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Abstract —Mobile collaborative community (MCC) is an emerging technology that allows multiple mobile nodes (MNs) to perform
a resource intensive task, such as large content download, in a cooperative manner. In this paper, we introduce a proxy-based
collaboration system for the MCC where a content proxy (CProxy) determines the amount of chunks and the sharing order scheduled
to each MN, and the received chunks are shared among MNs via Wi-Fi Direct. We formulate a multi-objective optimization problem
to minimize both the collaborative content download time and the energy consumption in an MCC, and propose a heuristic algorithm
for solving the optimization problem. Extensive simulations are carried out to evaluate the effects of the number of MNs, the wireless
bandwidth, the content size, and dynamic channel conditions on the content download time and the energy consumption. Our results
demonstrate that the proposed algorithm can achieve near-optimal performance and significantly reduce the content download time
and has an energy consumption comparable to that of other algorithms.

Index Terms —Mobile collaborative community, content download, proxy-based collaboration system, a-local search of sharing order

(a-LSSO).

1 INTRODUCTION

Although the peak bit rate of wireless access technolo-
gies is continuously increasing, it is still insufficient for
bandwidth-intensive applications, such as large content
downloads (e.g., multimedia service [2]) and real-time
3D video streaming. Moreover, since link spectral effi-
ciency has fundamental limits, collaborative bandwidth
aggregation techniques at the data link and network
layers have been recently considered, including systems
for collaborative content download [3]-[13]. In these
systems, multiple mobile nodes (MNs) within proximity
of each other form a collaboration group, called mo-
bile collaborative community (MCC), to improve con-
tent download performance. Each MN in the MCC
downloads a part of the content, often referred to as a
chunk, and shares the received chunk with other MNs in
the MCC via unicast or multicast transmission. During
such collaborative download, the MNs use multiple
interfaces, a wireless wide area network (WWAN) for
downloading content chunks from the origin server and
a wireless local area network (WLAN) for sharing the
content chunks within the MCC.

Collaborative content download in an MCC can lead
to reduced content download time because the WLAN
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typically provides a much higher data rate than the
WWAN [3]-[7]. Moreover, each MN can reduce its use
of the WWAN, which may lead to lower communication
cost [8], [9], and may also reduce its energy consump-
tion [10], [11]. At the system level, content download via
an MCC can reduce the traffic load of the WWAN [12],
[13], thus providing benefits for the mobile operator as
well. Minimizing the content download time and the
energy consumption in an MCC is, however, challenging
as the download time and the energy consumption
depend both on the chunk sizes downloaded by the
individual MNs and on the sharing order among the
MNs within the MCC. Furthermore, the optimal choice
of these parameters is a function of the WWAN and
WLAN channel conditions, i.e., the achievable data rates
of the MNSs.

Previous works have explored distributed and central-
ized solutions for forming and managing MCCs [3]-[13].
In the distributed solutions [3], [4], [6], [9], MNs spon-
taneously form and manage the MCC by exchanging
control messages for collaboration with each other. The
distributed approach can incur high control overhead
due to frequent exchanges of control information for
collaboration. Moreover, it is not easy to obtain up-to-
date information about the status of neighboring MNs
through fast changing wireless channels, and thus the
resulting performance can be far from the optimal. In the
centralized solutions [5], [8], [10], [12], [13], collaboration
is mediated by a central entity such as a base station
(BS) and a content server (CServer). Even though the
centralized approach can allow scheduling to coordinate
the MNss, the central entity can be a bottleneck and com-
munication with the central entity can incur a significant
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latency depending on the distance between the central
entity and the MCC. In addition, both centralized and
distributed solutions are discussed in [7], [11].

In this paper, we propose a proxy-based collaboration
system that combines the advantages of the distributed
and the centralized approaches. In the proposed system,
the MCC formation and the chunk sharing are per-
formed using Wi-Fi Direct [14] in a distributed manner
while a content proxy (CProxy) performs the scheduling
and the MCC management, including the collection of
MN information, in a centralized manner. For scheduling
at the CProxy, we formulate the problem of minimizing
both the collaborative content download time and the
energy consumption in an MCC as a multi-objective
optimization problem, by jointly considering the chunk
size and the sharing order. Then, the multi-objective op-
timization problem is transformed into a single-objective
mixed integer nonlinear programming (MINLP) problem
by forming the weighted sum of the objectives [15].

Since the MINLP problem is known to be NP-hard,
we propose a heuristic algorithm called a-local search
of the sharing order (a-LSSO), which is inspired by
the 2-opt algorithm [16]. We show that a-LSSO runs in
polynomial time and thus can be executed at the CProxy.
Simulation results demonstrate that a-LSSO achieves
near-optimal performance and can significantly reduce
the content download time and the achieved energy
consumption is comparable to that of other algorithms
depending on the value of the parameter «, which allows
to balance between reduction of content download time
and reduction of energy consumption.

The contribution of this paper is three-fold. First, it
jointly considers the chunk size and the sharing order
for the minimization of download time and energy con-
sumption. Second, the proposed proxy-based approach
combines the advantages of the distributed and the
centralized approaches, and can be realized by means
of emerging technologies such as software-defined net-
working (SDN) [17] and network function virtualization
(NFV) [18]. Third, extensive simulation results show
that the performance of the proposed algorithm is close
to that of the optimal solution while it can be easily
implemented and operates in polynomial time.

The remainder of this paper is organized as follows.
Section 2 discusses the related work. The proxy-based
collaboration system is introduced in Section 3 and the
optimal scheduling problem is described in Section 4.
The proposed a-LSSO algorithm is described in Section 5
and extensive simulation results are presented in Sec-
tion 6. Section 7 concludes the paper.

2 RELATED WORK

Previous works in the area of collaborative content
download follow a distributed approach [3], [4], [6], [9],
a centralized approach [5], [8], [10], [12], [13], or both of
them [7], [11].

Following the distributed approach, MNs sponta-
neously form and manage the MCC by exchanging

control messages among each other. C5 [3] exploits MAC
layer multicast for one-hop neighbors to increase the ef-
ficiency in downloading a content. In C5, the chunk size
is fixed and the sharing order is randomly coordinated
by the MNs within the MCC assuming that the content
size is infinite, which makes that the optimal content
download time cannot be achieved. In COMBINE [4],
the MNs within the WLAN range pool their WWAN
bandwidths and support the WWAN download for a
target MN. COMBINE finds the optimal chunk sizes
of the MNs to reduce the WWAN download time of
the target MN under constraints on the communication
cost and the energy consumption. Nonetheless, the shar-
ing order over the WLAN is not taken into account.
MicroCast [6] leverages WiFi overhearing and network
coding to increase the average download rate in an
MCC. Although exploiting the overhearing feature in
the wireless medium is novel, the issues of determining
the chunk size and the sharing order for MNs are not
thoroughly investigated. COSMOS [9] considers peer-to-
peer collaboration for video streaming, where peers pull
chunks of video content from a server and exchange
the chunks and related meta-information with neighbors
through broadcasting. COSMOS uses a collaborative
download technique through multi-hop wireless links,
but does not aim to optimize the content download time
or the energy consumption.

Following the centralized approach, a central entity
controls the collaboration through interaction with the
MCC. In [5], a framework to maximize the total through-
put in an MCC is introduced in which helper MNs
overhear the data that a specific MN receives from the
BS and then forward it to the MN. The problem of
selecting the optimal transmission modes of the MNs
is formulated as an integer linear programming (ILP)
problem, and a heuristic algorithm that executes in the
BS is proposed. CHUM [8] reduces the communication
cost of distributing multimedia content in a WWAN. In
CHUM, a server determines the data download order
of the MNs, and the MNs share the downloaded data
through multi-hop wireless links, but the collaboration
between MNss is not optimized. The authors in [12] con-
sidered cellular offloading through an MCC. In the con-
sidered problem, the BS aims to minimize the number of
cellular channels used for downloading contents while
ensuring fair energy consumption among the MNs, and
a solution is provided by using dynamic programming.
Likewise, [13] investigates the reduction of cellular net-
work usage through the MCC with the objective of
reducing the energy consumption of the BS and the MNs.
With these two objectives, a joint optimization problem
is formulated in order to find the optimal transmission
rate of content and the relay durations of MNs. The
problem is decomposed into two subproblems and then
an optimal solution is derived analytically. [10] aims at
reducing the energy consumption of the MNs in an MCC
by selecting a specific MN that receives a chunk from a
BS and then shares it to other MNs. The BS chooses the
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TABLE 1

Comparison of collaborative content download schemes (Dist: Distributed, Cent:
Optimization, Max: Maximize, Min: Minimize).

Centralized, Alg: Algorithm, Opt:

Reference MCC Control Solutions Objectives Decision Variables
Formation | Scheduling
[1] - ‘ Cent. Opt Min. download time Chunk size, sharing order
[3] Dist. Alg Max. download rate Chunk selection
[4] Dist. Alg Min. download time Chunk size
[5] - | Cent. Opt. Max. throughput Transmission mode
[6] Dist. Alg Max. download rate Chunk selection
[7] Cent. Alg or Dist. Alg Max. download rate Chunk size
[8] Cent. Alg Min. communication cost MN selection
[9] Dist. Alg Min. communication cost Sharing range
[10] - Cent. Opt Min. energy consumption MN selection
[11] Cent. Opt or Dist. Alg Min. energy consumption MN selection, multicast rate
[12] Cent. Opt Min. cellular usage MN selection, multicast rate
[13] - Cent. Opt Min. energy consumption, cellular usage Data rate, sharing duration
Proposed Dist. Alg Cent. Opt | Min. download time, energy consumption Chunk size, sharing order

MN from a list of candidate nodes that can reduce the
energy consumption, and then selects a particular MN
that leads to a fair allocation of the communication cost.

A few recent works consider both centralized and dis-
tributed approaches [7], [11]. In [7], the authors propose
Unity, which is running on each MN and aims at acceler-
ating content download by utilizing WiFi and Bluetooth
for local sharing. [7] introduces an architecture consisting
of user interface, local networking, downloader, and
controller, and evaluates two heuristic collaboration poli-
cies, equal chunk division and bandwidth-proportional
chunk division. [7] also presents Unity cloud which is
a centralized solution to support collaborative down-
loading through intermittently connected MNs. In [11],
centralized and distributed algorithms are provided for
forming disjoint MCCs with the selection for content
distributors and determining the multicast data rate in
each MCC, while minimizing the energy consumption.

These previous works focus on various aspects of
content download in an MCC, but they do not consider
the joint optimization of the chunk size and the sharing
order, and they do not allow to explore the trade-
off between download time and energy consumption.
Most related work to ours is [1], where the problem of
jointly finding the chunk sizes and the sharing order that
minimize the content download time is formulated as an
MINLP problem, and a heuristic algorithm is proposed
to approximate the optimal solution. Compared to [1],
in this work, we consider the joint optimization of the
chunk size and the sharing order as a multi-objective
optimization problem, which allows simultaneous opti-
mization of the content download time and the energy
consumption. Moreover, the optimization is performed
in the proposed proxy-based collaboration system. These
considerations set our work apart from our own pre-
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Fig. 1. Proxy-based collaboration system.

vious work [1]. Table 1 summarizes the comparison of
collaborative content download schemes including the
proposed scheme.

3 PROXY-BASED COLLABORATION SYSTEM

In this section, we present the proxy-based collaboration
system and explain the operation of collaborative content
download.

3.1 System Overview

The proxy-based collaborative download system con-
sists of a CServer, a CProxy, and an MCC as shown
in Figure 1. The MCC is composed of several MNs that
want to download the same content, which is stored in
the CServer. The CProxy performs the optimization and
management of the MCC in a centralized manner, while
possibly pre-fetching the content from the CServer. In
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addition, the MNs use Wi-Fi Direct for distributed MCC
formation and chunk sharing.

The proposed MCC formation scheme leverages
device discovery and group formation mechanisms
defined in Wi-Fi Direct [14]. MNs first recognize each
other by alternating between search and listen states on
so called social channels (i.e., channels 1, 6, or 11 in the
2.4GHz band). Subsequently, MNs negotiate to create
the MCC and elect an MN as a group owner (GO) that
performs access point (AP)-like functionalities. The GO
in the MCC selects an operating channel and assigns
IP addresses to the MNs by means of the dynamic
host configuration protocol (DHCP). As Wi-Fi Direct
leverages the IEEE 802.11 standard infrastructure mode,
the MNs can use typical Wi-Fi data rates and ranges (up
to IEEE 802.11n) for chunk sharing.

The CProxy is a central entity that supports collab-
orative content download by implementing three key
functions: centralized collection of the MCC informa-
tion, optimal scheduling, and content caching and pre-
fetching. As illustrated in Figure 1, the CProxy can be co-
located with the BS between the CServer and the MCC',
and thus it can monitor and collect status informa-
tion (e.g., wireless channel conditions and connectivity
disruption due to mobility) of the MNs in the MCC.
Therefore, the CProxy can have access to the necessary
channel quality information for optimizing the chunk
size and the sharing order of the MNs. In addition, the
CProxy fetches the contents from the CServer and caches
them, thereby accelerating the service of requests for the
content. Consequently, the MNs within the MCC can
receive the content faster than if receiving it from the
CServer.

3.2 Operation of Collaborative Content Download

Figure 2 shows the operation of collaborative content
download in the proxy-based collaboration system. We
make the reasonable assumption that each content
has a unique content identifier (ID), e.g., a uniform
resource identifier (URI). An MN can request a content
from the CProxy by specifying the content ID. After
receiving the request, the CProxy sends a response mes-
sage to the MN, which includes the service set identifier
(SSID) of the corresponding MCC for the content (Step
1). In this way the same SSID is assigned to MNs
that request the same content. Subsequently, the CProxy
fetches the content from the CServer and caches it (Step
2). Meanwhile, the MNs that have received a response
message turn on Wi-Fi Direct and recognize each other
by means of the discovery procedure of Wi-Fi Direct.
After that, the MNs engage in negotiating a GO for
the MCC. Considering two MNs initially (denoted by
A and B), the GO negotiation follows a three-way

1. Recent advances in SDN/NFV technologies allow a flexible and
programmable BS platform [17], [19] and a mobile edge cloud (MEC)
platform [20], which are 5G enablers for efficient wireless content
delivery. Various functionalities and services, including a CProxy, can
be run on these platforms.
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Fig. 2. The operation of collaborative content down-
load.

handshake by means of three messages: 1) request, 2)
response, and 3) confirmation [14]. First, MN A sends
a request message, which includes a numerical GO
intent value and a list of operating channels for the
MCC, to MN B. MN B itself chooses an intent value,
and recognizes itself as a GO if its intent value is
larger than that of MN A. After that, the GO (i.e., MN
B) selects its operating channel from the channel list
and sends a response message to MN A. In sequel,
MN A sends a confirmation message to the GO to
complete GO negotiation. Once the GO is chosen, it
invites the remaining MNs that were found during
the device discovery procedure, assigns a unique MCC
ID, and chooses a multicast IP address. Finally, the GO
advertises the MCC information including the multicast
IP address and the MCC ID to the MNs within the MCC
(Step 3). After completing the MCC formation, the MNs
inform the CProxy of their network information (i.e.,
WWAN/WLAN data rates) and of the MCC informa-
tion> (Step 4). Based on these information, the CProxy
determines the chunk size and the sharing order in the
MCC by executing the a-LSSO algorithm presented in
Section 5 (Step 5). The CProxy divides the content into
chunks (Step 6), and it then distributes the chunks and
the scheduling information (i.e., the sharing order and
the chunk size) to the MNs, who then share the chunks
via multicast using Wi-Fi Direct (Steps 7-8).
Collaborative content download is clearly susceptible
to disruptions in wireless connectivity and to potential
MN failures. If an MN looses WWAN connectivity to
the CProxy, the CProxy informs the other MNs about
the chunk assigned to the MN that lost connectivity.
This is because the CProxy cannot know whether the

2. The transmission delay for information collection can be as-
sumed to be negligible since the signaling message for the status
information is very small compared to the size of the content and
the CProxy can be deployed on a MEC platform. As an example,
in Long Term Evolution (LTE) the channel quality indicator (CQI)
information is expressed as a 4-bit integer [29].
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MN will transmit the downloaded data to the other
MN:s. It is thus safe to simply consider that the chunk
assigned to the failed MN has to be reassigned. On
the contrary, if an MN cannot transmit a portion of its
assigned chunk to the other MNs in the MCC owing
to WLAN disconnection, the affected MNs, except the
disconnected MN, report the undelivered data to the
CProxy. When the CProxy detects such failure events for
affected MNs in the MCC, it creates a new download
schedule by executing the «-LSSO algorithm for the
failed portion of the content, as done in [3], [4], [6], [7].
After that, the CProxy re-distributes the failed portion
of the content with the corresponding scheduling
information to the remaining MNs in the MCC®.

4 SYSTEM MODEL AND PROBLEM FORMULA-
TION

In this section, we formulate the problem of minimizing
the content download time and the energy consumption
in an MCC by jointly considering the chunk size and the
sharing order.

4.1 System Model

We consider a set N' = {1,...,N} of MNs that form
an MCC. We denote the WWAN data rate of MN n
by w, and its WLAN data rate by /,. Note that the
WLAN data rate refers to the maximum data rate for
multicasting a chunk to all other MNs in the MCC.
The content has size C € N, is divided into N chunks,
and chunk n is downloaded via the WWAN to MN
n. We denote by C,, the size of chunk n, and define
the chunk size vector C = {C4,..., Cn}. By definition
CeC={ceRYIYN ¢, =C} Recall that only one
MN at a time can share its chunk using the WLAN,
thus there need to be N sharing rounds. We denote
by S; € N the MN that shares its chunk at the ith
sharing round, and we define the sharing order vector
S = (S1,...,8N). To simplify notation in the problem
formulation, for 1 < i,n < N we define the sharing
assignment S(; ,y = s, n, where ¢ is the Kronecker delta,
and the N x N sharing assignment matrix S = (S(; n))-
With this definition S(; ,,) = 1 if and only if MN n shares
its chunk at sharing round 4, and S; ,y = 0 otherwise.
We denote by S the set of possible sharing assignment
matrices, which is the set of NV x N permutation matrices.

4.2 Download time

The total download time consists of the WWAN down-
load times and of the WLAN sharing times, as illustrated
in Figure 3. We denote by T" (S;) the time when MN

3. Additional time and energy consumption for re-distribution of
the CProxy are needed. The effect of MN failure on the content
download time is analyzed in Appendix B.
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Fig. 3. Timing diagram for problem formulation.

S; finishes the download of its chunk over the WWAN,
which is given by

N
OnS i,n
TV(80) = )
n=1 n

Similarly, we denote by T7(S;) the WLAN sharing time
of MN S, i.e.,

N 08
L n0(i,n)
TH(S;) = n; L
We denote by T'(i) the elapsed content download time
until the end of the WLAN sharing round :. Finally, we
define the total collaborative download time Ty/cc as
the elapsed time from the beginning of the WWAN con-
tent download until the end of the last WLAN sharing

round.

Let us start with deriving an expression for T'(¢). It is
easy to see that T'(1) = TW(S;) + TL(S1). To derive T'(4)
for 1 < ¢ < N, we need to consider two cases. In the first
case, the WWAN download of MN S; finishes before the
WLAN sharing of MN S;_1, i.e, T (S;) < T(i—1) (e.g.,
between S and \S; in Figure 3). In this case, T'(i) = T'(i—
1)+T%(S;). In the second case, the WLAN sharing of MN
S;_1 finishes before the WWAN download of MN S,, i.e.,
TY(S;) > T(i—1) (e.g., between Sy and S; in Figure 3).
Thus, there exists a gap of T (S;) —T'(i— 1) between the
end of sharing round i —1 and the start of sharing round
i,and T(i) = T(i — 1) + (TW(S;) — T(i — 1)) + TX(S;).
By defining T'(0) = 0, we can express T'(i) using the
following recursion

T(i)= T(i—1)+max (TV(S;) — T(i — 1), 0)
+TH(S5). 1)
Observe that by definition Thcc = T(N).

4.3 Energy consumption model

We model the energy consumption of each MN as a
function of the chunk transmission/reception time and
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TABLE 2
Summary of notations.

Parameter | Description
N Number of MNs in MCC
Wn WWAN data rate of MN n
In WLAN data rate of MN n
C Content size
Chn Chunk size assigned to MN n
Si ID of the MN that shares its chunk at sharing round ¢
S(i,n) Indicator function of whether MN n shares its chunk at sharing round ¢
T(7) Elapsed content download time up to sharing round ¢
TV (n) WWAN download time of MN n
T (n) WLAN sharing time of MN n
Tvee Total collaborative content download time in MCC
EW Reception energy consumption of MN 7 in WWAN
ELte Transmission energy consumption of MN n in WLAN
BLre Reception energy consumption of MN n in WLAN
Eyce Energy consumption in MCC

of the consumed power for the given data rate [12], [21].
We make the reasonable assumption that the WWAN
receive power PWY is the same for all MNs, and we
denote by PL!® and PL"® the WLAN transmit and
receive powers of the MNs. Using this notation, we can
express the energy consumed by MN S; while receiving
its chunk Cg, via the WWAN as

N
By =y oGPy )
n=1 n

Similarly, we can express the energy consumed by MN
S; while transmitting its chunk Cs, to other MNs in the
MCC via the WLAN as

N

Eé;tw _ Z l: > )PL,tz. (3)

n=1
To compute the energy consumed for receiving data
via the WLAN, recall that MN S; receives chunks from
(N — 1) MNs in the MCC. Thus, the energy consumed
by MN S; while receiving chunks from other MNs via
the WLAN is

a N OuSzn
Eé/fi — Z Z l( ) )PL,rz. (4)

u

—

u=1l,u#nn=

The total energy consumption of MN S; is then given by
Es, = EY + Eg™ + ES™. (5)

Finally, we can express the average energy consumption
of an MN in the MCC as

N
1
Eyice = N Z Es,. (6)
i—1

Table 2 summarizes the most frequent notations.

4.4 Download Time-Energy Consumption Minimiza-
tion Problem

In the following, we formulate the problem of minimiz-
ing Thcc and Eucce by jointly determining the chunk
size vector C and the sharing assignment matrix S.
We first introduce constraints, followed by the objective
function. The first constraint ensures that the sum of the
chunk sizes downloaded by the individual MNs is the
same as the original content size,

N
S G- C )
n=1

Second, we require that all MNs share their chunks
only once, i.e.,, one sharing round is assigned to only
one MN,

N
> Sim=1  1<i<N, (8)
n=1

N

Z S(i,n) = 1, Yn e N. (9)
=1

Recall that S(; ,,) takes binary values and C,, € R¥,

S(i,n) € {0,1}, C, >0, 1<i,n<N. (10)

We can now formulate the problem of minimizing the
content download time and the energy consumption in
an MCC as the following multi-objective optimization
problem

min  (Tvce, Evcc)
cec,Ses

subject to (7) — (10). (11)
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We use the weighted sum method [15] with weight
a to transform the above multi-objective problem into a
single objective problem. In order to obtain a dimension-
less objective function with an upper bound of one [15],
we normalize the download time and the energy con-
sumption by the maximum download time 75,4, and the
maximum energy consumption E,qz, respectively. Trq4
and E,q, can be computed by observing that the worst
case scenario is when the MN with the worst channel
condition downloads and shares the full content. The
ease of computing these values motivates our choice for
using these as normalizing factors, instead of, e.g., the
average values which would need the solution of the
optimization problem itself. Consequently, we obtain the
following optimization problem

Tyvce

) Eyceo
max Emam

subject to (7) — (10).

min  « +(1-«

cec,Ses
(12)

Note that the real variable C,, and the binary variable
S(iny are multiplied in the problem (12). Thus, the
optimization problem (12) is an MINLP problem. Since
MINLP problems are known to be NP-hard [22], in what
follows we propose a polynomial-time approximation
algorithm.

5 «a-LOCAL SEARCH OF SHARING ORDER AL-
GORITHM

The proposed a-Local Search of Sharing Order (a-LSSO)
Algorithm evaluates sharing order vectors in an iterative
manner. o-LSSO is based on the 2-opt algorithm, which
is a local search algorithm used for approximating the
traveling salesman problem (TSP) [16]. 2-opt is known
to provide good results in terms of approximation ratio
and running time on Euclidean instances of the TSP
problem, but its worst case computational complexity
is exponential [23]. To ensure polynomial computational
complexity, in a-LSSO the search space is pruned com-
pared to 2-opt.

5.1 Algorithm Description

The proposed «a-LSSO algorithm reduces the content
download time and the energy consumption by chang-
ing the sharing order vector repeatedly. The condition
for accepting a new sharing order vector depends on the
weight o, which allows to trade-off between reduction
of Thvicc and reduction of Ej;cc. Algorithm 1 shows
the operation of a-LSSO.

The rationale for iteratively changing the sharing or-
der vector is as follows. For a particular sharing order
vector S, the optimization problem (12) corresponds to
a linear programming (LP) problem for the chunk size
vector C, which can be solved in polynomial time via
well-known algorithms (e.g., interior point method [24])
implemented in various LP solvers (e.g., IBM ILOG
CPLEX), and provides the optimal chunk size vector for

Algorithm 1 a-LSSO algorithm.

1: Choose initial sharing order vector S € S uniform at
random

2 Let C = argmingee LPycc(S,C), compute Tycc

and FEyvece
3: Set Tmzn = TMCC, Emln = EMCC/ S’mzn = S’/ len —
C, Z = 1, ] = 1

4: fori=1to N do
5. forj=1to N do

6: if ¢ # j then
7: Set S = S7"" and S} = S;"™"
8: Let C' = argmingee LPycc(S', C), compute

li !
Thyoc and Eyce

9: Let T = (T™" — Th,c0)/T™"

10: Let E, = (E™" — El\;c0)/E™™

11: Let G, =aT, + (1 — a)E,

12: if G, > 0 then

13: Set T™" = Th00, E™™ = Elyoe, S™N =
S/, cmin = C/

14: end if

15: end if

16:  end for

17: end for

given S. The alternative would be to repeatedly change
the chunk size vector C, but for a particular chunk size
vector C, the optimization problem (12) corresponds to
an ILP problem for the sharing order vector S, which
is NP-hard. Furthermore, there is a continuum of chunk
size vectors and thus enumerating all factors is infeasi-
ble.

The algorithm starts with a randomly chosen initial
sharing order vector S € S (line 1). As mentioned above,
the chunk size vector C for given S can be obtained by
solving an LP problem (denoted by LPycc). Using the
computed C and S, the content download time Thcc
and the energy consumption Ej;cc can be computed
(line 2). Then, T™", E™n, §min and C™" are set to
Tvee, Evce, S, and C, respectively (line 3). After
the initialization, two MNs are swapped in the sharing
order upon every iteration of the algorithm; an MN at a
sharing round in ™ is swapped with another MN at
another sharing round in S™". The swapping procedure
is repeated once for every pair of sharing rounds (i.e.,
N x (N — 1)) (lines 4-17), which guarantees that the
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running time of the algorithm is bounded.

For each swapping, the content download time T,
and the energy consumption E),.. are recomputed
(lines 7-8), and are used to compute the relative change
T, and FE, for the content download time and for the
energy consumption, respectively (lines 9-10). Following
the multi-objective problem formulation with a, we de-
fine the ratio G, = oT,+(1—«)E, (line 11). If G, > 0, the
modified sharing order S’ replaces the so far best sharing
order S™", and C™", T™" and E™™ are accordingly
updated (lines 12-14).

5.2 Time Complexity Analysis

In Algorithm 1, the for loop in lines 4-17 iterates N
times, and the number of iterations of the for loop at
lines 5-16 is N — 1. Therefore, the number of iterations
in the nested for loop is N x (N — 1). Since solving the
LP problem for C can be done in polynomial time, the
complexity of a-LSSO is polynomial in N. In particular,
if an interior point method with the complexity O(N??)
is used for solving the LP problem, the complexity
of a-LSSO becomes O(N®?®). Since the complexity of
a-LSSO is polynomial, the CProxy is able to execute
the algorithm in real-time without the need for offline
computations. Note that the complexity does not include
the time and signaling needed for MCC formation since
the time for MCC formation is relatively small compared
to the content download time, e.g., the time for MCC
formation in Wi-Fi Direct can be less than 5sec as in [25].

6 SIMULATION RESULTS

In what follows we provide simulation results to give
insight into the trade-off between download time and
energy consumption for collaborative content down-
load. Our evaluation does not consider the resource
and time requirement of MCC formation using Wi-
Fi Direct, as a careful evaluation of MCC formation
would require a real implementation. An implemen-
tation of MCC formation combined with collaborative
content download is subject of our future work, and we
refer to [25], [26] for a discussion of implementation is-
sues for Wi-Fi Direct. In what follows we thus present
simulation results concerning content download in an
MCC.

To evaluate the performance of a-LSSO, we conducted
extensive simulations, in which MNs in an MCC are
randomly placed over the unit disc and have a com-
munication range of 2 units. Consequently, all MNs in
the MCC can communicate with each other directly, and
we simulate multicast WLAN transmissions. The WLAN
multicast data rate of each MN is determined depending
on its maximum distance to the other MNs [27] and
we consider the adaptive modulation and coding (AMC)
scheme of the IEEE 802.11n standard [28] with a max-
imum data rate of 600Mbps. In terms of WWAN data
rates, we assume the AMC scheme used in Long Term
Evolution (LTE) [29]; the corresponding WWAN data

rates of MNs are randomly selected with a maximum
data rate of 300Mbps. The WWAN reception power is
set to 1.8W and the WLAN transmission and reception
powers are 0.925W and 0.425W, respectively [12]. We
consider a content size of 5GB, which could correspond
to a full high-definition (HD) or ultra HD (UHD) video
encoded at a bitrate of 10Mbps or 14Mbps, and a length
of approximately 1 hour [30]. The default number of
MN:s is 10, and the figures show the averages of 200 sim-
ulation runs. As a baseline for comparison, we consider
three algorithms.

o Equal chunk size (ECS) algorithm: The chunk sizes
are equal (i.e., C/N) and the sharing order follows
an ascending order of the WWAN download time in
the MCC. This algorithm does not optimize either
the chunk size vector or the sharing order vector
for minimizing the content download time or the
energy consumption.

o WWAN chunk size (WCS) algorithm: The algo-
rithm finds the optimal chunk size vector that mini-
mizes the WWAN content download time (denoted
by WCS_T) or the WWAN energy consumption
(denoted by WCS_E), instead of the total download
time or energy consumption. The order of sharing
in the WLAN is chosen uniform at random.

o Random sharing order (RSO) algorithm: The al-
gorithm chooses a sharing order vector uniform at
random, it then finds the optimal chunk size vector
by solving LPy;cc. We denote the solution for min-
imizing the content download time by RSO_T (i.e.,
a = 1) and for minimizing the energy consumption
by RSO_E (i.e., a =0).

We implemented the algorithms and computed the
Pareto-optimal solution (i.e., the solution to the MINLP
problem) using C++ in conjunction with a well-known
LP solver, IBM ILOG CPLEX 12.6.

6.1 «a-LSSO vs. Pareto optimal Solution

We first compare the optimal solution obtained by solv-
ing the MINLP problem (12) to the solution obtained
by a-LSSO for the same value of «. In order to enable
computing the optimal solution, we consider scenarios
with up to NV = 10 MNs forming an MCC, which is likely
reasonable for most MCCs in practice. Table 3 shows
the relative difference between the optimal solution and
the a-LSSO solution. The results in Table 3 show that a-
LSSO achieves near-optimal performance, as the relative
differences are less than 3% for all values of N. In
particular, for & = 0 the solution achieved by 0-LSSO
is optimal, because the energy consumption is rarely
affected by the sharing order, which results in compa-
rable LP solutions for chunk size vectors regardless of
the sharing order vectors.

6.2 Effectof «

Figure 4 shows the content download time (left axis) and
the energy consumption (right axis) as a function of the
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TABLE 3
Relative difference between a-LSSO and Pareto optimal solution (unit : %).

@ 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

N=5 00| 082|123 | 225 | 1.37 | 1.14 | 1.80 | 1.29 | 0.78 | 0.90 | 1.16

N=6 00| 175 | 088 | 1.20 | 1.83 | 1.97 | 0.66 | 1.71 | 1.43 | 0.51 | 0.95

N=7 00| 158 | 211 | 1.75 | 1.24 | 1.23 | 1.28 | 1.68 | 098 | 0.73 | 1.23

N=28 00| 063 | 0.89 | 1.57 | 1.22 | 1.80 | 242 | 213 | 1.29 | 1.33 | 1.51

N=9 00| 139|187 | 071 | 1.80 | 0.96 | 1.28 | 1.81 | 1.59 | 1.77 | 1.47

N=10 | 00| 228 | 1.76 | 143 | 1.28 | 1.29 | 213 | 1.83 | 1.72 | 148 | 1.56
250 then shares through the WLAN. Comparing 1-LSSO to
asoh e S the other algorithms, we observe a significant gain for
9 \ // R all MCC sizes; 1-LSSO achieves a content download time
z 2 18.7-36.1% lower than RSO_T, 31.9-50.0% lower than

£ 300 o 220 2 WCS_T, and 51.1-53.6% lower compared to ECS.

: \- / § Recall that WCS_T optimizes the chunk sizes only
: 250 g based on the WWAN data rates, regardless of the chan-
% 190 § nel conditions in the WLAN, unlike 1-LSSO and RSO_T.
£ L i Conversely, RSO_T only optimizes the chunk sizes but
© 200 / S considering both the WWAN download time and the
;\EI\E 5 WLAN sharing time. While 1-LSSO approaches the op-
o 02 o4 06 08 £l 160 timal solution by repeatedly adapting the sharing order

a

Fig. 4. Effect of the weighting factor «.

weighting factor «. The figure shows that a-LSSO can
explore the trade-off between the content download time
and the energy consumption in an MCC by choosing
an appropriate a. Recall that as o approaches 1, the
emphasis is given to minimizing the content download
time, while for « close to 0, the energy consumption min-
imization becomes more important. We observe that the
content download time decreases fast for small «, with a
decreasing marginal gain, while the energy consumption
increases almost linearly as a function of «. The reason
why « affects the two quantities differently is that while
the content download time is sensitive to the changes
in the sharing order, the energy consumption is fairly
insensitive.

Figure 4 also demonstrates that the proposed algo-
rithm provides flexibility in terms of reduction of the
content download time and reduction of the energy
consumption depending on the choice of «. In particular,
the content download time and the energy consumption
can be well-balanced around a = 0.2.

6.3 Effect of the number of MNs ( N)

Figure 5(a) shows the content download time as a
function of the number of nodes N, for « = 0.5 and
a = 1. The figure shows that the content download
time decreases in N with a decreasing marginal gain
for all five considered algorithms. The reason is that as
the number N of MNs increases, each MN in the MCC
downloads a smaller chunk via the WWAN, which it

vector, RSO_T uses a randomly chosen initial sharing
order vector, which explains its inferior performance.
The importance of optimizing the sharing order is high-
lighted by the result that even 0.5-LSSO achieves better
performance than RSO_T in spite of it catering to the
conflicting requirements of minimizing the energy con-
sumption and the download time. We can thus conclude
that joint optimization of the chunk size and the sharing
order is important for minimizing the content download
time.

Figure 5(b) shows the energy consumption as a func-
tion of the number of MNs. The figure shows that the
energy consumption decreases in N with a decreasing
marginal gain, for all five algorithms. The decrease of
the energy consumption is due to that as IV increases,
smaller chunks are assigned to each MN. It is interest-
ing to note that the energy consumption of 0-LSSO is
comparable with that of RSO_E and WCS_E regardless
of N, which can be explained by that the total (and
thus the average) energy consumption in the MCC is not
significantly affected by the sharing order. Nonetheless,
0.5-LSSO results in a higher energy consumption than
RSO_E and WCS_E, which shows that the objective
of minimizing the content download time and that of
minimizing the energy consumption are conflicting in
general.

Interestingly, the results in Figure 5 show that the
performance improvement becomes marginal as N in-
creases. This can be explained as follows. As N increases,
each MN downloads smaller chunks and thus the indi-
vidual WWAN download times decrease. Nonetheless,
the number of sharing rounds increases with /N, which
compensates the reduction the individual WWAN down-
load times. As a result, the performance in an MCC
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Fig. 6. Effect of the wireless bandwidth and technology.

becomes saturated as the number of MNs increases. We
support this observation using analytical results shown
in Appendix A.

6.4 Effect of Wireless Bandwidth

In order to analyze the performance of the algorithms
with respect to the wireless bandwidth, we now consider
two alternative wireless communication technologies to
LTE and 802.11n considered so far. For the WWAN, we
consider high speed downlink packet access (HSDPA),
and assume AMC as in [31] with a maximum data
rate of 14.4Mbps, which is less than that of LTE. For
the WLAN, we consider IEEE 802.11g, with data rates
determined depending on the distance [32] and using
AMC as in [33], with a maximum data rate of 54Mbps,
again less than that of 802.11n. Based on the 2 WWAN
and 2 WLAN technologies, we define four scenarios: 1)
LTE-IEEE 802.11n (denoted by LTE-11n), 2) LTE-IEEE
802.11g (denoted by LTE-11g), 3) HSDPA-11n, and 4)
HSDPA-11g.

Figure 6 shows the content download time and the en-
ergy consumption for the four scenarios. All results are

10
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Scenario
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normalized by the content download time of WCS and
the results of ECS are not shown due to extremely long
content download time and high energy consumption.

Figure 6(a) shows that 1-LSSO achieves the best per-
formance for all scenarios. It is important to note that
the gain of 1-LSSO is highest for the scenario LTE-11g,
when the WWAN data rates are high and the WLAN
data rates are low. The reason is that if WLAN data rates
are lower (e.g., 11g), the impact of the sharing order is
more significant owing to the increased WLAN sharing
time. Thus, the gain of the local search of the sharing
order in 1-LSSO is significant.

When lower WWAN data rates are used (HSDPA), it is
the chunk size vector (instead of the sharing order) that
significantly affects the content download time. Since the
chunk size vector is considered in all algorithms, the
increased content download time due to lower WWAN
data rates reduces the content download time differences
between the algorithms.

Figure 6(b) shows the corresponding results for the
energy consumption. The figure shows that the energy
consumption of 0-LSSO is almost the same as that of
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WCS_E and RSO_E, for all scenarios. Recall that the
energy consumption in the MCC is mostly affected by
the chunk size vector, which is optimized by WCS_E and
by RSO_E, which explains why the energy consumption
results are similar for these algorithms and 0-LSSO.
Meanwhile, 0.5-LSSO has the worst performance for all
scenarios due to the consideration of content download
time.

6.5 Effect of Content Size

Figure 7(a) shows the content download time as a func-
tion of the content size for five algorithms. The figure
shows that the gain of 1-LSSO is significant and increases
with the content size. Figure 7(b) shows the correspond-
ing results for the energy consumption. We observe that
0-LSSO, RSO_E, and WCS_E have comparable energy
consumption regardless of the content size, again due to
the optimization of the chunk size vector.

From Figure 7, we can observe that the download time
and the energy consumption scale linearly with respect
to the content size. Recall that the download time and the
energy consumption are a linear function of the content
size for a given sharing order and relative chunk sizes.
Thus, the optimal sharing order and chunk size vector
would not depend on the content size. This observation
could allow one to pre-compute the optimal sharing
order and (normalized) chunk size vector for typical
MCC sizes and channel conditions, and apply the best
pre-computed solution depending on the actual scenario.
The evaluation of the impact of such an approximate
solution on the performance gains of MCC could be an
interesting subject of future work.

6.6 Effect of Dynamic Channel Conditions

In «-LSSO, the wireless channel conditions are assumed
to be static during the collaborative download of the
entire content, although in practice they are likely to
change due to fading. In what follows, we investigate

11
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600

500

400

300

Energy consumption(J)
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3 5 7
Content size (GB)

(b) Energy consumption

the performance of a-LSSO under dynamic channel
conditions. To model dynamic channel conditions, we
adopt the Nakagami-m model [34], which allows to
capture different intensities of fading through the fading
parameter m, and can be represented by a finite state
Markov chain (FSMC) [35]. Each state in the FSMC
corresponds to one data rate (i.e., a transmission mode)
in multi-rate wireless networks. To compute the state
transition probabilities defined in [35], we consider the
signal-to-noise ratio (SNR) requirements on IEEE 802.16
(i.e., WIMAX) [37] for the WWAN and the requirements
on 802.11a [36] for the WLAN. For a given Nakagami-
m model, we use a-LSSO to determine the chunk size
vector and the sharing order vector based on the average
date rates. The simulations are then performed using
traces of fading channels generated from the Nakagami-
m model (denoted by Fading in the figures). As a
comparison, we show simulation results obtained using
non-fading channels with the same average data rates
(denoted by NoFading in the figures).

Figure 8 shows the content download time and the
energy consumption as a function of m for 0.5-LSSO
with 5 MNs?. All results are normalized by the content
download time and the energy consumption of Fading
when m = 0.5. The results show that the relative
differences of the content download time and of the
energy consumption due to channel fading are highest
for small values of m. Nonetheless, even for m = 0.5, the
differences are within 25% and 15% for the download
time and the energy consumption, respectively, which is
still smaller than the difference between the results using
different algorithms (c.f. Figs 5 to 7).

In the case of significant channel dynamics, a-LSSO
could be executed in multiple stages. As an example, the
CProxy can divide the content into multiple sub-contents
and can then execute a-LSSO for each sub-content based

received SNRs of the 5 MNs are
WWAN  and

4. The average
set to {5.0,9.0,13.0,17.0,21.0}dB in the
{8.0,10.0,12.0,14.0,16.0} dB in the WLAN.
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on the predicted average channel conditions. Intuitively,
as the number of stages increases, the channel conditions
used for the computations can become more accurate,
but the overhead for a-LSSO increases owing to frequent
computations. Figure 9 shows the relative differences
of content download time and energy consumption be-
tween NoFading and Fading as a function of the num-
ber of stages (denoted by K) when m = 0.5. The results
confirm that the impact of channel fading decreases as K
increases. Thus, if frequent channel state predictions are
available, then it may be beneficial to execute @-LSSO in
stages for the download of large contents. The optimal
the number of stages depends on the characteristics of
fading, e.g., due to mobility, and its optimization could
be an interesting topic of future research.

7 CONCLUSION

In this paper, we introduced a proxy-based collaboration
system where Wi-Fi Direct is used for the distributed
MCC formation with chunk sharing and a CProxy per-
forms the scheduling and the management for the MCC
in the centralized manner with chunk distribution. The

12

12
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Normalized energy consumption

0.2
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(b) Energy consumption

system combines the advantages of the distributed and
of the centralized approaches as a hybrid approach,
and can be realized by means of emerging technologies
such as SDN and NFV. We formulated the scheduling
problem at the CProxy as a multi-objective optimiza-
tion problem to minimize the content download time
and the energy consumption in an MCC by choosing
the optimal chunk size and sharing order. We trans-
formed the multi-objective optimization problem into an
MINLP problem with a single-objective, and proposed
a heuristic algorithm, -LSSO, with low computational
complexity. Simulation results demonstrate that a-LSSO
achieves near-optimal performance and can significantly
reduce the content download time and has comparable
energy consumption compared with other algorithms
depending on « while allowing to explore the trade-off
between download time and energy consumption. In our
future work, we will consider advanced MCC services
accounting for the MNs’ mobility and will extend MCC
to vehicular environments.
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