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a b s t r a c t 

Opportunistic networking (a.k.a. device-to-device communication) is considered a feasible means for of- 

floading mobile data traffic. Since mobile nodes are battery-powered, opportunistic networks must be 

expected to satisfy the user demand without greatly affecting battery lifetime. To address this require- 

ment, this work introduces progressive selfishness , an adaptive and scalable energy-aware algorithm for 

opportunistic networks used in the context of mobile data offloading. The paper evaluates the perfor- 

mance of progressive selfishness in terms of both application throughput and energy consumption via 

extensive trace-driven simulations of realistic pedestrian behavior. The evaluation considers two modes 

of nodal cooperation: full and limited, with respect to the percentage of nodes in the system that adopt 

progressive selfishness. The paper demonstrates that under full cooperation the proposed algorithm is 

robust against the distributions of node density and initial content availability. The results show that in 

certain scenarios progressive selfishness achieves up to 85% energy savings during opportunistic down- 

loads while sacrificing less than 1% in application throughput. Furthermore, the study demonstrates that 

in terms of total energy consumption (by both cellular and opportunistic downloads) in dense environ- 

ments the performance of progressive selfishness is comparable to downloading contents directly from 

a mobile network. Finally, the paper shows that progressive selfishness is robust against the presence of 

non-cooperative nodes in the system, and that in certain scenarios the system-level performance does 

not deteriorate significantly under limited cooperation even when 50% of the nodes in the system do not 

adhere to the specifics of the algorithm. 

© 2016 Elsevier B.V. All rights reserved. 
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. Introduction 

Due to the proliferation of mobile devices in recent years, mo-

ile network operators are now expected to satisfy immense data

raffic demands via the cellular network (i.e. more than 24 ex-

bytes of monthly mobile data traffic by 2019 as predicted by Cisco

1] ). Thus, mobile data offloading has been suggested as a com-

lement. One promising approach for offloading network traffic is

ased on mobile opportunistic networks which allow contents to

e shared directly among mobile devices when in proximity. 

Previous studies on mobile data offloading via opportunistic

ommunication [2–4] aim at maximizing the data delivered to mo-

ile devices. However, they do not consider the limited battery ca-

acity of the mobile device. The energy consumption is strongly
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ffected by the 802.11 radio interface when turned on in ad-hoc

ode [5] . 

Recent studies propose duty cycling as a viable strategy for de-

reasing energy consumption in opportunistic networks [6,7] . Such

olutions however assume that all nodes participating in the con-

ent exchange are altruistic and willing to share data with oth-

rs throughout their lifetime. This may be an overly optimistic as-

umption, and nodes that have already obtained all contents of in-

erest may prefer to opt out of distribution in order to save energy.

y default, selfishness has always been considered harmful to the

erformance of opportunistic networks and different mechanisms

ave been suggested for providing incentives for nodes to behave

ltruistically [8] , as well as for detection and avoidance of selfish

odes throughout the routing process [9] . However, they do not

ake into account the price in terms of energy consumption that a

ode pays for being altruistic. 

In this work we aim at decreasing the energy consumption

hile at the same time retaining the application throughput of

n opportunistic network. The work is motivated by our previ-

us study [10] in which we argue that opportunistic mobile data
are opportunistic mobile data offloading under full and limited 
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Fig. 1. (a) Mobile data offloading: only a subset of nodes in the observed area download contents directly from the cellular network; the rest of the nodes obtain contents 

opportunistically. (b) Cumulative density function of the lower and upper bounds of the total listening duration achieved by progressive selfishness. 
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offloading should take into account not only the requirements of

mobile operators, but also those of mobile devices. The main con-

tributions are: 

• We revisit the concept of selfishness in opportunistic networks

and demonstrate that in contrast to prior understanding, self-

ishness can decrease energy consumption while satisfying user

demands. 

• We propose an adaptive and scalable energy-aware algorithm

for opportunistic networks, progressive selfishness , which com-

bines the merits of two energy saving mechanisms that have

always been considered mutually exclusive: duty cycling and

selfishness. 

• We perform extensive trace-driven simulation analysis using re-

alistic pedestrian mobility and evaluate the performance of pro-

gressive selfishness under two modes of nodal cooperation: full

and limited, with respect to the percentage of nodes in the sys-

tem that adopt the algorithm. 

• We show that under full cooperation progressive selfishness is

robust against parameters such as node density and initial con-

tent availability. The results demonstrate that progressive self-

ishness can achieve up to 85% energy savings while losing as

little as 1% in application throughput. 

• We show that under limited cooperation progressive selfishness

is robust against the presence of non-cooperative nodes in the

system. We also show that in sparsely populated areas deviat-

ing from the progressive selfishness algorithm deteriorates the

performance of cooperative and non-cooperative nodes alike. 

The rest of this paper is structured as follows. Section 2 re-

visits popular energy saving mechanisms, and introduces progres-

sive selfishness. Section 3 outlines the evaluation scenario, and

Sections 4 and 5 present results from realistic pedestrian mobility

scenarios under full and limited cooperation, respectively. In the

context of our findings, Section 6 discusses previous work. Finally,

Section 7 concludes the study. 

2. Progressive selfishness 

We assume that users are pedestrians equipped with mobile

devices moving in an urban area, e.g. a grid of streets in a city, and
Please cite this article as: S.T. Kouyoumdjieva, G. Karlsson, Energy-aw
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hat a mobile operator wishes to disseminate data to all users in

he observed area, software updates or special offers, for instance.

owever, downloading data separately to every user may result in

igh traffic volumes traversing the operator’s network. To relieve

he cellular infrastructure, the mobile operator relies on data of-

oading as illustrated in Fig. 1 (a). Upon entering the area, some

sers get parts of the data pushed from the cellular network di-

ectly into their caches; these nodes serve to bootstrap the offload-

ng process. The rest of the users attempt to download content

tems opportunistically when in communication range with a node

hat already has the data. In this work we do not consider how

he mobile operator determines the best candidate nodes to ini-

ially carry contents. Instead we focus on the performance of the

pportunistic data dissemination. 

Throughout its lifetime a node is either data-seeking, or data-

ulfilled. A node is data-seeking if it is missing one or more con-

ent items of those provided in the observed area. A node is data-

ulfilled if it already has downloaded all content items. 

In the context of mobile data offloading, the main objective of

 data-seeking node is to obtain as many content items of those

rovided by a mobile operator as possible. However, a data-seeking

ode needs to discover data at a low energy cost. In order to save

nergy while searching for contents, we allow data-seeking nodes

o duty cycle (DC) within a cycling interval T c , i.e. to iteratively

urn their radio interfaces on and off. A node can only discover

ther peers and exchange data with them while its radio interface

s turned on. In our previous work [6] we suggest that the time

uring which a radio interface is turned on should be chosen uni-

ormly at random d ∼ U(0 , T c ) in the beginning of every cycling

nterval, and the radio interface should be consecutively turned

ff for the remaining ( T c − d) time units. We adopt this strategy,

ince it was shown to decrease energy consumption roughly by

alf without incurring significant application throughput losses for

n opportunistic content distribution system. 

Once a node obtains all content items of interest, its objective

hanges and the focus shifts from downloading data to saving en-

rgy. Ultimately, a node would save greatest amount of energy if

t chooses to opt out of the data dissemination process at the mo-

ent it becomes data-fulfilled. We refer to such behavior as strict

elfishness . However, if all data-fulfilled nodes choose to be strictly
are opportunistic mobile data offloading under full and limited 
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elfish, data-seeking nodes may be brought to starvation due to the

ack of active content providers, and be forced to eventually down-

oad the contents directly from the cellular network. 

Thus, we propose data-fulfilled nodes to behave in a progres-

ively selfish manner. Just as with regular duty cycling, a progres-

ively selfish node iterates between a state in which its radio in-

erface is turned on, and a state in which the radio interface is

urned off. While the duration of the on period is again chosen

niformly at random d ∼ U(0 , T c ) , the duration of the off period

epends on the demand for contents from peers in the vicinity.

e define an inactivity window , w, as a parameter that increases

xponentially every time a data-fulfilled node does not deliver con-

ents to neighboring peers while its radio is turned on. If there is

o demand for the data carried by a data-fulfilled node, it progres-

ively increases the off duration by (wT c − d) , thus saving energy.

owever, the inactivity window w shrinks to 1 if a data-fulfilled

ode provides data to a peer. Since nodes are mobile, throughout

heir lifetime they may traverse areas with different densities of

ata-seeking nodes. Downloading contents to a data-seeking peer

ay infer that a data-fulfilled node has entered an area where data

eeds to be disseminated. The inactivity window w can shrink to

 also if a node is instructed to do so by the mobile operator, or

f the energy spent for opportunistic communication stays below

 predefined threshold. In this work however we only allow the

nactivity window to shrink when a node downloads contents to

 data-seeking peer. The details of progressive selfishness are pre-

ented in Algorithm 1 . 

lgorithm 1 Progressive Selfishness (DC-PS). 

1: T c ← initial cycling interval 
2: w ← 1 , initial inactivity window 

3: t ← 0 , initial time 
4: N ← set of all content items 
5: M ⊆ N, set of items to obtain 

6: while node has battery capacity do 

7: if time to turn radio interface on then 

8: UniformON() 

9: end if 
10: if time to turn radio interface off then 

11: if M ≡ ∅ then 

12: ProgressiveOFF() 

13: else 

14: UniformOFF() 

15: end if 
16: end if 
17: end while 

18: procedure UniformON() 

19: d ← U(0 , T c ) 
0: t ← t + d 

21: end procedure 

2: procedure UniformOFF() 

3: t ← t + (T c − d) 
4: end procedure 

5: procedure ProgressiveOFF() 

6: if node has shared one or more items while on then 

27: w ← 1 

8: end if 
9: t ← t + (wT c − d) 
0: w ← 2 w 

31: end procedure 

In order to evaluate the potential energy savings achieved by

rogressive selfishness, we examine the distribution of the to-

al data-fulfilled listening duration , x , i.e. the total amount of time
Please cite this article as: S.T. Kouyoumdjieva, G. Karlsson, Energy-aw
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uring which a node keeps its radio interface turned on after it has

ecome data-fulfilled. (We note that total data-fulfilled listening

uration and total energy consumed are proportional.) Since the

istening duration in each cycling interval is chosen uniformly at

andom d ∼ U(0 , T c ) , the probability distribution of the total data-

ulfilled listening duration follows the Irwin–Hall’s uniform sum

istribution [11] . 

f x (x, n ) = 

1 

2(n − 1)! 

n ∑ 

k =0 

( −1) k 
(

n 

k 

)(
x 

T c 
− k 

)n −1 

sgn 

(
x 

T c 
− k 

)
(1)

here x = 

∑ n 
i =1 d i and d i is the listening duration in the i th cy-

ling interval, and n is the total number of cycling intervals during

he data-fulfilled phase. Note that the amount of energy savings

ia progressive selfishness for a node depends on the number of

imes the radio interface has been switched on, n , which in turn

s defined by parameters of the environment such as node density,

ontent availability and lifetime. Thus, evaluating the overall per-

ormance of the algorithm is nontrivial, and requires knowledge of

he system state at any moment in time. However, evaluating the

ower and upper bound of the total data-fulfilled listening duration

chieved by progressive selfishness is possible. For a node with

ifetime L the upper bound is reached if the node provides data

o other peers in each cycling interval, and n = � L T c 
	 ; in this case

rogressive selfishness is reduced to a simple duty-cycling scheme

s described in [6] . The lower bound is reached if a data-fulfilled

ode is never requested to provide any content items to neighbor-

ng nodes while listening, and the inactivity window w continu-

usly increases throughout the node’s lifetime. Fig. 1 (b) illustrates

he distribution of the lower and upper bound of total listening

uration of a node with a lifetime of 100 time units, and a cycling

nterval T c = 10 time units. 

. Evaluation scenario 

Here we present a sample publish/subscribe service provided by

n opportunistic content distribution system which allows nodes

o discover contents in other peers [5] . 

We assume that nodes are subscribed to feeds (e.g. topics) of

nterest through a publish/subscribe service provided by an oppor-

unistic content distribution system. Each feed may hold one or

ore entries, and each entry can constitute one or more chunks

which we call content items throughout this paper). Feeds, en-

ries and chunks are announced by the mobile operator to every

ode entering the observed area. Whenever the radio interface of

 node is turned on, it periodically broadcasts beacons to inform

otential neighbors about its presence. (In the current study the

eaconing interval is set to 0.5 s) Upon an encounter with an-

ther node, the device has to determine whether this is the first

ime it meets the node or, if not, whether the node has obtained

ew contents since their last contact. If so, the device initiates a

equest-response communication, and at each step it tries to match

he remote feeds/entries with its local subscriptions until it finally

ownloads content items of interest. 

We use an implementation of an opportunistic content distri-

ution system in the OMNeT++ simulator [12] and we rely on the

nergy framework [13] for modeling battery consumption. 

.1. Mobility scenario 

In order to realistically recreate pedestrian mobility, we use

he Walkers traces [14] captured in Legion Studio [15] , a commer-

ial simulator initially developed for designing and dimensioning
are opportunistic mobile data offloading under full and limited 
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Fig. 2. Urban mobility scenario: a grid of streets representing a part of downtown 

Stockholm, Östermalm. 
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large-scale spaces via simulation of pedestrian behaviors. Its multi-

agent pedestrian model is based on advanced analytical and empir-

ical models which have been calibrated by measurement studies.

Each simulation run results in a trace file, containing a snapshot of

the positions of all nodes in the system every 0.6 s. 

Fig. 2 presents the outdoor urban scenario considered in our

evaluation. The Östermalm scenario consists of a grid of intercon-

nected streets. Fourteen passages connect the observed area to the

outside world. The active area, i.e. the total surface of the streets,

is 5872 m 

2 . The nodes are constantly moving, hence the scenario

can be characterized as a high mobility scenario. We note that it is

not possible to capture all states of human mobility with a single

setup, however the scenario is representative of typical day-time

pedestrian mobility. 

3.2. Content initialization 

In our evaluation scenario we assume that all nodes carry de-

vices and that all are interested in the contents provided. We as-

sume also that there are N available content items forming a single

entry in a feed. The cache of a participating device may initially be

filled with N i randomly chosen content items ( N i < N ). Whether

the cache of a device is initialized with contents depends on the

injection probability p i . Thus, throughout its lifetime in the simu-

lation, each participating node strives to obtain as many content

items that belong to its subscription as possible. Content items

have a mean size of 10kB, and a standard deviation of 2kB. We

note that the optimal size of a content item depends on many pa-

rameters, among which the underlying radio technology used for

opportunistic communication. Thus, we here do not aim to ad-

vertise 10kB as a recommended size, but rather to demonstrate

that dividing data into manageable content items contributes to

the process of mobile data offloading. 

We note that the choice of initially filling the cache of nodes

with only N i items can be seen as an incentive for promoting op-

portunistic content dissemination. If we chose to inject all N con-

tent items into the cache of some nodes, they could directly opt

out of dissemination, thus starving the offloading. 
Please cite this article as: S.T. Kouyoumdjieva, G. Karlsson, Energy-aw
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.3. Full vs. limited cooperation 

Since offloading is triggered by the network operator, cooper-

tion is often assumed to be inherent to the system. In this work

e evaluate the performance of progressive selfishness for two op-

rational modes: full and limited node cooperation. Full coopera-

ion implies that all nodes in the system are cooperative , i.e. they

ollow the progressive selfishness algorithm; under limited coop-

ration a subset of the nodes may be willing to deviate from the

lgorithm. A non-cooperative node is assumed to be entirely ego-

entric: during the data-seeking phase it is not willing to share

ontent items with others, but instead only seeks to obtain items

f interest from cooperative nodes, i.e. those operating in a pro-

ressively selfish manner; once a non-cooperative node obtains all

ontents, it becomes strictly selfish to save energy. In other words,

on-cooperative nodes only consume resources of other peers in

he network without contributing to the data dissemination. There

ay be different reasons as to why a node chooses to behave in a

on-cooperative manner. For instance, a node may be tampered or

t may simply have limited battery resources and therefore prefer

o opt out of sharing contents for further reduction its own energy

onsumption. 

.4. Performance metrics and configurations 

We focus on two performance metrics: goodput (i.e. applica-

ion throughput) and energy consumption from a system perspec-

ive. Since we study an open system, it is important that the met-

ics are normalized with respect to the nodes’ sojourn time in the

imulation. The system goodput is simply the sum of the number

f bytes downloaded by each node, B i , divided by the sum of the

ifetimes of nodes in the simulation, t i , or G = 

∑ 

B i / 
∑ 

t i . We only

ount bytes of fully downloaded content items, so the goodput is

 measure of the system usefulness for the users, i.e. how much

ontents it can provide. 

We differentiate between energy consumption by the oppor-

unistic system, and energy consumption by downloads directly

rom the cellular network. While the first corresponds to the en-

rgy used for opportunistic data offloading, E opp , the latter consti-

utes the energy for initial downloads, E (1) 
cell 

(i.e. for filling caches

ith data in order to bootstrap the content exchange in the ob-

erved area), and the energy consumed for follow-up downloads,

 

(2) 
cell 

(i.e. the energy needed for downloading contents that nodes

ere not able to obtain opportunistically). Thus, the total energy

 node spends is then E tot = E (1) 
cell 

+ E opp + E (2) 
cell 

[ J] . The energy con-

umption of the opportunistic system is simply the energy con-

umed by the radio interface while it is turned on. An energy

odel for downloading x bytes of data over a 3G network is de-

ived in [16] : 

 cell = 0 . 025(x ) + 3 . 5 ︸ ︷︷ ︸ 
transfer energy 

+ 12 . 5 × 0 . 62 ︸ ︷︷ ︸ 
tail energy 

+ 0 . 02(x/C) ︸ ︷︷ ︸ 
maintenance energy 

(2)

here C is the download data rate from the cellular network. 

We also examine individual energy consumption patterns of co-

perative and non-cooperative nodes. The individual energy con-

umption is defined as the energy used for opportunistic data of-

oading by a single node normalized with respect to the node’s

ojourn time in the simulation, E ind = E (i ) 
opp /t i . 

We compare the performance of a system in which the radio

nterface of data-seeking and data-fulfilled nodes is always turned

n and no energy saving mechanisms are applied ( ON ), with three

ypes of duty-cycling systems with different levels of selfishness,

amely: 
are opportunistic mobile data offloading under full and limited 
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Fig. 3. Comparison of normalized energy consumption (En) and normalized good- 

put performance (Gp) among configurations for the Östermalm scenario under dif- 

ferent arrival rates. 

Table 1 

Mean number of contact opportunities under different arrival rates for the 

Östermalm scenario. 

Arrival rate Mean density Mean number of contact opportunities 

nodes/s nodes/m 

2 ON DC DC-SS DC-PS 

λ = 0.01 0.006 5 .56 5 .49 2.23 2 .19 

λ = 0.07 0.043 40 .17 38 .87 3.43 4 .71 

λ = 0.15 0.085 85 .17 73 .24 3.51 6 .91 

λ = 0.30 0.129 140 .47 115 .39 3.96 10 .91 
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1) DC – Both data-seeking and data-fulfilled nodes duty cycle as

defined in [6] ; for the purpose of this study the cycling interval

is set to 10 s. 

2) DC-SS – Strict selfishness is applied as additional energy saving

strategy: nodes opt out of the data dissemination process once

they become data-fulfilled. 

3) DC-PS – Progressive selfishness is applied as additional energy

saving strategy: data-fulfilled nodes follow the progressive self-

ishness algorithm outlined earlier. 

. Performance under full cooperation 

In the following sections we present simulation results for the

stermalm scenario when all nodes in the system are fully cooper-

tive and adhere to the progressive selfishness algorithm outlined

arlier. We release the assumption of full cooperation in Section 5 .

If not stated otherwise, goodput is normalized with respect to

he total amount of data each node would receive if it were to

ownload contents directly via the cellular network. Energy con-

umption is evaluated both with respect to opportunistic down-

oads E opp , as well as total energy E tot . E opp is normalized with re-

pect to the energy spent by nodes that do not use energy sav-

ng mechanisms; E tot is normalized with respect to the energy that

odes would spend if they were to download all content items di-

ectly from the cellular network. In order to provide a fair compar-

son between E opp and E tot we set the download data rate from the

ellular network to equal the download data rate from a neigh-

oring peer, C = 2 Mbps. Such data rates are typical for current

G mobile networks with low mobility users moving at less than

0 km/h [17] as well as for wireless ad-hoc networks using IEEE

02.11b. Although such data rates may be considered low with

he rise of gigabit wireless standards like WiGig, promising up to

 Gbps [18] , and the speculation that 5G networks would provide

ata rates up to 10 Gbps [19] , we note that since the data rate

nly affects the speed at which data is transmitted, the compara-

ive analysis provided below would still hold under the assumption

hat networks have similar data rates. 

.1. Effect of node density 

We first evaluate the performance of progressive selfishness un-

er different arrival rates for the Östermalm scenario. Nodes arrive

nto the observed area according to a Poisson process with rates

= {0.01, 0.07, 0.15, 0.30} nodes/s from each of the fourteen entry

oints. The cache of each node is initially populated with N i = 5

ontent items chosen uniformly at random from a total of N = 10

ontent items that a mobile operator aims to deliver to all nodes.

he reader may assume that all content items form a single piece

f contents. The results are presented in Fig. 3 . 

In sparsely populated scenarios ( λ = 0.01 nodes/s), the oppor-

unistic network manages to deliver approximately 97% of the con-

ents when nodes do not use energy saving (ON). Adopting a sim-

le duty-cycling scheme delivers similar content volumes but at

alf the cost in terms of energy consumption. We also see that

trictly selfish behavior decreases goodput since data availability

s reduced when data-fulfilled nodes opt out of the dissemination

rocess. What is interesting however is that in sparse scenarios

rogressive selfishness delivers slightly higher goodput at a lower

nergy cost in comparison to strict selfishness: since data-fulfilled

odes continue to participate in the data dissemination, the time

ata-seeking nodes spend searching for content items decreases,

hus the overall energy consumption is also reduced, Fig. 4 (a). We

ote that progressive selfishness reduces energy consumption by

5%, and this reduction comes at only 6% goodput loss. 

As the density increases, the goodput performance of pro-

ressive selfishness becomes comparable to the goodput perfor-
Please cite this article as: S.T. Kouyoumdjieva, G. Karlsson, Energy-aw
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ance of a system in which nodes do not adopt energy saving

echanism, while energy consumption is decreased by approxi-

ately 85%. An interesting observation is that at high densities

 λ = 0.30 nodes/s) the energy consumed by strictly selfish nodes

ecomes less than the energy consumed by progressively selfish

odes. This may seem counter-intuitive. Fig. 4 (b) provides some

nsight. In the case of strict selfishness, 50% of the nodes be-

ome data-fulfilled in the first 10% of their lifetime while in the

ase of progressive selfishness, this number increases to almost

0%. Due to the quick data dissemination, only 12% of the pro-

ressively selfish data-fulfilled nodes consecutively provide con-

ents to other peers. When the mobile operator wishes to dissem-

nate small amounts of data among users and the node density is

igh ( λ = 0.30 nodes/s), the energy spent by nodes that are in a

ata-seeking state becomes negligible in comparison to the energy

pent by nodes that are in a data-fulfilled state. To address this, we

ave previously proposed a simple enhancement of the progressive

elfishness algorithm [20] , however we do not discuss it further in

he current work. 

Table 1 presents the mean number of contact opportunities a

ode experiences throughout its lifetime under different arrival

ates. (Here, a contact is accounted for when a node receives a bea-

on from another peer in range.) Due to the small amount of data

hat needs to be disseminated among nodes, as the arrival rate

ncreases, the adaptive nature of progressive selfishness achieves

ore than 90% reduction in the number of peers a node encoun-

ers, filtering out contacts with peers that cannot contribute to the
are opportunistic mobile data offloading under full and limited 
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Fig. 4. Cumulative density function of the time x (in percentage of lifetime) when a node becomes data-fulfilled under strict and progressive selfishness for an arrival rate 

of (a) λ = 0.01 nodes/s and (b) λ = 0.30 nodes/s for the Östermalm scenario. 
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Fig. 5. Effect of initial content availability for the Östermalm scenario with λ = 0.01 nodes/s: (a) goodput performance, and (b) total energy consumption. 
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node (i.e. data-seeking nodes that have the same content items as

the node, or other data-fulfilled nodes if the node is already data-

fulfilled). 

We believe that scenarios in which small amounts of contents

have to be disseminated to a large crowd of participants will not

constitute the majority of use-cases when it comes to mobile data

offloading via opportunistic communication. In the following sub-

section we explore the performance of progressive selfishness with

respect to the amount of data which needs to be disseminated op-

portunistically in the observed area in order to evaluate the scala-

bility of the algorithm. 

4.2. Effect of content availability 

We showed that progressive selfishness achieves high data dis-

semination rates and up to 85% energy savings independent of the

node density. In this subsection we increase the traffic, and as-

sume that a mobile operator wishes to disseminate information of

size 1MB to all nodes entering the observed area, a short video
Please cite this article as: S.T. Kouyoumdjieva, G. Karlsson, Energy-aw
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lip, for instance. (Due to constraints in the simulation duration,

isseminating information of sizes larger than 1MB results in all

odes being only in the data-seeking phase throughout their life-

ime in the system. In reality a mobile operator may decide to of-

oad information of any size.) We further divide this data into con-

ent items of mean size 10kB as before, and we define q = N i /N to

e the initial content availability, i.e. how many content items are

etched from the cellular network by nodes entering the observed

rea. We then vary the initial content availability q = {0.1, 0.2, 0.5,

.7, 0.9}; q = 0 . 1 represents a scenario in which contents should

e mostly offloaded opportunistically, and q = 0 . 9 corresponds to a

cenario in which most of the contents is initially pre-loaded into

he nodes. 

Fig. 5 presents the results for a sparsely populated Östermalm

cenario, i.e. λ = 0.01 nodes/s. Observe that in Fig. 5 (a) the 3G-

NT part represents data downloaded directly from the mobile op-

rator to bootstrap the offloading process. The rest of the bars

re stacked behind one another and illustrate in an incremen-

al manner the amount of data that is offloaded across different
are opportunistic mobile data offloading under full and limited 
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Table 2 

Offloaded traffic for the Östermalm scenario under different con- 

figurations and different arrival rates. 

Configuration q = 0 . 1 0.2 0.5 0.7 0.9 

λ = 0.01 ON 82% 74% 47% 29% 9.7% 

DC 68% 64% 44% 27% 9.4% 

DC-SS 61% 56% 39% 24% 7.8% 

DC-PS 61% 56% 39% 25% 8.4% 

λ = 0.15 ON 89% 80% 50% 30% 10% 

DC 89% 79% 50% 30% 10% 

DC-SS 87% 78% 49% 30% 9.8% 

DC-PS 88% 78% 49% 30% 10% 
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onfigurations. In other words, DC-SS represents how much data

trict selfishness delivers on top of the initial downloads from the

ellular network, DC-PS shows how much more goodput progres-

ive selfishness delivers on top of strict selfishness, DC illustrates

ow much goodput duty cycling delivers on top of progressive self-

shness, and ON shows the amount of additional data delivered on

op of duty cycling. This representation is adopted throughout the

est of the paper. 

Even when the initial content availability is low, q = 0 . 1 , pro-

ressive selfishness, as well as strict selfishness, offload approxi-

ately 60% of the data, Fig. 5 (a) and Table 2 . If nodes instead kept

heir radio interfaces turned on, the opportunistic network would

ffload more than 80% of the total data for the same initial con-

ent availability. We note that on one hand this increase of 20% in

oodput requires approximately 55% more energy for offloading via

pportunistic communication (comparing the bars in Fig. 5 (b) rep-

esenting the energy consumed by opportunistic downloads). On

he other hand, if this data is not disseminated opportunistically,

odes would have to download it from the cellular network upon

xiting the observed area. The reader may then ask whether it is

ore profitable (in terms of energy consumption) to spend energy

uring the opportunistic offload or to spend energy for follow-up

ownloads from the cellular network. 

Fig. 5 (b) illustrates the mean energy consumption in each of

he three energy consumption states: initial download for boot-

trapping the content exchange in the observed area, opportunistic

ownload for offloading mobile data and follow-up download for

btaining missing content items from the cellular network before

eaving. Observe that all values in Fig. 5 (b) are normalized with
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Fig. 6. Effect of initial content availability for the Östermalm scenario with λ = 
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espect to the estimated energy a node would consume if it were

o download all data directly from the cellular network, given in

q. (2) . In sparse areas, progressive selfishness decreases both the

pportunistic and the total energy consumption across all values

f the initial content availability. Compared to the performance of

 duty-cycling system the reduction in energy consumption is in-

ignificant for small values of the initial content availability and

ncreases with the increase of q . Due to the sparsity of the sce-

ario, and the amounts of data that nodes need to obtain oppor-

unistically, very few nodes can utilize the benefits of progressive

elfishness, since their inactivity window is constantly shrunk to 1.

e also note that across all values of the initial content availabil-

ty the total energy spent under progressive selfishness is doubled

s compared to the energy that nodes would spend if they were

o download contents directly from the cellular network. Although

here is a reduction in the energy consumption with the increase

f the initial content availability, Fig. 5 (b), in the context of mo-

ile data offloading operators would prefer to keep the value of

 as low as possible. Thus, in this sparse scenario with high data

oads there is a clear trade-off between the requirements of mobile

odes (low energy consumption), and those of mobile operators

high offload ratio). Progressive selfishness satisfies both parties by

ecreasing the total energy consumption in mobile nodes without

reatly penalizing the load reduction in the cellular network. 

Fig. 6 shows the goodput performance and energy consumption

or the Östermalm scenario when the density is increased ( λ =
.15 nodes/s). Due to the larger amount of participants in the op-

ortunistic content dissemination process, even at low initial con-

ent availability ( q = 0.1), progressive selfishness offloads approx-

mately 87% of the data, Fig. 6 (a) and Table 2 . Leaving the radio

nterface turned on contributes just a couple of percent more to

he goodput for the same value of q . In terms of energy savings,

rogressive selfishness not only decreases the energy consumption

cross all values of the initial content availability but the total en-

rgy spent for disseminating the information in the observed area

s comparable to the energy a node would spend when download-

ng all data directly from the cellular network. 

To summarize, independent of the node density in the area,

rogressive selfishness offloads mobile data at a lower energy cost

han other solutions across all values of the initial content avail-

bility. In the context of mobile data offloading, it is recommended

hat the initial content availability is kept low. 
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0.15 nodes/s: (a) goodput performance, and (b) total energy consumption. 
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Fig. 7. Effect of injection probability for Östermalm scenario with λ = 0.15 nodes/s: (a) goodput performance, (b) user satisfaction, (c) energy savings during opportunistic 

downloads, and (d) total energy savings. 
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4.3. Effect of injection probability 

In the previous sections we assumed that each node downloads

some contents directly from the cellular network upon entrance in

order to participate in the dissemination process. In reality, how-

ever, only a subset of nodes, often referred to as a target set, may

be chosen to carry data initially, while all other nodes attempt to

download contents opportunistically from them. Here, we do not

discuss the optimal choice of the target set but instead choose

nodes uniformly at random according to an injection probability

p i . (For details on the optimal choice of the initial target set we

refer the reader to [2] .) 

Fig. 7 presents results for the Östermalm scenario with λ = 0.15

for three different values of the injection probability p i = {0.01,

0.05, 0.1}, a total of N = 10 content items of mean size 10kB each,

and an initial content availability q = 0.5. 

Even at p i = 0.01, progressive selfishness decreases the energy

consumption by 80%, Fig. 7 (c), while satisfying approximately 95%

of the overall traffic demand, Fig. 7 (a). Observe that the bars rep-
Please cite this article as: S.T. Kouyoumdjieva, G. Karlsson, Energy-aw
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esenting energy consumption in Fig. 7 (c) are normalized with re-

pect to the energy spent by ON, and are stacked behind one an-

ther to illustrate the incremental energy savings across configura-

ions. Comparing to a strictly selfish behavior which is usually dis-

ussed in literature, progressive selfishness decreases by half the

nergy cost, while providing higher goodput. To explain this phe-

omenon, we define user satisfaction as the percentage of nodes

hat by the end of their lifetime have obtained the whole set of

ontent items, and do not need to perform follow-up downloads

pon exiting. The results are illustrated in Fig. 7 (b). We see that

lthough strict selfishness delivers similar goodput performance as

rogressive selfishness, the user satisfaction is only 12% as com-

ared to 80% for progressive selfishness with p i = 0.01. 

The total energy consumption under different injection proba-

ilities is presented in Fig. 7 (d). When p i = 0.01 progressive self-

shness decreases the total energy consumption by a factor of 5

s compared to a configuration in which nodes have their ra-

io interfaces turned on, and the main reduction does come from

he energy savings during opportunistic offloading. An interesting
are opportunistic mobile data offloading under full and limited 
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a b

Fig. 8. Effect of node density under limited cooperation for the Östermalm scenario with λ = 0.01 nodes/s: (a) normalized goodput and energy consumption on system 

level, and (b) normalized mean energy consumption for cooperative vs. non-cooperative nodes; dotted line represents the energy consumed by DC-PS under full cooperation. 

a b

Fig. 9. Effect of node density under limited cooperation for the Östermalm scenario with λ = 0.15 nodes/s: (a) normalized goodput and energy consumption on system level, 

and (b) normalized mean energy consumption for cooperative vs. non-cooperative nodes; dotted line represents the energy consumed by DC-PS under full cooperation. 
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bservation is that strictly selfish behavior requires higher energy

onsumption for follow-up downloads due to the low user satisfac-

ion factor. As the injection probability increases, the total energy

onsumed by progressively selfish nodes is further decreased, and

or p i = 0.1 it becomes comparable to the energy that nodes would

pend if they were to download everything from the cellular net-

ork. 

. Performance under limited cooperation 

In this section we present results for the Östermalm scenario

nder limited cooperation. We allow a subset of all nodes in the

ystem to deviate from the progressive selfishness algorithm and

ehave in a non-cooperative manner as defined in Section 3.3 .

pon entering the area, each node chooses uniformly at random

hether to adhere to the progressive selfishness algorithm while

earching for the contents announced by the mobile operator or to

eviate from it. 

.1. Effect of node density 

We first evaluate the performance of the opportunistic network

perating under progressive selfishness with limited cooperation

n sparse ( λ = 0.01 nodes/s) and dense ( λ = 0.15 nodes/s) envi-

onments, Figs. 8 and 9 , respectively. We vary the percentage of

on-cooperative nodes in the system k ∈ [5, 50] and we compare

he performance with respect to the performance of a system with

ull cooperation, k = 0 . Furthermore, we assume that the amount

f data the mobile operator wishes to disseminate to the partici-

ating nodes is small, a total of N = 10 content items. 
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In sparsely populated scenarios, Fig. 8 (a), the amount of data

elivered by the opportunistic network decreases with the increase

f the non-cooperative population. Simultaneously the energy con-

umed for opportunistic content distribution increases since nodes

pend on average more time in the data-seeking phase search-

ng for contents. (Observe that the goodput and the energy con-

umption are normalized with respect to the goodput and en-

rgy consumption in ON, i.e. when all nodes do not apply any

nergy saving mechanisms and are entirely altruistic.) Fig. 8 (a)

hows that even at low densities an opportunistic network oper-

ting with progressive selfishness can support a small population

f non-cooperative nodes ( k = 10% ) without loss in goodput. If we

xamine the individual energy consumed by cooperative nodes (i.e.

odes that follow the progressive selfishness algorithm) and non-

ooperative nodes, Fig. 8 (b), we see that non-cooperative nodes are

ble to decrease their energy consumption by 15% for small val-

es of k however this decrease comes at a price of increased en-

rgy consumption for nodes that adhere to the progressive selfish-

ess algorithm. Interestingly, as the percentage of non-cooperative

odes increases it becomes non-beneficial for nodes to deviate

rom the DC-PS scheme; when k > 40% both cooperative and non-

ooperative nodes spend more energy than they would have spent

f they were all following the DC-PS algorithm (the dotted line in

ig. 8 (b)). 

As the density increases the progressive selfishness algorithm

s capable of supporting the system performance both in terms

f goodput and energy consumption even when 50% of the pop-

lation behaves in a non-cooperative manner, Fig. 9 (a). Thus, it

s impossible to detect the presence of non-cooperative nodes in

he system by simply examining the means of the performance
are opportunistic mobile data offloading under full and limited 
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a b c

Fig. 10. Effect of initial content availability q = 0 . 1 for Östermalm scenario with λ = 0.01 nodes/s and large size contents: (a) goodput via opportunistic downloads, (b) total 

energy consumption, and (c) energy consumption for cooperative vs. non-cooperative nodes; dotted line in plots (b) and (c) represents the energy consumed by DC-PS under 

full cooperation. 

a b c

Fig. 11. Effect of initial content availability q = 0 . 1 for Östermalm scenario with λ = 0.15 nodes/s and large size contents: (a) goodput via opportunistic downloads, (b) total 

energy consumption, and (c) energy consumption for cooperative vs. non-cooperative nodes; dotted line in plots (b) and (c) represents the energy consumed by DC-PS under 

full cooperation. 
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metrics. Fig. 9 (b) however reveals that differentiating between co-

operative and non-cooperative nodes is possible when examining

the individual energy consumption. On average cooperative nodes

experience higher energy consumption (with respect to DC-PS un-

der full cooperation, dotted line) even at small values of k . Fur-

thermore, non-cooperative nodes experience approximately 50% of

energy savings with respect to DC-PS even at k = 50% . One way to

interpret this result is to discuss the need of introducing proper in-

centives for nodes to adhere to the DC-PS algorithm. For instance,

a mobile operator may choose to reward cooperation by offering

discounts, proportional to the amount of data shared opportunisti-

cally. However, an alternative view point would be that even with-

out incentives, the performance of progressive selfishness does not

decrease significantly. As mentioned earlier, a node may choose

to be non-cooperative simply because it currently does not have

enough battery resources; such a scenario is highly probable in ur-

ban environments since mobile devices often have different battery

resources at any point in time. The proposed algorithm is thus able

to achieve high offload ratio under limited cooperation. 

5.2. Effect of content availability 

In Section 4.2 we showed that progressive selfishness performs

well at low values of the initial content availability, q = 0 . 1 , even

when the mobile operator wishes to offload contents of a larger

size. We here explore whether this statement holds in the presence

of limited cooperation. 
Please cite this article as: S.T. Kouyoumdjieva, G. Karlsson, Energy-aw
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In sparse scenarios the larger the contents to be disseminated

nd the lower the initial content availability, the more promi-

ent the reduction in goodput obtained via opportunistic contacts,

ig. 10 (a). On the one hand, at k = 50% the offload ratio is de-

reased by more than 50% with respect to the goodput achieved

y ON. On the other hand, at low densities and small values of q

on-cooperative nodes achieve little to no energy savings by devi-

ting from the progressive selfishness algorithm, Fig. 10 (c). Nodes

re forced to spend most of their lifetime in the system searching

or content items due to the low initial content availability and the

arger content size. However, the lack of full cooperation requires

ore nodes to rely on follow-up downloads from the mobile net-

ork thus increasing the total energy consumption, Fig. 10 (b), al-

hough on average the energy consumed by opportunistic down-

oads does not change significantly. 

In dense scenarios, the larger node population again obscures

he effect of limited cooperation. The goodput achieved by op-

ortunistic downloads deteriorates only at high levels of non-

ooperation ( k > 40%), Fig. 11 (a), which results into increased en-

rgy for follow-up downloads, Fig. 11 (b). However, even for val-

es of k > 40% it is still beneficial for nodes to behave in a

on-cooperative manner due to the individual energy savings they

chieve, Fig. 11 (c). 

.3. Effect of injection probability 

Finally, we examine the effect of injection probability under

imited cooperation. Again, we assume that only a small portion of
are opportunistic mobile data offloading under full and limited 
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a b c

Fig. 12. Effect of injection probability on energy consumption for cooperative vs. non-cooperative nodes for the Östermalm scenario with λ = 0.15 nodes/s: (a) p i = 1% , (b) 

p i = 5% , and (c) p i = 10% . 

a b

Fig. 13. Effect of injection probability on (a) goodput and (b) total energy consumption for the Östermalm scenario with λ = 0.15 nodes/s. 
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odes, p i = { 0 . 01 , 0 . 05 , 0 . 10 } , entering the observed area initially

btain contents directly from the mobile operator, while the rest

f the nodes attempt to obtain contents opportunistically. The to-

al number of content items is N = 10 , and the initial content avail-

bility is q = 0 . 5 for those nodes chosen to carry contents upon en-

ering the area. Observe that we assume that the mobile operator

oes not differentiate between cooperative and non-cooperative

odes when it decides to inject contents in their caches upon ar-

ival. In other words, a node that is initially injected with con-

ents may be non-cooperative in nature. Thus, the amount of use-

ul nodes that carry contents into the system may be less than p i . 

Fig. 12 shows the effect of injection probability on the individ-

al energy consumption of cooperative and non-cooperative nodes

or different values of p i . It is not beneficial for non-cooperative

odes to deviate from the progressive selfishness algorithm only

or high values of non-cooperation k = 50% and small values of the

njection probability p i = 0 . 01 , Fig. 12 (a). This is also notable in the

eduction of goodput, Fig. 13 (a), as well as the increase in the to-

al energy consumption, Fig. 13 (b). With the increase of the injec-

ion probability, the presence of non-cooperative nodes becomes

ess notable on a system level. Furthermore, it becomes benefi-

ial (in terms of energy consumption) for nodes to behave in a

on-cooperative manner since there are enough participants in the

ystem to support the opportunistic data dissemination without

everely deteriorating the offloaded goodput. 

. Related work 

In this section we discuss previous work conducted in the field

f mobile data offloading, and in the area of selfishness in oppor-

unistic networks. 
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.1. Mobile data offloading 

Recent solutions for alleviating traffic load on cellular networks

an be divided in two main categories: offloading to femtocells

r existing WiFi networks [21,22] , and offloading through oppor-

unistic communication. Although the large body of work produced

n the area of offloading cellular traffic to femtocells and WiFi

etworks, such approach is limited to possible deployments and

he availability of Internet access. Offloading mobile data through

pportunistic communication does neither depend on available

eployment, nor on Internet access, and has thus become a pop-

lar candidate for traffic offloading in recent years. Different stud-

es attempt to optimize the traffic volumes delivered to end users

hrough opportunistic communication. In [2] Han et al. study a

arget-set selection problem for choosing initial data carriers in or-

er to minimize the amounts of mobile data traffic. Lu et al. pro-

ose an opportunistic forwarding protocol for increasing the prob-

bility of data delivery [3] . However neither of the works consider

he energy consumed by mobile devices in the process of offload-

ng mobile data through opportunistic communication. In a recent

ork Ding et al. [23] recognize the importance of decreasing en-

rgy consumption during the offloading process, and study the en-

rgy savings that can be achieved when mobile data is offloaded

o WiFi networks. In contrast, we investigate the energy savings

chieved when mobile data is offloaded via opportunistic commu-

ication. Recently Mota et al. [24] introduced energy into their

ulti-criteria framework for opportunistic mobile data offloading

owever they only use energy consumption as a decision-making

arameter for whether a node should participate in the offloading

rocess. Instead, we profile the energy consumption of nodes that

articipate in the offloading process. 
are opportunistic mobile data offloading under full and limited 
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6.2. Selfishness in opportunistic networks 

All work done in the area of mobile data offloading by default

considers nodes to act altruistically throughout the mobile data of-

floading process via opportunistic communication. A separate body

of work has been devoted to issues related to node selfishness in

opportunistic networking. In [25] Hui et al. study the impact of

different distributions of altruism on the throughput and delay of

opportunistic networks, and demonstrate that opportunistic net-

works are robust towards the form of altruism distribution, how-

ever they fail to consider the impact of selfishness on the energy

consumption in nodes. Lu et al. [26] and Zhao et al. [8] propose in-

centive schemes for promoting altruism in opportunistic networks,

however neither of the works discusses the implications, in terms

of energy consumption, of altruistic behavior in battery-powered

devices. Ciobanu et al. [9] devise a mechanism for detecting and

avoiding selfish nodes throughout the routing process in oppor-

tunistic networks. In contrast to all mentioned studies, we promote

selfishness in opportunistic networks used for mobile data offload-

ing in order to decrease the energy consumption of participating

devices. 

7. Conclusion 

In this paper we propose progressive selfishness , an adaptive and

scalable energy-aware algorithm for improving energy-efficiency in

mobile devices in the context of mobile data offloading via op-

portunistic communication. Previous work in the area of mobile

data offloading via opportunistic communication focuses mainly on

maximizing the data delivery to end users. However, since mo-

bile nodes are battery-powered, opportunistic networking can only

be considered a viable mechanism for offloading data if it deliv-

ers high content volumes at a low energy cost. Thus, we evalu-

ated the performance of the proposed progressive selfishness al-

gorithm both in terms of application throughput (i.e. goodput) and

energy consumption via extensive trace-driven simulations of real-

istic pedestrian mobility. We introduced two modes of nodal coop-

eration: full and limited, with respect to the percentage of nodes in

the system that adopt progressive selfishness. We showed that un-

der full cooperation the algorithm decreases energy consumption

of participating nodes during the opportunistic downloads with up

to 85% across different node densities in the observed area with-

out significantly compromising goodput. We then investigated the

effects of initial content availability, and observed that the per-

formance of progressive selfishness is robust to it across different

node densities. We also showed that at higher densities the en-

ergy spent by nodes that adopt progressive selfishness becomes

comparable to the energy nodes would spend for downloading the

same data directly from the cellular network. Thus, progressive

selfishness not only offloads up to 85% of the mobile data traf-

fic, but does the offloading at a similar price in terms of energy.

We also demonstrated that progressive selfishness scales with the

injection probability of content carriers in the observed area. Fi-

nally, we investigated the performance of progressive selfishness

under limited cooperation across different node densities, content

availabilities and injection probabilities, and showed that progres-

sive selfishness is robust against the presence of non-cooperative

nodes in the system in terms of offloaded traffic volumes. In

dense scenarios progressive selfishness could tolerate up to 50%

of non-cooperative nodes without significantly deteriorating nei-

ther the goodput nor the energy consumption observed at a sys-

tem level. Thus, by simply evaluating average performance met-

rics it is impossible to determine the presence of non-cooperative

nodes in the system. However examining individual energy con-

sumption patterns may provide better insights as non-cooperative
Please cite this article as: S.T. Kouyoumdjieva, G. Karlsson, Energy-aw

cooperation, Computer Communications (2016), http://dx.doi.org/10.101
odes are able to further reduce their energy consumption com-

ared to nodes that adhere to the progressive selfishness algo-

ithm. Mobile operators may thus be required to provide eco-

omic incentives in order to prevent nodes from intentional

on-cooperation. 
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