer 
in mobile P2P 3D streaming applications. In augmented reality, the real world is 
mapped to the virtual world and mobile devices are used to navigate the virtual envi-
ronment. Peers that are near in the real world are considered near in the virtual en-
vironment too. Therefore, in P2P applications, a peer can ask for 3D data to every 
other node which is in its same Area Of Interest (AOI). In order to manage the peers’ 
resources and limit the energy consumption, the authors propose an algorithm that 
aims to relieve overloaded peers and extend their battery lifetime, providing an equal 
distribution of the energy consumption among peers. Thus, the authors present a 
load estimator that takes into account the peer’s residual energy and the number of 
currently served requests. Basically, each peer periodically broadcasts a beacon mes-
sage containing information about its position, speed, buffer indices and estimated 
load. Therefore, a peer that needs some 3D data uses the collected information to se-
lect the least loaded source among the peers, in the AOI, that have the required data. 
In an improved version of the algorithm, each supplier peer estimates its own load 
and compares it with its neighbors’ loads. In case it is overloaded, in comparison with 
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its neighbors, it informs the other peers by sending a special message. Both versions 
of the algorithm have been tested, and simulation results show that they perform 
better than other mobile P2P 3D streaming protocols, in terms of energy consump-
tion and response time.  

In order to select the best peer, the application can also exploit information ob-
tained from the lower layers, following a cross-layer approach. This is the case of the 
solution presented in [Li et al. 2009]. In this work, the authors propose an algorithm 
that aims to schedule the video transmission among the peers of a P2P network to 
avoid freeze-ups in playback due to buffer underflow. They extend the algorithm pre-
sented in [Li et al. 2007] and [Li et al. 2008] to wireless networks, taking the energy 
issue into account. The authors consider a P2P network where one peer is a video 
source and the other peers have to get the shared video. The algorithm calculates the 
level of “happiness” of each node, measured by a utility function depending on the 
content reserve level of the node (i.e., the number of video segments remained in the 
buffer to be played). Then, for each scheduling interval, a coordinator selects the peer 
i with the least content reserve level (the least happiness) to be served first. The peer 
i must choose a peer j to request the needed video segments. In order to optimize the 
energy consumption, peer i selects the peer with the best channel gain (and, hence, 
the highest effective transmission rate) among all the peers that have those segments 
available. Simulation results show that, in both cases, the proposed solution balances 
the tradeoff among battery life, bandwidth limit and playback quality, achieving bet-
ter overall system efficiency. 

 Network-interface-based resource allocation 4.3
The resource allocation approach consists in selecting the appropriate resources to 
perform a video streaming with minimum energy consumption. It is particularly 
suitable for mobile devices provided with several wireless network interfaces. In fact, 
nowadays, modern smartphones, tablets and notebooks are equipped with long-range 
interfaces (LRI) to connect to cellular networks (e.g. LTE, 3G, UMTS) and short-
range interfaces (SRI) to connect to near access points, other PCs or smartphones 
(e.g. via WiFi or Bluetooth). Since different network interfaces are characterized by 
different data rates and energy consumption, it is possible to select the most appro-
priate solution that minimizes the energy consumption. Essentially, long-range inter-
faces are much more energy consuming than short-range ones, as highlighted in 
[Huang et al. 2012]. Hence, using SRIs rather than LRIs would lead to considerable 
energy savings. In addition, several studies (e.g., [Chen et al. 2013]) point out that 
people in metropolitan areas tend to concentrate in the same areas (e.g., hotspots) 
where they can enjoy multimedia applications. In such situations – with a high den-
sity of mobile devices – it is likely that several users are interested in the same con-
tents. Starting from these considerations, P2P protocols can be designed so that peers 
can share the data they have already downloaded through the SRI, instead of down-
loading them from servers via the long-range interface (see Figure 4). Once again, the 
application decides when to use a LRI or a SRI to download a video chunk, basing on 
information directly obtainable from the application layer (e.g., residual energy or 
necessary video segments) and/or data coming from lower levels (e.g., channel gains 
measured at the physical layer). A proper choice of the wireless medium (and, there-
fore, of the access protocol), not only can reduce the energy consumption, but can also 
result in a better utilization of the bandwidth and, thus, in shorter download times. 
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In this perspective, Chen et al. in [2011] and [2013] propose a Distributed Bitrate-
aware Entrust algorithm for live video streaming in wireless mobile networks. Its 
goal is to maximize the system lifetime, while minimizing the total consumed energy 
and achieving an equal distribution of energy consumption among user devices. Basi-
cally, the algorithm aims to make near peers exchange downloaded packets through 
the SRI in order to reduce the requests to servers and, hence, the usage of the cellu-
lar network. Specifically, the algorithm works as follows. Periodically, each peer 
communicates its residual energy to its neighbors. Therefore, a peer that needs cer-
tain data sends an entrust packet to the neighbor with the highest residual energy. 
The selected peer has to download the data packet by itself, via its LRI, and broad-
cast it to the requesting peer via the SRI. This way, the algorithm limits the number 
of downloads on the cellular link and the number of unnecessary transmissions on 
the SRIs. Simulation and experimental results show that the proposed algorithm can 
achieve significant energy savings compared to the traditional client-server approach 
where each node downloads data from servers, improving the battery’s lifetime by 
27%. In addition, this solution also allows to stream videos with a variable bit rate, or 
a bit rate higher than the LRI. In the latter case, the algorithm selects more than one 
peer to download (and then share) data from servers at the same time. 

Other studies address the energy problem in mobile video streaming when differ-
ent coding schemes, such as Multiple Description Coding (MDC) and Scalable Video 
Coding (SVC), are used. Briefly, in MDC, the data stream is split into a set of stripes 
that can be delivered and decoded independently as separate streams of media pack-
ets. The video quality at the receiver depends on the number of correctly received 
stripes. In SVC, the video signal is split into several layers as well, but in a hierar-
chical way, with a main base layer (BL) and several enhancement layers (EL). Basi-
cally, the BL provides coarse video quality and corresponds to the lowest supported 
video performance, whereas ELs are used to progressively refine the quality achieved 
by the base layer. Exploiting the characteristics of these coding schemes, it is possible 
to design P2P energy efficient protocols, such as the ones in [Albiero et al. 2008]. In 
short, the authors propose a system where each node downloads a specific 
stripe/layer through the LRI and, then, exchanges data with other peers via SRI, till 
it can reconstruct the whole stream. They also propose a Dynamic Cellular Channel 
Allocation for SVC coding. In this case, for each frame period, all the layers are down-
loaded by the node with the best channel gain towards the base station of the cellular 
network. Then, the video is shared among the other peers in a BitTorrent fashion. In-
terestingly, the authors perform an analytic evaluation of the energy consumption 
with the proposed algorithms for different kind of SRIs and LRIs (i.e. WiFi, GPRS, 
UWB, Bluetooth), showing that significant savings can be achieved compared to the 

 
Fig. 4. NIC-based cooperative P2P streaming architecture. 
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non-cooperative approach. In addition, experimental results obtained from a real 
testbed for the MDC algorithm show that a configuration GPRS/Bluetooth can lead to 
roughly 50% energy savings even with only two cooperating terminals. 

A key aspect to take into consideration when dealing with these approaches is the 
willingness of nodes to cooperate, i.e., to join the P2P media streaming system and 
consume energy for other nodes. Indeed, solutions that aim to minimize the overall 
energy consumption of the system could increase the energy expenditure of some spe-
cific nodes, compared to the client-server approach. For instance, if a node has to 
download a whole video from a server and then forward it to the other peers, it will 
consume more energy than downloading the video just for itself. Obviously, a node 
will agree to participate in a P2P collaborative system only if it can achieve some 
benefits (e.g., it can save energy and extend its battery life). Starting from these con-
siderations, [Yeung and Kwok 2008] proposes some protocols for energy efficient me-
dia streaming in mobile networks that take into account the amount of energy that 
each node is available to consume (namely the available energy). Particularly inter-
esting is the algorithm proposed for the MDC scheme. Basically, inside the P2P net-
work, a peer is elected as coordinator and asks every other peer in the network for its 
available energy. Upon receiving responses from the nodes, the coordinator calcu-
lates, for each node, the number of stripes that can be downloaded directly from serv-
ers (through LRI) and the number of stripes that can be exchanged with other peers 
(through SRI), according to the obtained values. Therefore, each peer directly down-
loads only some stripes and receives the remaining ones from the other nodes, with-
out violating its energy consumption constraint. Simulation experiments show that 
the algorithm allows nodes to obtain more stripes than with the traditional client-
server approach and, thus, enjoy a better video quality with the same energy con-
sumption. Since each node achieves a benefit from the system, none of them has in-
terest in exiting the system. Therefore, a Nash Equilibrium has been achieved. 

In the literature, there are a lot of other solutions addressing video streaming for 
mobile devices and proposing energy efficient cooperation systems based on a smart 
usage of LRIs and SRIs (e.g. [Ramadan et al. 2008; Barua et al. 2013]). Some solu-
tions apply the same concept to specific contexts. For instance, the authors of [Zhang 
et al. 2007] focus on IP-services over DVB-H (Digital Video Broadcasting on 
Handheld) networks.  

 Open issues & Research guidelines 4.4
The solutions surveyed in Section 4 present some limitations. In this section, we pro-
pose some possible enhancements to overcome the aforementioned drawbacks. In ad-
dition, we present a new and promising approach for P2P multimedia streaming that 
deserves to be further investigated to achieve energy efficiency. 

For example, the NaDa approach – while ensuring overall energy savings – moves 
part of the energy consumption to the users. Obviously, users may decide to accept a 
slightly higher energy expenditure, only in return for some benefits in the streaming 
service, e.g., a greater number of available contents and/or faster download times. 
Furthermore, in the case of IPTV, the described solutions are not suited to all STBes, 
e.g., to those which are not equipped with the proper hardware (for instance, a hard 
disk for the storage of contents). Similarly, Sleep/Wakeup solutions cannot be applied 
to home gateways, since they must be always active. More generally, the energy con-
sumption, and therefore the effectiveness of the proposed solutions, strictly depends 
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on the STBes used. Hence, in order to evaluate all these factors, it would be appro-
priate to carry out an experimentation with real hardware, conducted by real users. 

Peer-selection solutions, instead, require non-trivial calculations and evaluations 
to determine the best supplier peers (e.g., estimates of load, or channel gain, for each 
peer of the network). Moreover, the required exchange of information often leads to 
additional, non-negligible overhead and traffic. Experimental evaluations in a real 
environment are necessary to determine the actual efficiency of these solutions. 

Finally, the network-interface-based resource allocation approach – in order to be 
effective – assumes that many nearby users request the same multimedia contents. 
However, it is usually unlikely that many people require the same content inside the 
coverage area of a smartphone’s SRI. In a real scenario, finding devices with the de-
sired contents can be difficult and even energy consuming, since SRIs would not be 
used for streaming but mainly for searching the content among the neighbors. In the 
literature, some solutions address this problem. For instance, in [Miyake and Bandai 
2013] the authors propose a context-aware approach through which a mobile device 
can decide when to activate the WiFi interface for communicating with other peers. 
Basically, the user’s mobile device periodically searches for neighboring devices, us-
ing a low-power SRI (e.g., Bluetooth). When another device is found, the WiFi inter-
face is enabled and the two peers exchange information. If the desired content has 
been found, the P2P streaming takes place. Otherwise, the WiFi interface is powered 
off. Anyway, although this solution allows to efficiently identify peers that own the 
required content, new ways to extend the P2P network should be studied, even 
among peers that do no not need the same contents.  

It is worth noting that further energy savings can be achieved by properly combin-
ing the above approaches. For instance, it could be interesting to consider the use of 
peer selection strategies in a P2P swarm whose nodes are equipped with both LRIs 
and SRIs. In this case, in fact, not only the energy consumption can be reduced by 
limiting the use of LRIs, but it can be further optimized by selecting the peers in the 
P2P network that can supply the requested chunks with the minimum energy con-
sumption. 

In addition to the surveyed approaches, there are other technologies for content 
streaming in P2P networks. Many of them have been initially designed to maximize 
the throughput of the network, limit response/download times and avoid freeze-ups. 
However, these solutions often neglect the energy problem. Therefore, given the pop-
ularity of streaming applications – especially in mobile environments – they should 
be revisited to make them more energy efficient. This is the case of several P2P ar-
chitectures following a structure optimization approach [Magnetto et al. 2010; Tran 
et al. 2003; Guo et al. 2008]. Basically, in these solutions, the contents provided by a 
single media source are distributed to many clients by organizing them into a tree 
rooted at the server. Peers are grouped into clusters representing sets of collaborat-
ing peers, and a hierarchy is formed among peer clusters. In this way, it is possible to 
realize a scalable P2P streaming architecture offering excellent user Quality of Expe-
rience (QoE) and able to accommodate large user populations and support high 
streaming rates, while still providing low delay and robustness to peer churning. In-
deed, this approach actually improves the exploitation of the available upload band-
width of all participating users, and offers a better user experience compared to the 
traditional client-server paradigm. However, in the mentioned solutions energy con-
sumption is not considered as a performance criterion. Therefore, it should be further 
investigated the possibility of applying the structure optimization approach to 
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achieve energy savings, also in combination with other strategies. For instance, in 
this perspective, a network-interface-based resource allocation strategy could be used 
to reduce the energy consumption of mobile nodes, simply by creating clusters of near 
peers and by making them exchange data through their SRIs.  

Another significant streaming technology that is inefficient from the point of view 
of energy consumption is represented by Network Coding. It is an innovative tech-
nique for content distribution, that aims to maximize the throughput in multicast 
communications. It is particularly suitable and appreciated for P2P applications, 
since nodes can be arranged in random overlays without requiring coordination. Ba-
sically, nodes do not simply relay the packets they receive, but they take several 
packets and combine them together for transmission. Essentially, each node gener-
ates packets that are linear combinations of the previously received ones. Therefore, 
a peer can obtain the original content, after receiving a limited number of linearly 
independent packets. Network Coding is used in multimedia streaming [Magli and 
Frossard 2009], as it allows to achieve a good quality video, but also to maintain low 
buffering times [Wang and Li 2007b; Wang and Li 2007a] and minimize the number 
of control messages and acknowledgments exchanged. However, coding/decoding op-
erations are computationally expensive and, thus, energy consuming [Heide et al. 
2008]. Currently, several studies analyze the use of Network Coding in P2P content 
streaming in the mobile context. Many energetic evaluations have been made, such 
as in [Shojania and Li 2009; Vingelmann et al. 2010]. In addition, some solutions 
have been proposed to reduce the energy consumption of decoding operations. For in-
stance, [Angelopoulos et al. 2011] shows that Network Coding can be efficiently im-
plemented using ad-hoc hardware. [Heide et al. 2009] and [Fiandrotti et al. 2014] of-
fer an optimization of Network Coding technique that reduces the computational 
complexity of video packages decoding. At any rate, this technology, although it 
comes with many benefits, cannot be considered energy efficient yet, when compared 
with other P2P or client-server schemes. Thus, more work in this direction should be 
desirable. 

 P2P EPIDEMICS 5.
Designing energy efficient P2P epidemic (gossip-based) protocols and services has be-
come significant due to their wide usage in large scale distributed systems. Several 
distributed services such as reliable multicasting [Birman et al. 1999; Ozkasap et al. 
2006; Ozkasap et al. 2009c; Eugster et al. 2003], aggregate computation [Jelasity 
et al. 2005], frequent items discovery [Cem and Özkasap 2013], overlay topology con-
struction, failure detection, buffer management [Ozkasap et al. 2009b], P2P stream-
ing and data dissemination  [Ozkasap et al. 2009a] use epidemic approaches. Key ad-
vantages of epidemic protocols are their simplicity, scalability and high fault-
tolerance properties. Moreover, all peers have equal responsibilities, and hence the 
system is inherently load balanced. Energy awareness of epidemic protocols has at-
tracted attention and has been addressed in both wired and wireless network set-
tings at different layers of the protocol stack [van Renesse 2002; Rajeswari and Ven-
kataramani 2010; Fauji and Kalpakis 2011; Ozkasap et al. 2014; Lefebvre and Feeley 
2000; Garbinato et al. 2010; Hou et al. 2006; Lu et al. 2008; Khouzani et al. 2012; 
Kontos et al. 2014]. These energy efficient mechanisms for P2P epidemics can be 
grouped into approaches of sleep/wakeup, resource allocation, structure optimization 
and message reduction. Based on the epidemics terminology, a peer holding data or 
an update it is ready to share is called infectious. If a peer has not yet received data, 
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it is called susceptible. In an epidemic protocol, each non-faulty peer can either be 
susceptible or infectious at a given time [Ozkasap et al. 2010]. An epidemic algorithm 
consists of periodical rounds for data dissemination. In each round, every peer ran-
domly picks and contacts a fan-out number of peers to exchange states. The algo-
rithm finishes in multiple rounds, and data is disseminated to the network resem-
bling the dissemination of an epidemic disease in biological networks [Birman et al. 
1999]. In epidemic protocols there are three communication styles used to exchange 
states, namely push-based, pull-based, and push–pull. In the push-based model, each 
peer chooses random peer(s) to send its local state to. In the pull-based model, each 
peer chooses random peer(s) to receive the respective local states from, and in the 
push–pull model, each peer chooses random peers both to send and receive states.  

An energy cost model for a peer using gossip-based communication that considers 
the effects of gossip protocol parameters (e.g. fan-out, maximum gossip message size, 
number of rounds for convergence) is proposed in [Cem et al. 2012]. As a case study, 
it considers an epidemic-based distributed protocol for frequent item set discovery in 
P2P networks (ProFID) that uses a novel atomic pairwise averaging operation [Cem 
and Özkasap 2013]. The developed cost model is then extended to a hierarchical epi-
demics protocol for energy efficiency [Ozkasap et al. 2014]. ProFID is an application 
layer protocol that executes in rounds and peers periodically exchange their states 
with their neighbor(s).  

There are two types of messages used in gossiping: push gossip message sent by 
the initiator of the gossip, and pull gossip message sent by the gossip target to the 
gossip initiator as a reply. The protocol involves three main components of operations 
performed by each peer, namely energy consumed while computing new state, send-
ing messages and receiving messages. In the cost model, energy consumption during 
an atomic pairwise averaging operation between two peers Pi and Pj is depicted in 
Figure 5. Esend and Ereceive denote the energy required to send and receive the item tu-
ple respectively. EcompStarter represents the energy required to choose tuple to send and 
update the state, and EcompTarget is the energy required to compute the average and 
prepare the tuple to send. 

There exist two main classes of epidemic algorithms, namely flat and hierarchical. 
Flat algorithms include basic and neighborhood epidemics. The basic epidemic re-
quires global knowledge of peer population and performs uniform gossiping, therefore 
it is not practical. On the other hand, neighborhood epidemic uses local knowledge 
which is more practical and performs gossiping with neighbors. Although neighbor-
hood epidemic is better when compared to basic, it still has the problem of redundant 
communication. However, hierarchical epidemic makes use of structure among peers 
and aims to reduce communication overhead. In addition, it provides the possibility 
of active/passive peers to save energy.  

 
Fig. 5. Illustration of an atomic pairwise averaging operation 
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As provided in Table I, energy efficiency studies in the context of P2P epidemic al-
gorithms fall into the categories of sleep/wakeup, resource allocation, structure opti-
mization and message reduction. The state of the art in these categories, as well as 
the open issues and research guidelines, are described in the following subsections. 

 Sleep/Wakeup 5.1
Large scale P2P systems consume significant amounts of energy as they require all 
peers should be active and their resources are assumed to be free. However, this as-
sumption is not true. The study in [Lefebvre and Feeley 2000] is based on the fact 
that idle peers can switch to sleep mode to save energy and focuses on energy effi-
ciency in P2P storage systems. For this purpose, an upper bound for the duration of 
time a peer can reside in the sleep mode is derived by considering the durability of 
data stored in the P2P storage system.  

When dynamic peer departures and arrivals are considered, a number of chal-
lenges are proposed for the design of an energy efficient P2P storage system. A key 
challenge is identified as durability which is the ability of the system to preserve da-
ta continuously. To ensure durability, transient and permanent departures of peers 
are aimed to be differentiated. This would help in preventing cost of data copy when 
replicating data on idle nodes. The idea in this study is to determine a bound for the 
duration an idle peer can be disconnected from the system. If a peer is disconnected 
more than the specified bound, then it is assumed to be permanently departed. The 
derived upper bound is based on the replication factor and permanent departure rate 
estimations. By using the derived upper bound, the aim is to differentiate peers that 
are in sleep mode from the ones that are failed. 

Achieving inter-peer communication, when a small number of peers are available, 
is considered as another key challenge in the design of an energy efficient P2P stor-
age system [Lefebvre and Feeley 2000]. The peers should monitor each other to de-
termine peer failures using periodic message exchanges. The main question is how 
does a peer can find out if another peer is alive when the probability of both sender 
and receiver peers are awake simultaneously is small. As a solution, a gossip based 
failure detection protocol that can work with active nodes in the system is proposed. 
The failure detection protocol functions at the application layer. 

A gossip-based energy conservation method based on sleep/wakeup approach for 
wireless ad hoc and sensor networks is introduced in [Hou et al. 2006]. In the pro-
posed Gossip-based Sleep Protocol (GSP), each node randomly switches to sleep mode 
for a time duration using a gossip probability which depends on the network density. 
The idea is to save energy by turning some nodes into sleep state and still keeping 
the network connectivity, since in a well-connected network there exist multiple 
paths between a source node and a destination node. Two types of network layer 
GSP, namely synchronous and asynchronous, are proposed suitable for synchronous 
and asynchronous networks, respectively. 

By using probabilistic sleep modes, the aim is to reduce energy consumption of the 
network and improve network lifetime [Hou et al. 2006]. A drawback of sleep mode 
could be increasing the failure rate and length of path between source and destina-
tion. Through simulations it is demonstrated that for specific gossip sleep probabili-
ties and topology densities, network connectivity is preserved. Network lifetime, 
throughput and end-to-end delay metrics are investigated to observe the efficiency of 
GSP. Both static sensor networks (synchronous case) and mobile ad hoc networks 
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(asynchronous case) are considered. It is shown that GSP is able to achieve signifi-
cant energy savings with only affecting the network performance slightly.   

Adaptive Energy Efficient and Reliable Gossip Routing (AEERG) protocol for mo-
bile ad hoc networks was proposed in [Rajeswari and Venkataramani 2010], which 
aims to provide both energy efficiency and reliability in gossip based routing. In the 
network layer solution AEERG, nodes can be in active mode or sleep node based on a 
gossip probability, and for each node the number of neighbors that are in active mode 
are adjusted based on the packet delivery ratio. In contrast to traditional ad hoc rout-
ing protocols, this epidemic approach does not require all nodes to be active listening 
incoming packets, and hence it helps reducing energy consumption and improving de-
livery ratio and reliability. Using sleep/wakeup approach, it also increases the life-
time of the network. 

 Resource Allocation 5.2
A novel approach for reducing the energy consumption of epidemic data dissemina-
tion in wireless sensor networks is proposed in [Garbinato et al. 2010]. This distrib-
uted approach adjusts the transmission range of nodes before they transmit messag-
es, thus allocates wireless communication resources in an energy efficient way with-
out degrading reliability. The adjustment of transmission range is done according to 
power-law distribution, and this ensures that many nodes can access few neighbors 
and few nodes can access many neighbors. The approach was applied to traditional 
epidemic algorithms, namely Probabilistic Gossiping (PG), Counter-Based Scheme 
(CBS), Hop-Count Aided Broadcasting (HCAB) and Six-Shot Broadcast (6SB), at the 
network layer. 

The PG algorithm does not cause any delays during message forwarding and uses 
a specific probability when sensors broadcast a received message. This scheme is 
classified as context unaware since it does not use any prior information. CBS and 
HCAB schemes exploit message counting mechanism to set message forwarding de-
lays. Additionally, in HCAB hops are taken into account and extra delay added to the 
total message forwarding delay, however the reliability is strengthened. CBS and 
HCAB use network traffic information before determining the message forwarding 
delays, so they are categorized under traffic aware context type. In the 6SB, on the 
contrary, delays are set according to the location of the six settled targets and the 
closest located target selected among them to set shorter delay, therefore this scheme 
is considered as location aware context type. 

The performance of the algorithms were evaluated in terms of delivery and for-
ward ratios. The results confirm that PG outperforms the other algorithms in terms 
of delivery and forward ratio, but it performs the worst in terms of energy consump-
tion. Overall, CBS, HCAB and 6SB reduce energy consumption by up to 75% in com-
parison to the PG algorithm. Furthermore, the power-law modulation of wireless 
communication generates a routing topology with scale-free characteristics (i.e., 
many sensors select short ranges while few sensors select long ranges). Therefore, it 
helps efficient data dissemination and reduces the power consumption. 

For ad hoc networks, an information dissemination method that combines epidem-
ic principles with adaptive modulation and coding (AMC) is proposed in [Kontos et al. 
2014]. This approach aims at achieving high network coverage and minimum energy 
consumption by adjusting message forwarding probability and coding mode using in-
formation from the lower network layers, thus it adaptively allocates network re-
sources by cross-layer approach with channel state awareness. More precisely, the 
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idea is to identify the most convenient combination of message forwarding probability 
and coding mode.  

To eliminate the redundant transmissions and high error control code (ECC) 
overhead, epidemic dissemination of the information is used. The nodes in the net-
work are categorized into two groups, namely susceptible and infected. Susceptible 
nodes do not transmit any information and infected nodes broadcast the information 
to infect the other nodes, hence the information is spread with a certain message 
forwarding probability. Then, the message forwarding probability is combined with 
the coding mode to generate successful reception probabilities referred as evaluation 
indicators. Four different schemes, namely, time to full coverage (T2FC), time to 90% 
coverage (T29C), energy to full coverage (E2FC), and energy to 90% coverage (E29C) 
are compared, and the effect of modifying the indicators is explored. The results re-
veal that these schemes reduce the energy consumption in comparison to the static 
AMC scheme. The proposed approach contributes to adaptive epidemic data dissemi-
nation by supporting it with the flexibility of AMC. 

 Structure Optimization 5.3
Some energy efficient mechanisms for epidemic protocols focus on structure optimiza-
tion [van Renesse 2002; Ozkasap et al. 2014]. In terms of their power usage, efficien-
cy of the three aforementioned models of epidemic protocols (i.e., basic, neighborhood 
and hierarchical epidemics) was first examined in [van Renesse 2002] to show their 
suitability in power constrained networks such as wireless sensor and mobile ad hoc 
networks. Basic epidemic needs all peers to have knowledge about the entire popula-
tion and it is inefficient in its power usage since it does not consider geographical lo-
cation of peers to contact. Thus, it is not suitable for energy aware applications. On 
the other hand, both neighborhood epidemics and hierarchical epidemics (a structure 
optimization approach) can use power more efficiently by considering locality of 
peers. However, they need to deal with the trade-off between scalability and latency. 
In neighborhood epidemics, peers exchange information with neighbors in proximity, 
and a peer’s power consumption amount is independent of population size. However, 
in large scale settings, neighborhood epidemic is not practical, and latency increases 
roughly polynomial with the population size. On the other hand, in hierarchical epi-
demics, peers are structured into a hierarchy of regions, and it has logarithmic laten-
cy growth with the population size and the power usage increases with population 
size. However, this study evaluates different epidemics at the network layer through 
simulations only and provides results on latency and power proportional to the gossip 
rate. Moreover, effects of gossip parameters such as fan-out and maximum gossip 
message size were not investigated.  

A recent study addresses power awareness features and develops energy cost 
model formulations for flat and hierarchical epidemics [Ozkasap et al. 2014]. It also 
proposes energy cost models for generic peers using epidemic communication, and 
examines the effect of protocol parameters to characterize energy consumption. A 
novel hierarchical epidemic approach based on structure optimization while con-
structing the overlay hierarchy is proposed. This application layer epidemic approach 
utilizes the benefits of both flat epidemic and hierarchical approaches, uses only local 
knowledge and provides the possibility of active/passive peers to save energy. Ro-
bustness against peer failures is improved and the message overhead is significantly 
reduced thanks to the hierarchy. As a case study protocol, ProFID [Cem and Özkasap 
2013], an epidemic protocol for frequent items discovery in P2P systems, is used in 
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[Ozkasap et al. 2014]. Through large scale simulations on PeerSim, the effect of pro-
tocol parameters on energy consumption, and comparisons between flat and hierar-
chical epidemic approaches are carried out. 

In the hierarchical epidemic model in [Ozkasap et al. 2014], the dominating set 
idea is used to build a high-level overlay, as illustrated in Figure 6. A Dominating Set 
(DS) can be defined as a subset B of a graph G=(V,E) such that every vertex in G is 
either in B or adjacent to a vertex in B. In the approach proposed [Ozkasap et al. 
2014], a DS corresponds to a subset of peers such that a peer in the system is either 
in DS or a neighbor of a DS peer. There are two types of peers in the system, namely 
dominating set (DS) peer and non-dominating set (NDS) peer. The aim is to save en-
ergy by reducing the number of peers performing gossip operation. NDS peers are ex-
cluded from gossip operations. DS peers collect local states of NDS neighbors. Conse-
quently, DS peers form a high level overlay topology on which gossiping is performed. 
There are two main advantages of this approach. First, NDS peers send their local 
state to one or multiple DS neighbors and, then they switch to a passive mode in 
which they just wait for the result (such as the set of frequent items discovered) to be 
announced by a DS neighbor. During this time period, they contribute to the reduc-
tion of energy consumption since they are in passive mode. Second, only DS peers 
participate in gossiping and, hence, the convergence time and message complexity of 
the epidemics is reduced. 

 Message Reduction 5.4
A Gossip-based Protocol for Aggregation (GPIA) in wireless sensor networks which 
considers energy efficiency and fault tolerance is proposed in [Fauji and Kalpakis 
2011]. GPIA disseminates information via epidemic communication at the application 
layer, and in contrast to pure gossiping, nodes perform selective message reception 
and early convergence detection of aggregation that achieves reduced energy con-
sumption. By decreasing the number of messages for performing in-network aggre-
gate computations, the network lifetime also increases significantly in comparison to 
other aggregation approaches namely Ridesharing, Synopsis Diffusion and the pure 
gossip.   

The Ridesharing approach uses a robust directed acyclic graph (DAG) in commu-
nication, but leads to a higher energy consumption due to duplicates and node fail-
ures result in errors for data aggregation phase. Synopsis Diffusion uses co-centric 
ring technique that provides a multi-hop message communication from the sink node 
to the target node. Compared with the Ridesharing approach, Synopsis Diffusion is 

 
Fig. 6. Construction of high level overlay using dominating set. 
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superior in avoiding the duplicates by using hash-based synopses in the gossiping 
phase. The pure gossip approach is not energy efficient in terms of data dissemina-
tion and it is robust to prevent node failures. However, it performs well in single or 
two-hop message communication. 

Considering energy constrained wireless sensor networks, the NBgossip algo-
rithm, based on neighborhood epidemics and network coding, is proposed in [Lu et al. 
2008] as a network layer solution. In general, gossiping protocols can be divided into 
two main components, namely, communication partner selection and message 
transmission. For instance, the uniform gossip algorithm randomly selects the nodes 
it communicates with and sends randomly selected messages to a specific node. In 
Spatial gossip [Kempe et al. 2004], message transmission is the same with uniform 
gossip. However, the communication partner selection is carried out by choosing 
among the neighbor nodes.  

The Alge-gossip [Deb et al. 2006] algorithm also follows the same partner selection 
as uniform gossip for communication. However, a network coding strategy linearly 
combining the received data into a single message is used for message transfer. In 
NBgossip, nodes communicate with neighbor nodes only (i.e., the same as in Spatial 
gossip) and instead of forwarding messages received, nodes transmit linear combina-
tions of messages (i.e., the same as in Alge-gossip). 

Theoretical and simulation findings indicate that NBgossip outperforms uniform 
gossip over 90% and spatial gossip around 86% in terms of energy savings. For both 
NBgossip and Alge-gossip, similar numbers of rounds are required to disseminate in-
formation. However up to 60% energy savings are achieved by the NBgossip due to 
message transmission between neighbor nodes only. When computational complexi-
ties of the approaches are compared, Uniform and Spatial gossip have the same com-
putational complexity due to the random message selection behavior. However, Alge-
gossip has 𝑂(𝑛)  and NBgossip has 𝜃(log𝑛)  computational complexity, where 𝑛  de-
notes the number of messages linearly combined.  

Epidemic routing can also be helpful in Delay Tolerant Networks (DTNs) to ad-
dress energy constraints. Since DTNs are characterized by sparse network topologies 
and node mobility, message forwarding is done by intermediate nodes using random 
contacts. Therefore, epidemic algorithms would fit with their fully distributed nature 
and ease of implementation to transmit messages. A theoretical study for DTNs fo-
cuses on energy efficient epidemic routing where each node decides to forward a mes-
sage by considering its remaining energy and age of the message [Khouzani et al. 
2012]. Mathematical modeling of the trade-off between energy saving and forwarding 
efficiency shows that the optimal message forwarding decisions can be simply based 
on thresholds that depend on the nodes’ remaining energy. Furthermore, analytical 
characterization of the dependence of the thresholds on the remaining node energy is 
explored.  For instance, considering a node with low remaining energy, it is easy to 
predict that the node is not eager to transfer the message due to critical energy prob-
lems. On the other hand, higher remaining energy on a node causes longer message 
forwarding periods. 

Another epidemic routing approach [De Rango et al. 2013] considering optimiza-
tion of energy consumption and message delivery probability in DTNs is based on an 
n-epidemic routing mechanism (i.e. a node is able to transmit information when it 
has at least n neighbors in its transmission range). Choosing the value of n is crucial, 
since when it is too large the probability of receiving the message by the neighbor 
node will be low. Conversely, when n is too small, then the probability of transmit-
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ting the message from source node to neighbor nodes will be high, and thus the ener-
gy consumption increases. Consequently, n is adjusted dynamically with the preva-
lence strategy, which simply chooses n based on neighbor relations of the nodes, and 
the nodes’ energy levels. Simulation results confirm that the prevalence strategy re-
duces the energy consumption and increases the message delivery probability, due to 
its dynamic adjustment of n, in comparison with traditional n-epidemic routing ap-
proaches. 

As an extension to the aforementioned approach, an improved prevalence strategy 
that considers number of hops and end-to-end delays is proposed in [De Rango and 
Amelio 2013]. In this modified prevalence strategy at the network layer, n is deter-
mined according to the average number of neighboring nodes and energy levels for a 
particular node. Basically, the average number of neighboring nodes is computed as 
follows. First, each node periodically computes the number of neighbors in a distrib-
uted manner and locally, then each node generates its own vector vi by using the 
computed neighboring node information. Lastly, the average number of neighbors for 
a particular node is computed by dividing the sum of vector components by the num-
ber of vector components, where the number of vectors is equal the number of nodes. 
After the computation, simulations are conducted with preset threshold values.  

The performance of the modified prevalence strategy is compared with the classi-
cal prevalence strategy and n-epidemic routing. The results show that the modified 
prevalence strategy outperforms the classical prevalence strategy and n-epidemic 
(n=7) in terms of energy efficiency, due to its dynamic adjustment of n, leading to 
significant energy reduction. However, n-epidemic (n=7) performs better in terms of 
message delivery probability in comparison to the modified prevalence strategy, since 
the threshold value for a dynamic n is not well-chosen for the modified prevalence 
strategy. Furthermore, it is observed that the modified prevalence strategy reduces 
the average number of hops in message delivery and the end-to-end delays in data 
delivery since lower number of messages is transmitted in the network in comparison 
with n-epidemic approach. 

An energy efficient gossip (E-Gossip) protocol that allows minimum energy con-
sumption of sensor nodes and maximum lifetime for wireless sensor networks is pro-
posed in [Lee et al. 2014]. In E-Gossip network layer protocol, the remaining energy 
of a sensor node is used to determine the gossip probability. For example, when the 
remaining energy of a sensor node is less than the average remaining energy of all 
nodes, then the gossip probability is decreased and the node enters sleep mode. Thus, 
the low gossip probability reduces redundant message transmissions and helps to 
prolong the network lifetime. On the other hand, if the remaining energy of a sensor 
node is higher than the average remaining energy, then it becomes an active node 
and possibly takes place in gossip operation with a high gossip probability (the preset 
gossip probability in active mode is 80%). To evaluate the performance of E-Gossip, 
its performance is compared with the classical gossip protocol [Hedetniemi et al. 
1988] and AODV (Ad hoc On demand Distance Vector) [Perkins and Royer 1999] pro-
tocol in terms of average remaining energy and average message delivery. In the 
classical gossip protocol, nodes communicate with each other based on periodical 
random selection, without any preset gossip probability. Conversely, in AODV, nodes 
leverage the information about link connections stored by each node inside the rout-
ing table. For instance, if any disconnected links occur between hops while sending a 
packet to the source node, then disconnected links are deleted from the routing table 
for successful packet delivery. In wireless sensor networks, the sink node collects da-
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ta from all the other sensor nodes through multi-hop communication and, hence, its 
neighbors have higher energy consumption compared to all the other nodes. There-
fore, by consuming all their remaining energy, these nodes become incapable to oper-
ate and the sink node is not able to receive data from the other nodes. The perfor-
mance analysis, carried out in terms of average remaining energy and average mes-
sage delivery, shows that E-Gossip outperforms classical gossip and AODV, since E-
Gossip reduces the number of messages transmitted when the remaining energy of a 
sensor node is low. 

 Open issues & Research guidelines 5.5
In this section, we discuss some open issues and potential enhancements on energy 
efficient P2P epidemics. In our discussion we refer to the different categories consid-
ered in our taxonomy. 

When dealing with sleep/wakeup solutions, an open issue in the context of energy 
efficient P2P storage systems concerns the ability of the system to handle load varia-
tions [Lefebvre and Feeley 2000]. Efficiently estimating future load when putting 
peers into sleep mode is an open problem that can be investigated. Based on the es-
timated future load, the sleep time of peers can be adjusted dynamically. Another 
open issue concerns the possible improvements that caching can provide [Lefebvre 
and Feeley 2000]. For instance, if the main priority is to increase the ratio of satisfied 
peer requests, then caching popular files and keeping few replicas for unpopular files 
could help in reducing the total storage cost. 

For approaches based on resource allocation, additional mechanisms for mobility, 
location information and failure detection could be considered [Garbinato et al. 2010]. 
For instance, the power-law gossiping approach can be easily adapted to mobile de-
vices due to its local and decentralized nature. By using the location information, a 
mobile device can become aware of devices closer to itself for communication. Besides, 
since power-law gossiping allows each node to adjust its transmission range for data 
dissemination, mobile devices can also use this property before transmitting data to 
other mobile devices in a decentralized way. Obviously, in wireless sensor networks, 
locations of the sensors would affect the energy consumption. Therefore, location in-
formation could be involved into energy calculations for data dissemination. When 
evaluating the system’s performance, it would be more realistic to take into account 
the occurrence of failures, types of failures and efficient methods for failure detection. 
Furthermore, context aware adaptive epidemic schemes can be optimized to reduce 
energy consumption [Kontos et al. 2014].  

When structure optimization techniques are considered, the tradeoff between the 
accuracy of the data collected through the structured overlay, and the energy con-
sumption of the system, can be further studied. For example, identifying the optimal 
percentage of peers that should be kept active in the overlay to achieve a certain 
range of accuracy in the results is an open issue that can be further investigated. 

Message redundancy is an open issue in epidemic protocols that has the potential 
for further improvement. For instance, in order to reduce the number of redundant 
messages, optimizations can be performed in data aggregation process [Fauji and 
Kalpakis 2011]. Thus, the energy consumption could be significantly decreased and 
better results would be achieved in terms of system performance and network life-
time. Furthermore, by extending the GPIA approach [Fauji and Kalpakis 2011], 
computing complex aggregates and functions in an energy efficient way would be-
come possible.  Further research can be conducted to determine the optimal gossip 
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probability and find out the arguments affecting the energy consumption and data 
delivery [Lee et al. 2014]. Moreover, improvements can be introduced for adjusting 
transmission power of sensor nodes to reduce the energy consumption. For example, 
one solution is keeping the distance of sensor nodes close to each other to decrease 
the transmission power, therefore the energy efficiency improves. Finally, epidemic 
routing approach in DTNs leads to longer message forwarding periods when the re-
maining energy of the node is higher [Khouzani et al. 2012; De Rango and Amelio 
2013; De Rango et al. 2013]. To overcome this problem, delays in message forwarding 
should be studied and optimized. 

Overall, when different classes of solutions for energy efficiency are considered, 
combining multiple approaches might help to achieve better performance. For exam-
ple, in a structure optimization solution, the overlay structure can be built by deter-
mining the optimal number of active peers in the system based on the mechanisms 
used in sleep/wakeup approaches. Then, the overlay can be set to include the active 
peers. Another approach could be achieving efficient message reduction and resource 
allocation using the ideas in structure optimization solutions. Investigating the bene-
fits of such hybrid mechanisms extensively could be an area for further research for 
P2P epidemic protocols and their energy efficiency. 

 

 CONCLUSIONS 6.
In recent years, energy efficiency has emerged as one of the most important design 
requirements for modern large-scale distributed systems, such as P2P systems and 
applications, which are regularly used by a large number of users, both in desktop 
and mobile environments. Designing energy efficient P2P system solutions is a non-
trivial task as the Quality of Service (QoS) constraints imposed by the applications 
need to be well fulfilled dynamically. In this paper, we have studied and classified 
different system designs and methods to achieve energy efficiency in P2P systems 
and applications. The recent developments have been discussed and categorized into 
six main classes (sleep/wakeup, proxy-based, peer selection, resource allocation, 
structure optimization, and message reduction) with special focus on three main ap-
plication areas, namely P2P file sharing/distribution, content streaming and epidem-
ic protocols.  

Our survey indicates that the proxy-based approaches are the most popular 
amongst others to design energy efficient P2P file sharing/distribution systems. The 
reason for this popularity is that, on the one hand, these approaches almost guaran-
tee the performance of such applications in terms of downloading speed and on the 
other hand they can be implemented/developed as an add-on with no (or little) 
change in the original file sharing applications (e.g., BitTorrent, Gnutella). Another 
finding of the survey shows that the resource allocation approaches have been the 
most used ones in the content streaming applications as they are suitable for mobile 
devices equipped with several wireless network interfaces. Our investigation also in-
dicates that the probabilistic message forwarding behavior, as a key principle of epi-
demic protocols, causes the message reduction approaches considered more appropri-
ate by researchers in such protocols.  

While a number of solutions are already available, we believe there is still room 
for research activities and improvements in the considered areas. Therefore, we in-
vestigated open issues and research guidelines for the future works for each applica-
tion area at the end of the corresponding sections. It is worth mentioning that, there 
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is a general “concern” in all the system solutions (independent from application) re-
flected in this survey, which can be also considered by researchers in the future. In 
fact, most of the solutions rely on simple energy models in which energy cost only 
considers the energy consumption of individual peers (baseline energy consumption, 
energy consumed for processing, communication, etc.) while for an accurate model-
ing, the energy cost should also consider energy consumption related to network 
communication (e,g, energy consumed by all intermediate routers, etc.). From our 
point of view, this survey provides a structural taxonomy in the field of energy effi-
ciency of P2P systems within which the reader can situate both existing and future 
works based on the application. 
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A. CLASSIFICATION OF EVALUATION APPROACHES 
In this Appendix we provide a classification of the solutions presented in the litera-
ture based on the evaluation methodologies and tools used. Table II illustrates a clas-
sification into three main categories according to the used evaluation approach, 
namely theoretical, simulation and real measurements. As shown in the table, some 
research works belong to more than one category, e.g., some studies based on theoret-
ical analysis also include real measurements (such as [Jimeno and Christensen 2007; 
Anastasi et al. 2010; Giannetti et al. 2012; Kelényi et al. 2011a]). Similarly, some 
other research works (such as [Hlavacs et al. 2012; Kelényi et al. 2012; Enokido et al. 
2010; Ozkasap et al. 2014]) present both theoretical and simulation results. In Table 
III, for each category, some additional details are provided. Specifically, the table 
lists the performance criteria considered in the surveyed studies, other than power 
consumption. In addition, for simulation and measurements categories, the used 
platform, the testbed and software tools are also indicated. 
 

Table I. Classification according to the evaluation approach. 

 RESEARCH STUDIES 

Theoretical [Anastasi et al. 2010; Giannetti et al. 2012; Hlavacs et al. 2012; Jimeno and Chri-
stensen 2007; Kelényi et al. 2012; Kelényi et al. 2010a; Kelényi et al. 2011a; Enokido 
et al. 2010; Hlavacs et al. 2010; Jourjon et al. 2010; Albiero et al. 2008; Ramadan 
et al. 2008; Zhang et al. 2007; Ozkasap et al. 2014; Lefebvre and Feeley 2000; Garbi-
nato et al. 2010; Hou et al. 2006; Lu et al. 2008; Khouzani et al. 2012; Kontos et al. 
2014; Cem et al. 2012; De Rango and Amelio 2013; De Rango and Amelio 2013; Lee 
et al. 2014] 

Simulation [Hlavacs et al. 2012; Purushothaman et al. 2006; Kelényi et al. 2010b; Kelényi et al. 
2012; Kelényi et al. 2011b; Blackburn and Christensen 2009; Forshaw and Thomas 
2013; Sucevic et al. 2011; Andrew et al. 2011; Mawji and Hassanein 2010; Enokido 
et al. 2010; Garcia et al. 2010; Hlavacs et al. 2008; Trunfio 2014; Raj et al. 2013; 
Leung and Kwok 2005; Leung and Kwok 2008; da Hora et al. 2007; Pussep et al. 
2010; Li et al. 2009; Maamar et al. 2011; Maamar et al. 2013; Chen et al. 2013; 
Yeung and Kwok 2008; Barua et al. 2013; Ozkasap et al. 2014; Garbinato et al. 2010; 
Cem et al. 2012; De Rango et al. 2013; De Rango and Amelio 2013; Lee et al. 2014] 
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Real  
Measurements 

[Anastasi et al. 2010; Giannetti et al. 2012; Jimeno and Christensen 2007; Agarwal 
et al. 2009; Kelényi and Nurminen 2010; Kelényi et al. 2010b; Kelényi et al. 2011a; 
Kelényi et al. 2011b; Lee et al. 2010; Enokido et al. 2010; Han et al. 2008; Chandra-
sekar et al. 2012; Kelényi and Nurminen 2008a; Kelényi and Nurminen 2008b; Ding 
and Bhargava 2004; Chen et al. 2013; Chen et al. 2011; Albiero et al. 2008; Ramadan 
et al. 2008; Hou et al. 2006] 

 
Table II.  Considered performance criteria and used platform, testbed and software. 

Theoretical PERFORMANCE 
CRITERIA 

Number of active peers 
[Hlavacs et al. 2012; Hlavacs et al. 2010]  
Minimum bandwidth required  
[Hlavacs et al. 2010] 
System availability  
[Hlavacs et al. 2010] 

Simulation USED PLATFORM Custom simulator  
[Hlavacs et al. 2012; Purushothaman et al. 2006; Sucevic et al. 
2011; Andrew et al. 2011; Enokido et al. 2010; Garcia et al. 2010; 
Hlavacs et al. 2008; Trunfio 2014; Leung and Kwok 2005; Leung 
and Kwok 2008; Pussep et al. 2010; Li et al. 2009; Chen et al. 
2013; Yeung and Kwok 2008; Barua et al. 2013; Kontos et al. 
2014] 
Discrete-event BitTorrent Microsoft simulator  
[Kelényi et al. 2010b; Kelényi et al. 2011b; Kelényi et al. 2012] 
Ns-2 network simulator 
[Blackburn and Christensen 2009; Mawji and Hassanein 2010; 
Raj et al. 2013; da Hora et al. 2007; Maamar et al. 2011; Maamar 
et al. 2013; Lee et al. 2014] 
TorrentSim  
[Forshaw and Thomas 2013] 
PeerSim  
[Ozkasap et al. 2014; Cem et al. 2012] 
Sinalgo  
[Garbinato et al. 2010] 
Opportunistic Network Environment (ONE) simulator  
[De Rango and Amelio 2013; De Rango et al. 2013] 

PERFORMANCE 
CRITERIA 

Standby time of the edge device 
[Purushothaman et al. 2006; Blackburn and Christensen 2009; 
Pussep et al. 2010] 
Average download time  
[Kelényi et al. 2010b; Kelényi et al. 2012; Kelényi et al. 2011b; 
Blackburn and Christensen 2009; Mawji and Hassanein 2010; 
Enokido et al. 2010; Raj et al. 2013] 
Tracker request rate  
[Forshaw and Thomas 2013] 
Convergence time  
[Ozkasap et al. 2014; Cem et al. 2012] 
Average number of active computers  
[Sucevic et al. 2011; Andrew et al. 2011; Garcia et al. 2010; 
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Hlavacs et al. 2008] 
Network lifetime  
[Chen et al. 2013] 
Residual energy  
[Maamar et al. 2011; Maamar et al. 2013; Lee et al. 2014] 

Real  
Measurements 

USED TESTBED 
AND SOFTWARE 

NetBurner MOD5270  
[Jimeno and Christensen 2007] 
Gumstix: a computer-on-module with IM (MSN, AOL, ICQ), 
BitTorrent, and web download  
[Agarwal et al. 2009] 
Rasterbar Libtorrent testbed  
[Anastasi et al. 2010; Giannetti et al. 2012] 
Nokia N82 mobile phones with Amazon EC2 server  
[Kelényi and Nurminen 2010] 
Asus WL-500Gp Routers  
[Kelényi et al. 2010b; Kelényi et al. 2011a; Kelényi et al. 2011b] 
Modified version 4.0.2 of BitTorrent Protocol  
[Lee et al. 2010] 
Client-Server (AMD Processor) with a FTP application  
[Enokido et al. 2010] 
uTorrent and SMC server on cloud, android smartphones 
[Chandrasekar et al. 2012] 
Nokia N95 mobile with Mainline BitTorrent DHT  
[Kelényi and Nurminen 2008a; Kelényi and Nurminen 2008b] 
MANET with DHT-Based file sharing applications  
[Ding and Bhargava 2004] 
Apple iPad (iOS v.4.2)  
[Chen et al. 2013; Chen et al. 2011] 
Mobile phones 
[Albiero et al. 2008] 
HP iPAQ h6340  
[Ramadan et al. 2008] 
TinyOS CC2420  
[Hou et al. 2006] 

PERFORMANCE 
CRITERIA 

Query forwarding rate  
[Jimeno and Christensen 2007] 
Average download time  
[Anastasi et al. 2010; Giannetti et al. 2012; Chandrasekar et al. 
2012] 
Success rate  
[Han et al. 2008] 
Network lifetime  
[Han et al. 2008; Chen et al. 2011; Chen et al. 2013; Hou et al. 
2006] 
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