Performance Maximization of Network Assisted Mobile Data Offloading
with Opportunistic Device-to-Device Communications
A. Serdar Tana,∗, Engin Zeydanb
a

Dept. of Electrical and Electronics Engineering
MEF University
Istanbul, Turkey
b
Türk Telekom Labs
Türk Telekomünikasyon A.S.
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Abstract
Mobile data traffic inside mobile operator’s infrastructure is increasing exponentially every
year. This increasing demand forces mobile network operators (MNOs) to seek for alternative
communication methods in order to relieve the traffic load in base stations, especially in highly
populated and crowded environments. Network assisted data offload and Device-to-Device (D2D)
communications are two prominent methods to help MNOs solve this problem. In this study, a
data offload framework is developed that incorporates network assisted multiple attribute decision
making (MADM) for best network selection and D2D communications for exploiting user proximity
in crowded environments. The performance of the framework is evaluated with simulation results as
well as analytic solutions and performance bounds. The simulation results indicate the superiority
of incorporating network-based information besides user-based information in offloading decisions
and demonstrates the significant benefits of D2D communications when the density of D2D users
is properly adjusted. The simulation results depict that up to 168% and 200% increase in user
satisfaction and throughput can be achieved under high network load scenarios at optimal D2D
density.
Keywords: data offloading, device-to-device, proximity services, heterogeneous networks, LTE,
5G, multiple attribute decision making.

1. Introduction
The diversity and dimensions of wireless networks have increased substantially during the last
decade. This causes massive connectivity management issues that need be optimized by Mobile Network Operators (MNOs). The increase in alternative heterogeneous networks has pushed
MNOs to seek methods that can exploit various networks for offloading purposes. In addition
to the expansion in infrastructure based wireless networks such as Long Term Evolution (LTE)
and Wi-Fi, D2D communications are also arising as an alternative or complementary approach for
∗
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data dissemination opportunities inside cellular networks of MNOs. On the other hand, connectivity management for data dissemination in such complex heterogeneous networks is a challenging
problem [1]. Moreover, the problem becomes more complicated in multi-user scenarios with multiobjective optimization criteria.
Towards 5G networks’ roadmap, in 3rd Generation Partnership Project (3GPP) technical
specifications and reports for 5G systems, traffic steering, optimal network selection among multiple
access technologies and support for device-to-device communications are listed in the key enablers
of next generation networks [2, 3]. There are several benefits of exploiting proximity and direct
communication opportunities between the User Equipments (UEs) which can provide additional
layer of offloading opportunities without any need for a backbone infrastructure. Developing and
utilizing a combination of network assisted offloading techniques and proximity of users can enable
higher data rates, lower delays and better battery utilization which can leverage the requirements
of 5G systems, such as 1000x capacity improvement, 1/5x in end-to-end latency, 1/10x in energy
consumption compared to 2010 by the year 2020.
1.1. Related Work
Network assisted mobile data offload, which means the partial or full transfer of data transmission to non-3GPP access (i.e., Wi-Fi), is a promising feature of next generation communication
networks. The main benefits of data offload are OPEX/CAPEX reduction and overall system
performance increase via exploitation of unlicensed spectrum. There exists several scientific and
standardization efforts in the literature [4] [5] [6]. In [4], a threshold based distributed data offloading scheme is proposed to decrease computational load in BS. A comprehensive survey in [5]
provides several different offloading mechanisms, their benefits and future research challenges in the
field for mobile operators. Moreover, studies on seamless Wireless Local Area Network (WLAN)
offload have been covered under 3GPP towards standardization [6].
One of the key techniques covered in our study is opportunistic D2D communications. D2D
communications and the significant benefits are currently being studied in conjunction with mobile data offloading techniques in cellular networks. The authors in [7] investigate the possibility
of integrating direct in-band communication capabilities of D2D as a cellular underlay into 3GPP
LTE-Advanced cellular networks. The authors in [8] consider the problem of cellular data offloading
scheme using D2D and propose content sharing mechanism among mobile devices. The authors in
[9] consider resource allocation problem for D2D communications in cellular networks for selecting
the best resource sharing mode depending on the different applications including file-sharing or
streaming like applications. In order to cope with data tsunami in cellular networks, the authors
in [10] have investigated offloading of multiple contents with different popularity through opportunistic D2D communication and derived analytic models for determining the number of relay
users for distributing multiple contents. In [11], the benefits of network assisted D2D connections
are presented. The authors in [12] study the possibility of applying opportunistic communications
for mobile phones in order to facilitate information dissemination and reduce the amount of mobile data traffic by employing subset selection mechanisms. The authors in [13] are focusing on
optimization problem of content dissemination while guaranteeing tight delivery delays with high
offloading gains. The authors in [14] are exploiting contact opportunities of D2D users for fair delay distribution and faster distribution. However, the main focus of the proposed EPIC algorithm
of [14] and Push & Track algorithm of [13] is to reduce content dissemination delay which differs
from our Multiple Attribute Decision Making (MADM) based offloading framework.
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In the light of the scientific studies on the benefits of D2D communications, the D2D Proximity
Services (ProSe) standard is initially defined in LTE Rel.12 and Rel.13 for device discovery and
public safety networks. In LTE Rel.14, additional D2D communication capabilities included towards Vehicle-to-Vehicle (V2V) communications [15, 16]. D2D in LTE standards is called Sidelink
and the new radio interface between UEs is called PC5. Sidelink LTE reuses some part of the
uplink resources since interference to the downlink of other devices will be limited. Besides, resource allocation is divided into two modes of operation. In Mode-1, resource allocation is network
assisted, i.e., scheduled by evolved Node-B (eNodeB) (or Evolved packet core (EPC)), whereas in
Mode-2 it is autonomously done by UEs. Mode-1 can only be realized for in-coverage operation
mode, but Mode-2 can be realized for both in-coverage and out-of-coverage operation modes.
Another method used in our study is the utilization of MADM algorithms for the selection of
network (or connectivity management) in heterogeneous networks. There exists several MADM
algorithms in the literature on connectivity management which can be directly applied for making
best offloading decision between several existing 3GPP and non-3GPP networks based on parameters set by the operator. Along those lines, in [17] and [18], four major MADM algorithms, namely,
multiplicative exponent weighting (MEW), simple additive weighting (SAW), Grey relational analysis (GRA), Total Order Preference By Similarity to the Ideal Solution (TOPSIS) are described
and compared for utilization in heterogeneous wireless networks. The results have shown that none
of the algorithms outperform the others in all types of scenarios.

1.2. Problem Statement
Although there are several studies in the literature on utilization of opportunistic D2D communications and performance comparisons of various MADM algorithms, as outlined above, none
of the studies have investigated the impact of D2D connections on MADM algorithms for networkassisted (i.e., operator controlled) data offloading in heterogeneous networks. Moreover, an analytic
analysis for determining the optimal percentage of D2D users has not been studied. Accordingly,
in this study, we focus on the problem of attaining best system level offloading performance of
different MADM algorithms under varying density of D2D users, and its analytic analysis. Our
considered scenario addresses the need for obtaining the optimal number of D2D users that can
yield better user satisfaction ratios when new services that allow opportunistic communications
between devices are enabled inside the network infrastructure of a MNO.
One of the main innovations of the considered scenario is the increased user satisfactions that
can also allow efficient offloading based on various network and user related attributes. One of the
main technical challenges is to provide an intelligent resource allocation scheme that can achieve
better user satisfaction rates while considering the available resources and obtained user attribute
values. Moreover, the solution should consider all the available network radio access node types
in the surrounding area of a UE in order to guarantee better quality-of-service (QoS) support.
This paper not only considers traditional network access types such as LTE and WLAN, but also
considers D2D communication opportunities that may occur between UEs of a MNO.
1.3. Our Contributions
As a basis to our studies, we define a multi-user extension that can be applied to any MADM
algorithm to achieve best offloading performance in system level. For this purpose, we take into
consideration the network-wide performance by integrating the remaining capacity in WLAN Access Points (APs) and cellular eNodeBs into MADM framework while assuming sequential handling
3

Figure 1: An example heterogeneous network operation composed of eNodeB, Wi-Fi APs and D2D connections.

of the users’ arrivals which is named as Capacity-Aware Multi-User Multiple Attribute Decision
Making (CA-MADM). We call the regular case which does not include the network-wide performance as Standart Multi-User Multiple Attribute Decision Making (S-MADM). The performance
comparisons of these two schemes over different MADM algorithms are compared in simulation
environment under stadium scenario where the network can be congested with high user densities
under low mobility.
The main contributions of the paper can be summarized as follows:
• An offloading framework and architecture that incorporate MADM algorithms and D2D
communications.
• Under specific network load constraints, a solution approach to the optimization problem
that maximizes the system performance in heterogeneous networks via utilization of various
MADM algorithms and related upper bounds to the solutions.
• An analytic assessment of the impact of D2D connection percentages (D2D user density) on
system performance under certain assumptions.
• The demonstration of the performance gains of the defined CA-MADM scheme compared to
S-MADM for multi-user network scenario simulations.
The rest of the paper is organized as follows. In Section 2, the mobile data offloading system
model are described. In Section 3, the mobile data offloading platform is described together with
potential architectural mapping. In Section 4, the MADM algorithms and two extensions S-MADM
and CA-MADM methods are explained. Then, in Section 5, the simulation results of the algorithms
in the presence of D2D connections are presented. Finally, in Section 6, we give conclusions.
2. Mobile Data Offloading System Model
Mobile data offloading is one of the key techniques to deal with the challenges originating from
the ever increasing data rates per user. In this study, we consider the case where users may either
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be served by an operator through a cellular or Wi-Fi infrastructure, or D2D communications and
investigate how to best steer users across these technologies. An example heterogeneous network
operation is given in Figure 1, where mainly three different data dissemination schemes are depicted,
D2D, WLAN and LTE. The range of Wi-Fi APs are represented with dashed black lines, wheres
the range of eNodeB is assumed to cover all users. The UEs that are registered to the proposed
opportunistic offloading platform are called MOTO1 users. Each MOTO user is equipped with
multiple access technologies for possible connection to either one of eNodeB or WiFi APs at an
instant of time. We further assume that the UEs of MOTO users support LTE Sidelink Mode-1
as defined in 3GPP Rel.14 and thus are reusing uplink LTE resources assisted (scheduled) by the
network for D2D communications.
A potential mapping of the proposed system onto 3GPP reference architecture model is given
in Figure 2. All functional blocks and reference points are defined by the standardization body
3GPP [15, 20]. The techniques and algorithms proposed in this study can potentially be implemented within the black dashed boxes shown in Figure 2. The mapping we propose is given on
the heterogeneous network architecture with Home Public Land Mobile Network (HPLMN) and
trusted non-3GPP network (i.e., operator controlled non-3GPP network) to reflect all three data
dissemination schemes shown in Figure 1. HPLMN includes all fundamental components of a cellular 3GPP network access. Evolved Universal Terrestrial Radio Access Network (E-UTRAN)
block refers to all procedures related to base stations, Mobility Management Entity (MME) block
refers to the procedures related to the mobility and handover control of UEs, Home Subscriber
Station (HSS) block refers in general to the authentication procedures of the users to the network,
Serving Gateway block refers to the routing procedures within the core network to-from the PDN
Gateway, packet data network (PDN) Gateway block refers to the procedures on Internet access
and Pricing and Charging Rules Function (PCRF) block refers to procedures on pricing and charging of users. Trusted non-3GPP network’s Internet access is carried via the Evolved Packet Data
Gateway (ePDG) of the HPLMN.
In the potential mapping architecture, UE A and UE B are actively attached to HPLMN while
UE C is actively attached to a trusted (operator controlled) non-3GPP network. UE A and UE B
can also communicate via D2D over ProSe PC5 reference point. One should also note that all
UEs registered to the offloading system have the capability to connect to all 3GPP and non-3GPP
networks, or communicate via D2D, if commanded by MOTO platform. The necessary signaling to
change network connection can be initiated and controlled by the MOTO platform in collaboration
with Access Network Discovery and Selection Function (ANDSF) and ProSe application server
via S14 and PC1 reference points, respectively. ANDSF is an entity to manage the non-3GPP
network discovery and selection procedures of users, and ProSe entities manage the D2D connection
discovery and utilization.
As depicted in the mapping, all UEs that are registered to the offloading system must have
the MOTO App which interfaces with the ANDSF and ProSe server controlled by the MOTO
platform. Further details on the functional blocks and the reference points are provided in [15, 20].

1

MOTO is the acronym for the EU FP7 project named Mobile Opportunistic Traffic Offloading. More details can
be found in the project website [19].
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Figure 2: Potential mapping of the proposed system onto 3GPP architecture and reference points.

2.1. Model Parameters
System model parameters defined in this part will be used in the rest of the paper. We denote
the number of eNodeB and Wi-Fi AP nodes as NeN odeB and NW i−F i respectively. Total number
of access node is denoted as P = NeN odeB + NW i−F i and the number of MOTO platform users
is denoted as NM OT O . As shown in Figure 1, the MOTO platform users that can receive the
content via LTE or WLAN are called seed MOTO users. The MOTO platform users that receive
the content from a seed MOTO user via LTE ProSe are called opportunistic MOTO users. The
number of opportunistic MOTO users is denoted as Nopp (Nopp < NM OT O ) and the number of
seed MOTO users is denoted as Nseed = NM OT O − Nopp . Opportunistic MOTO users can receive
content/data only from seed users. Thus, the number of opportunistic MOTO users, Nopp , must
be smaller than the number of all platform users, NM OT O , to ensure that at there is at least
one seed user. The density of opportunistic MOTO users in the network topology is defined as
σ = Nopp /NM OT O . The density σ will be used throughout the simulation results to demonstrate
the impact of D2D communications.
Each MOTO user requests same content (e.g. files, videos, pictures, etc.) with different bit
rates from an a encoding set B = {B1 , . . . , BNb } using either directly via eNodeBs or Wi-Fi APs or
via seed MOTO users that are available in its surrounding environment where Nb denotes available
number of different encoding rates for the streaming content and B1 < B2 < . . . < BNb and Bmin =
P seed n
B1 , Bmax = BNb . The total bandwidth demand in the network is defined as Btot = N
n=1 B
n
where B ∈ B is the bit rate of n-the seed MOTO user. Note that the demands of each user may
be different depending on the demands of the user’s application. Also, let Bav denote the average
bandwidth of seed users. For D2D communication, we assume single-hop UE-to-Network relay.
The network access nodes, i.e., each Wi-Fi APs and eNodeBs, have finite bandwidth resources
dedicated to MOTO platform. A bandwidth of Ce Mbyte/s is reserved (available) per access node
6

e ∈ E, where E = {e1 , e2 , ..., eP } represents candidate infrastructure networks, i.e, LTE andPWLAN
in the proposed system. The total reserved bandwidth resource is denoted as Ctot =
e∈E Ce
and ζ = Btot /Ctot denotes the ratio of total bandwidth demand of UEs to total reserved system
bandwidth.
3. Performance Maximization Framework with D2D Communications
Measurement, assessment and maximization of the performance of complex heterogeneous networks are demanding processes and may depend on operator requirements. In this section, we
will first define the performance metrics analytically and then provide optimization framework and
potential solution methods and bounds.
3.1. Performance Metrics
We measure the performance of the proposed network-assisted mobile data offloading platform
using two metrics. One of them is the user satisfaction ratio, the other is the average throughput
per user. Both metrics can be computed as a function of the density of opportunistic users σ. The
analytic performance metrics defined below will be used to obtain optimal values of parameters
and bounds on performance curves. Moreover, the performance metrics will be measured via
simulations and compared to analytic results.
The user satisfaction ratio is an important metric that demonstrates the percentage of MOTO
users that can successfully access a content using the MOTO platform. The satisfaction ratio is
defined and computed differently for seed and opportunistic users. When the n-th seed MOTO
user arrives, it requests a content with bit rate B n ∈ B from Wi-Fi or eNodeB. Then, the seed
MOTO user is defined as satisfied if its request rate B n is equal to or lower than the remaining
reserved bandwidth of the Wi-Fi AP or eNodeB. Formally, n-th seed MOTO user is satisfied if
B n ≤ Cerem (t) for e ∈ E, where Cerem (t) represents remaining reserved bandwidth at time t of
n
used access technology e ∈ E. Let Sseed
denote the binary variable depicting whether the seed user
is satisfied on its arrival at time t = tn (where t1 < t2 < ... < tNseed ), then it is defined as,
n
Sseed
= Ω(B n ≤ Cerem (tn )),

where Cerem (tn ) = Ctot −

Pn−1
i=1

B n and
(
Ω(x) =

Since

Pn

i=1 B

n

(1)

1 if x is true
.
0 if x is false

(2)

= Btot (tn ), (1) can be rewritten as
n
Sseed
= Ω(Btot (tn ) ≤ Ctot ).

(3)

The satisfaction of an opportunistic user depends on whether there are any satisfied seed users
m denote the real valued variable depicting the probability
in the D2D communication range. Let Sopp
that the m-th opportunistic user is satisfied on its arrival, then it is given by





NX
seed


Y
j
m
 Nseed (pA )i (1 − pA )Nseed −i × 1 −
 ,
Sopp
=
(4)
1 − Sseed
i
m
i=1

j∈Ni
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where pA denotes the probability that a randomly placed seed MOTO user is in the range of an
opportunistic MOTO user and Nim denotes the set of seed users when there are i seed users in the
range of m-th opportunistic user. The probability pA is simply calculated by dividing the coverage
area of D2D communication to the entire area where all MOTO users are distributed. In (4), the
product term on the left hand side inside the square brackets gives the probability that exactly i
seed MOTO users exist in the range of m-th opportunistic MOTO user, and the product term on
the right hand side gives the probability that at least one of those i seed MOTO users is satisfied.
Observing (1), it is evident that the performance metric depends on the selected access technology as well as the opportunistic user density. In this context, let E = {E1 (t1 ), . . . , ENseed (tNseed )}
denote the set of selected access technology for all the seed users based on the values of the multiple
attribute set S, where Ei (ti ) ∈ E denotes the selected access technology for the i-th seed user at
time instant ti . The multiple attribute set is denoted by S = {s1 , s2 , ..., sM } which consists of
elements such as link quality or Received Signal Strength (RSS), throughout, average latency of
the target network for the given application, user preferences (cost, security), backhaul capacity,
remaining capacity, etc. values where M refers to size of the multiple attribute set S. We define
the weight of each attribute si as wi .
Finally, the overall user satisfaction ratio metric is given by


Nopp
NX
seed
X
1
m 
n

η(E, σ) =
+
Sopp
.
(5)
Sseed
NM OT O
n=1

m=1

The other performance metric, throughput per user, is similarly computed as,


Nopp
NX
seed
X
1
m 
n

τ (E, σ) =
Bopp
,
Sseed
Bn +
NM OT O
n=1

(6)

m=1

m , which denotes the average bit rate
where B n is the bit rate requested by n-th seed user, and Bopp
of m-th opportunistic user, is given by

m
Bopp

=

NX
seed 
i=1


o
n
Nseed
j
j
m
i
Nseed −i
(pA ) (1 − pA )
× max Sseed B ; j ∈ Ni
.
i

(7)

In (7), the product term on the left hand side inside the square brackets gives the probability
that exactly i seed MOTO users exist in the range of m-th opportunistic MOTO user, and the
product term on the right hand side gives the maximum value of the binary seed user satisfaction
variable multiplied with the seed user’s bit rate, out of i seed users that the m-th opportunistic
user can connect via D2D.
3.2. Formulation of Optimization Problem
In the light of the performance metrics, an optimization problem based on (5) can be formulated
as
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maximize

η(E, σ)

(8)

E,σ

such that
B n (E, σ) ∈ B,
ζ(E, σ) − 1 < α,
M
X

wi = 1.

n = 1, 2, . . . , Nseed ,

(9)
(10)
(11)

i=1

where ζ(E, σ) − 1 denotes the rate of excess MOTO user demand. More specifically, (9) specifies
assigned list of rates to MOTO users, the constraint (10) gives condition on user demand constraints
where α represents the upper bound on rate of excess MOTO user demand, (11) represents the
normalization constraint of the attribute weights. In (8), η(E, σ) can be replaced with τ (E, σ) to
maximize throughput instead of user satisfaction.
The network load affects the optimization problem directly. Therefore, we consider three cases
as listed below:
• Scenario 1 specifies the case that total maximum rate P
demand of all seed users is less than
n
seed
total available bandwidth of each access technology, i.e. N
n=1 Bmax ≤ Ctot . Hence, Scenario
1 represents sufficient network capacity resource so that even when the bandwidth demand
n , the network will not get congested, i.e., α < 0.
of each n-th seed user becomes B n = Bmax
• Scenario 2 specifies the case that the available bandwidth resource of all access
P technologies
n
seed
falls between the total minimum and maximum rate demand of seed users, i.e. N
n=1 Bmin ≤
PNseed n
Ctot ≤ n=1 Bmax . Therefore, Scenario 2 represents slightly insufficient network capacity
resource where the maximal rate requirements of the seed users cannot be met, i.e., α ∼ 0.
• Scenario 3 specifies the case that total minimum rateP
demand is greater than the amount of
n
seed
total available bandwidth of access technologies, i.e. N
n=1 Bmin ≥ Ctot . Hence, Scenario 3
represents seriously insufficient network capacity resource where minimum-rate guaranteed
content service dissemination for all users cannot be achieved, i.e., α > 0.
In this study, we focus on Scenario 2 and Scenario 3, since Scenario 1 is easy to handle and do
not necessitate D2D communications.
3.3. Solution of Optimization Problem and Discussions
The problem formulated in (8) is a multi-objective optimization problem. The optimal solution,
i.e. the optimal access technology decision selection set E∗ and the optimal ratio of opportunistic
MOTO users σ ∗ to achieve reasonable rates for all users, has to be obtained as a solution to a joint
optimization problem. However, solving the problem (8) is very challenging as:
i) the optimization problem is nonlinear.
ii) the reserved capacities Ce of each utilized access technology, e.g. Wi-Fi APs and eNodeBs
are limited which adds additional connectivity management dimension for selecting the best
access network.
9

iii) the multiple attribute set can be very large and relative weights of each attribute need to
optimized.
iv) the optimal ratio of opportunistic MOTO users for the best decision for a given bandwidth
demand depends on the selected access technologies.
Due to the complexity of the optimization problem an analytic solution is not possible to attain.
Instead, we derive upper bounds for the performance metrics and later compare the bounds to
simulation results.
Proposition 1: The upper bound of overall user satisfaction ratio in (5) is given by
l
m
(
Ctot
Nseed )
1 if x > 1
Btot × Nseed + Nopp × (1 − (1 − pA )
η(E, σ) ≤
, where dxe =
. (12)
NM OT O
x if 0 ≤ x ≤ 1
Proof. The proof follows from the fact that (4) is upper bounded by only the product term on
the left inside the square brackets giving the probability that exactly i seed users exist in the
n
range of n-th opportunistic MOTO user, i.e. Sopp
≤ 1 − (1 − pA )Nseed . On the other hand,
PNseed n
Ctot
n=1 Sseed ≤ Nseed × d Btot e. Substituting these values into (4), we obtain the upper bound given
in (12).
Proposition 2: The upper bound of throughput per user in (6) is given by
m
l
Ctot
Nseed ) × B
max
Btot × Nseed × Bav + Nopp × (1 − (1 − pA )
.
η(E, σ) ≤
NM OT O

(13)

n
Proof. The proof follows from the fact that in the n
first summation term
o in (6), B can be replaced
j
with Bav and in the second summation term, max Sseed B j ; j ∈ Nim is upper bounded by Bmax .
Substituting these values into (6), we obtain the upper bound given in (13).

Users registered to MOTO platform can connect to the network through a set of network access
technologies E and they are assigned to D2D communications according on the density σ. Based
on the challenges mentioned above, an analytic solution to the optimization problem is computationally intensive to obtain. Alternatively, we separate the optimization step into two parts: In
the first part, the framework uses MADM methods to decide on the best network connection and
in the second part optimal D2D density is obtained.
3.4. MOTO Platform with Optimization Framework
In the proposed system, the computation of optimal values of E∗ and σ ∗ is left to the MOTO
platform which is a centralized platform as illustrated in Fig. 1 and Fig. 2. MOTO platform
calculates the best infrastructure connection (Wi-Fi or eNodeB) for the users provided that a
certain ratio of the users communicate via D2D. A summary flowchart of the execution steps is
given in Fig. 3. In this framework, the MOTO platform will perform the following steps:
• Collection step: In this step, MOTO platform will collect all the necessary statistics from
MOTO users and network devices (including eNodeBs and Wi-Fi APs) network parameters
such as RSS, throughput, latency and remaining capacity of the network devices at time
instants t = kT , k = 1, 2, . . . where T is the update interval.
10

Figure 3: Flowchart of the execution steps and their locations for calculation of E∗ and σ ∗ in heterogeneous networks.

• Optimization step: In this step, using the collected statistics of MOTO users and network
devices, MOTO platform calculates the best parameter values of E∗ and σ ∗ using various
MADM algorithms and network optimizers.
• Execution step: After optimization step is performed, MOTO platforms sends back the
relevant E∗ and σ ∗ to each users and network devices in order to execute appropriate parameter settings (e.g. performing necessary handover decisions or determining the ratio of
opportunistic or seed users in the network).

4. MADM Algorithms for Network Selection
As the first part of the optimization step in the framework, the best network connection of a
MOTO user is decided based on MADM algorithms. MADM methods are widely used for making
preference decisions when there are several options and conflicting aspects (attributes) under given
priorities (weights). MADM methods are used in numerous ideal decision processes such as selection
of ideal equipment model for a laboratory, ideal bus type for public transport and ideal power plant
investments. Further applications and history of MADM methods are given in [21]. Each MADM
algorithm takes two fundamental inputs: a decision matrix composed of attribute values per each
option, and weights per attribute. Using MADM methods, the decision maker body can prioritize
among attributes based on their specific need by adjusting weights accordingly. In this context,
MADM methods can also be used by cellular operators for handover decisions or network selection
when the operator provides a heterogeneous network to its users [18, 22, 23]. Ideal network selection
problem is a MADM problem with attributes such as received signal strength, throughput, latency,
capacity per access node, user equipment type, traffic load and options such as Wi-Fi, eNodeB
11

and D2D. Using MADM methods, network operators can apply their own ideal network selection
algorithm to the UE by prioritizing the attribute weights properly.
In the literature, several algorithms are shown to be useful for ideal network selection problem.
In the following sections we describe TOPSIS, SAW, MEW and GRA algorithms and later use them
in simulations. Following the descriptions of four MADM algorithms, two multi-user extensions
are defined as S-MADM and CA-MADM which can be applied to any MADM algorithm.
4.1. TOPSIS
TOPSIS algorithm [24, 25] consists of easy implementation steps. After a decision matrix
A = [aij ]P ×M is created in the first step, a normalized decision matrix R = [rij ]P ×M is formed in
the second step as:
rij = s

aij
p
P

k=1

.

(14)

a2kj

In the third step, a weighted normalized decision matrix V = [vij ]P ×M is created by multiplying
each column of the matrix R by a corresponding weight wi as:
vi = wi · ri
where

(15)


T

T
ri = r1i,...,rpi , vi = v1i,...,vpi , for i = 1, 2, .., M

In the fourth step, the positive V+ and negative V− solution points are formed as:


 + +
+
+
V = v1 , v2 , ..., vm = max vij |j ∈ {1, 2, ..., M }
i

−

V =



−
v1− , v2− , ..., vm


=

(16)


min vij |j ∈ {1, 2, ..., M }
i

(17)

In the fifth step, the Euclidean distance Si+ of each multiple decision point from the positive
point V+ and the Euclidean distance Si− of each multiple decision point from the negative point
V+ are calculated as:
v
uX
2
u p 
+
Si = t
vij − vj+ , i = 1, 2, .., P
(18)
j=1

v
uX
2
u p 
−
−
t
Si =
vij − vj , i = 1, 2, .., P.

(19)

j=1

In the next step, the relative similarity of the alternatives from the positive and negative point
is calculated as:
Ci =

Si−
, i = 1, 2, ..., P.
Si− + Si+

Then, the final solution e∗ (the best network to connect) is selected as:
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(20)

e∗ = ei∗ where i∗ = arg max Ci , i = 1, 2, ..., P.

(21)

i

4.2. SAW
SAW algorithm is simple and is the most popular scoring method [26]. In SAW, the score of
each candidate network i is obtained by adding the contributions from each attribute ai,j multiplied
by the weight factors wj . Then, the selected network is
e∗ = ei∗ where i∗ = arg max

X

i

wj ai,j ,

(22)

j

−
+
where ai,j = ai,j /a+
j for benefit parameters and ai,j = aj /ai,j for cost parameters and aj = max ai,j
i

and a−
j = min ai,j .
i

4.3. MEW
MEW is another scoring method [26] where the network scores are determined based on
weighted product of the attributes. The selected network is
e∗ = ei∗ where i∗ = arg max
i

Y

w

ai,jj .

(23)

j

4.4. GRA
GRA algorithm is basically based on building grey relationships between elements of two series
in order to compare each member quantitatively. One of the series consists of best-quality entities
and the other series contains comparative series. If the difference between two series of the comparative series is low, then it is more preferable. A Grey relational coefficient (GRC) is defined to
be used for describing the relationships between two series and is calculated based on the level of
similarity and variability. GRA algorithm is generally implemented in six steps [27]:
1. Apply classification of the series based on three conditions: larger-the-better, smaller-thebetter and nominal-the-best. In this paper, larger-the-better is selected as the comparison
condition. It is assumed that P series (A1 , A2 , . . . , AP ) are compared where each series
Ai = [ai,1 , ai,2 , . . . , ai,M ] has M entities.
2. The upper, lower and moderate bounds of series elements are defined. The upper bound and
lower bound are defined as uj = max{a1,j , a2,j , . . . , aP,j } and lj = min{a1,j , a2,j , . . . , aP,j }
respectively where j = 1, 2, . . . , M .
3. Normalize the individual entities: Before calculating GRC, the decision matrix A needs to
be normalized. For normalization, following equation is used for larger-the-better condition.
aij =

aij − lj
,
uj − lj

(24)

where i = 1, 2, . . . , P .
4. Define the ideal series: A reference series A0 = [a∗0,1 , a∗0,2 , . . . , a∗0,M ] = [u1 , u2 , . . . , uM ] is
formed which corresponds to ideal solution.
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5. Calculate the GRCs: The GRC can be calculated from
Γ0,i =

M
1 X ∆min + ∆max
,
wj
M
∆i + ∆max

i = 1, 2, . . . , P

(25)

j=1

where ∆i = |a∗0,j − ai,j |, ∆max = max(∆i ) and ∆min = max(∆i ). max() and max() are
i,j

i,j

i,j

i,j

the functions of the maximum and minimum value of a set of numbers with varying i and j
respectively.
6. Select the alternative that has the highest GRC
e∗ = ei∗ where i∗ = arg max Γ0,i .
i

(26)

4.5. MADM Extensions
In a regular operation of a heterogeneous network several users must be scheduled and managed simultaneously. We define multi-user extension of regular MADM algorithms, S-MADM
and CA-MADM. In the multi-user scenario of our algorithm extensions, we use An to denote
n-th user’s decision matrix. We define the channel utilization vector for each decision point as
e
], e ∈ E, where CUie keeps the utilized bandwidth for user i and decision
CUe = [CU1e , ..., CUN
seed
point e.
4.5.1. S-MADM
S-MADM method considers user’s individual benefits which is a simple extension of MADM
algorithms applied for multi-user scenarios. The algorithm details are explained in Algorithm 1.
Algorithm 1 S-MADM Algorithm
1:
2:
3:
4:
5:
6:
7:
8:
9:

procedure Input(E, An )
Set CUe = 0
for j = 1 to N do
Run MADM for Aj
Select e∗
∗
Set CUje = bandwidth demand of user j
end for
Return CUe
end procedure

4.5.2. CA-MADM
In order to obtain certain benefits for access network selection and resource allocation problem
between multiple users, we propose CA-MADM algorithm for multi-user scenarios. In the capacity
aware approach, a new network-based attribute vector û = [û1 , ..., ûp ] is inserted to the MADM
matrix of all users and the decision is calculated sequentially in a centralized platform as users
arrive, thus optimizing the total system benefit as well. The network-based attribute ûi denotes
the remaining available capacity in the corresponding decision point ei and calculated by,
ei
ûi = CUTH
−

N
X

CUnei , 1 ≤ i ≤ P

n=1
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(27)

ei
where CUTH
represents the capacity threshold of ei . We also define an extended MADM matrix
th
of n arriving user n as Ân = [An , ûT ], 1 ≤ n ≤ N . The algorithm details of CA-MADM are
explained in Algorithm 2.

Algorithm 2 CA-MADM Algorithm
1:
2:
3:
4:
5:
6:
7:
8:
9:
10:

procedure Input(E, Ân )
Set CUe = 0
for j = 1 to N do
Run MADM for Âj
Select e∗
∗
Set CUje = bandwidth demand of user j
Update û using (27)
end for
Return CUe
end procedure

5. Simulations and Results
The performance of the network assisted data offload platform with optimization framework
defined in Section 3.4 is evaluated via simulations. All MADM algorithms defined in Section 4
are implemented and the optimization framework is simulated for varying D2D density to reveal
optimal operating regions. Out of the three scenarios defined in Section 3.2 we focus on Scenario
2 and 3.
5.1. Simulation Parameters and Scenario
Opportunistic offloading platforms are designed to overcome capacity problems in dense heterogeneous networks. In this context, we use a stadium scenario with 10K audience capacity consisting
of several Wi-Fi APs and eNodeBs deployed. Out of the 10K audience in the stadium N = 100, 200
or 400 terminals are selected randomly to represent the MOTO users. The remaining number of the
users are non-MOTO users that are using legacy devices. Their affects on performance of MOTO
platform are not considered in this paper. A sample user distribution for 100 MOTO users in a 10K
capacity stadium is provided in Figure 4. The assumed locations of 8 Wi-Fi APs and 2 eNodeBs,
namely NW i−F i = 8 and NeN odeB = 2, are also depicted in Figure 4. The locations of Wi-Fi APs
are chosen heuristically equally spaced to the mid of the rows of the stadium and can be modified
based on requirements. Note that two eNodeBs and eight APs are used to provide MOTO services
to 100, 200 or 400 MOTO platform users out of 10k audiences in a stadium in our simulations.
Therefore, MOTO platform is not providing MOTO service to all users in the stadium, but only
to MOTO users (a subset of users that are subscribed to MOTO platform based on the service
level agreements of users with MNOs). In real network settings, multiple cells having different
frequencies can accommodate multiple users. For example, each micro-cell covering outdoor can
accommodate up to 256 eNodeB users [28]. We also assume that the number of operators who has
agreed with MOTO platform providers to provide MOTO services is out of scope this paper.
In the simulation scenario, MOTO users can download a video content from 360p to 1080p
with bit rates adapted from those of the worldwide video streaming service, YouTube [29] where
15
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Figure 4: A sample of MOTO users’ distribution and locations of Wi-Fi APs and eNodeB
Table 1: Attribute weights for simulations

Attributes
RSS
Throughput
Latency
Remaining Capacity

Weight
0.3
0.3
0.1
0.3

Bmin = 1 Mbps and Bmax = 8 Mbps. MOTO users can download the content either directly from
a Wi-Fi AP in range or via an eNodeB. The seed MOTO users that directly download the content
from a Wi-Fi AP or eNodeB can disseminate the data to other users via D2D. In order to focus
on the impact of the number of D2D users and to create high network load on MOTO platform,
we assume that all MOTO platform users simultaneously demand the content.
The number of MOTO users that will download the content from other MOTO users via D2D
is assumed to be fixed for each simulation round. Given the number of such opportunistic users,
the opportunistic users are selected randomly among all MOTO users, and so does the seed users.
If a MOTO user is selected to use D2D, the connection range is assumed to be 10m, which could
also be set as a simulation parameter. In this study, the range is kept constant to focus on the
number of D2D users in Section 5.3, we discuss the effect of increasing D2D range). The D2D users
can download the content only via surrounding seed MOTO users that are assigned to Wi-Fi APs
or eNodeBs.
The attributes for the algorithms are chosen as the ones that are most related with video
16

Table 2: Simulation parameters

Number of MOTO Users (N)
Number of Access Nodes
Capacity per Access Node (Mbps), Ce
Transmit Power
Demand per MOTO User (MBps), B n
Carrier Frequency
Noise PSD
Channel bandwidth per User

Sim-A
100
36

Wi-Fi
eNodeB
Sim-B Sim-C Sim-A Sim-B Sim-C
400
200
100
400
200
8
2
144
36
75
300
75
20 dBm
43 dBm
∈ {1, 2.5, 5, 8}
2.4 GHz
1.8 GHz
−179 dBm/Hz
5 MHz

transmission. First attribute is the received signal strength which affects the maximum bit rate
that the user can download content. For the simulation the received signal strength is calculated
by free space propagation principles (i.e., line-of-sight channel) based on the distance between the
transmitter (AP) and receiver (MOTO terminal). The second attribute is the video bitrate (i.e.,
throughput) calculated based on a mapping table using the received signal strength. Another
attribute is the latency which is assumed to be constant for a given access technology. The last
attribute is the remaining capacity in the access node (Wi-Fi or eNodeB) that affects only the CAMADM algorithm and is ignored in S-MADM. For all simulations the attribute weights given in
Table 1 are used in order to obtain a balanced offloading outcome. The latency attribute is assigned
the lowest weight due to low sensitivity of delay in the target scenario. As also pointed out by 3GPP
Technical Specification (TS) document of [30], the relevant Key Parameter Indicators (KPIs) such
as average active number of connected users, Downlink (DL) Physical Resource Block (PRB) used
rate (%) reported by each eNodeB which corresponds to utilized (and remaining) PRBs, average DL
throughput of UEs and traffic volume can be extracted from E-UTRAN measurements performed
by eNodeBs on layer-2. Some common statistics for radio and core interface performance statistics
can also be extracted from Operation and Maintanence Center (OMC) of MNOs.
Performance metrics for the MOTO platform are provided in Section 3.1 as user satisfaction
and average throughput. We present the simulation results based on the two metrics versus varying
density of D2D users, i.e. σ, for each MADM algorithm defined in Section 4, as S-MADM and
CA-MADM. Then, we provide detailed results at the optimal value of σ using tables. In the given
figures and tables, we use ρ = Ctot /NM OT O (Mbps) to denote the reserved bandwidth per user and
use it to represent scenarios defined in Section 3.2.
The simulation results demonstrate the average of 1000 simulations for varying D2D density
percentage σ(%). Further simulation details are provided in Table 2, where mainly three different
simulation scenarios are presented. Sim-A and Sim-B corresponds to Scenario-2 with ρ = 4.38 and
Sim-C corresponds to Scenario-3 with ρ = 2.19.
5.2. Results and Discussions
The first set of results is given for Sim-A scenario in Fig. 5 and Table 3. Sim-A simulation
scenario corresponds to Scenario 2 explained in Section 3.2. The simulation results in Fig. 5 depict
that there exists optimal σ values that maximizes the performance metrics. The results are provided
for each MADM algorithm and it is clear that CA-MADM extensions provide better results both in
17
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Figure 5: Simulation Results for Sim-A Scenario with NM OT O = 100 and ρ = 4.38.
Table 3: User distribution, total bandwidth demands and maximum user satisfaction for Sim-A at optimal D2D user
density (σ ∗ ) for NM OT O = 100 and ρ = 4.38.
Users’ Distribution
(avg.%)
3GPP
WLAN

Btot
(Mbps offloaded – ζ(%))
3GPP
WLAN

Type of
MADM

σ∗
(% of D2D users – Mbps)

S-TOPSIS
CA-TOPSIS

60% – 298.59 Mbps
43% – 257.53 Mbps

23.35%
17.98%

14.65%
39.02%

172.23 Mbps – 114.82%
123.59 Mbps – 82.40%

104.17 Mbps – 36.17%
251.06 Mbps – 87.17%

75.44%
88.49%

S-SAW
CA-SAW

60% – 299.65 Mbps
43% – 259.05 Mbps

24.99%
18.37%

15.01%
38.62%

169.97 Mbps – 113.31%
125.84 Mbps – 83.89%

106.37 Mbps – 36.93%
251.13 Mbps – 87.20%

75.81%
88.37%

S-GRA
CA-GRA

54% – 283.04 Mbps
43% – 252.69 Mbps

27.05%
16.90%

18.95%
40.09%

181.97 Mbps – 121.31%
113.10 Mbps – 75.40%

129.11 Mbps – 44.83%
246.65 Mbps – 85.64%

78.13%
88.90%

S-MEW
CA-MEW

54% – 286.39 Mbps
43% – 251.91 Mbps

27.34%
15.27%

18.66%
41.73%

187.43 Mbps – 124.95%
103.64 Mbps – 69.09%

132.24 Mbps – 45.92%
254.01 Mbps – 88.20%

77.23%
89.16%

η
(%)

user satisfaction and throughput, owing to the utilization of the level of network load. The figures
show the increase in overall performance compared to regular offloading systems where there is no
D2D connections, i.e., σ = 0. At the optimal value of σ, user satisfaction ratio is approximately
41% higher compared to σ = 0 for CA-MADM algorithms. The performance increase in average
throughput is more significant, around 50%. Moreover, in Table 3, for each MADM algorithm user
distribution among access technologies, offloaded bit rates and user satisfaction are provided at
the optimal σ value for maximum η for each MADM technique. As observed from the results, the
maximum user satisfaction is above 89% for Sim-A for σ = 43%.
Fig. 5a and Fig. 5b also demonstrate the bounds given in (12) and (13). Though all algorithms
perform similar in CA-MADM extended versions, CA-MEW and CA-SAW slightly outperform the
others and stay closer to the bounds. The gap between the bounds and the algorithms reveals that
it is possible to develop better offloading strategies and algorithms.
The second set of results is given for Sim-B scenario in Fig. 6 and Table 4. Similar to Sim-A,
Sim-B corresponds to Scenario-2 but has higher number of MOTO users, NM OT O = 400, higher
reserved bandwidth in access nodes, and accordingly same ρ as Sim-A. Sim-B is performed to
demonstrate the effect of the number of MOTO users on overall performance compared to SimA. Compared to Fig. 5, the results in Fig. 6 depicts higher user satisfaction rate and average
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Figure 6: Simulation Results for Sim-B Scenario with NM OT O = 400 and ρ = 4.38.
Table 4: User distribution, total bandwidth demands and maximum user satisfaction for Sim-B at optimal D2D user
density (σ ∗ ) for NM OT O = 400 and ρ = 4.38.
Users’ Distribution
(avg.%)
3GPP
WLAN

Btot
(Mbps offloaded – ζ(%))
3GPP
WLAN

Type of
MADM

σ∗
(% of D2D users – Mbps)

S-TOPSIS
CA-TOPSIS

69.25% – 2121.1 Mbps
52.25% – 1652.5 Mbps

19.58%
15.14%

11.17%
32.61%

532.81 Mbps – 88.80%
423.09 Mbps – 70.51%

318.37 Mbps – 27.64%
867.18 Mbps – 75.27%

98.09%
99.73%

S-SAW
CA-SAW

69.25% – 2121.5 Mbps
52.25% – 1652.72 Mbps

19.32%
15.08%

11.43%
32.67%

526.50 Mbps – 87.75%
420.94 Mbps – 70.16%

324.84 Mbps – 28.20%
870.96 Mbps – 75.60%

98.14%
99.75%

S-GRA
CA-GRA

67.25% – 2066.9 Mbps
50.75% – 1596.62 Mbps

19.36%
12.24%

13.39%
37.01%

520.87 Mbps – 86.81%
335.06 Mbps – 55.84%

366.24 Mbps – 31.79%
906.94 Mbps – 78.73%

98.52%
99.81%

S-MEW
CA-MEW

67.25% – 2077.8 Mbps
52.25% – 1649.5 Mbps

19.56%
12.91%

13.19%
34.84%

536.25 Mbps – 89.37%
359.44 Mbps – 59.91%

374.87 Mbps – 32.54%
903.84 Mbps – 78.46%

98.39%
99.75%

η
(%)

throughput. The results clearly demonstrate that when the reserved bandwidth (capacity) per
user is kept constant, the overall performance increases as the number of users increases. Similar
to Sim-A, overall performances increase significantly compared to the case with no D2D, i.e. σ = 0.
At the optimal value of σ, performance increase is around 50% and 72% for user satisfaction ratio
and average throughput, respectively. In Table 4, for each MADM algorithm, user distribution
among access technologies, offloaded bit rates and user satisfaction are provided at the optimal
σ value for maximum η for each MADM technique. As observed from the results, the maximum
user satisfaction is above 99% for Sim-B for σ = 52.25%. Fig. 6a and Fig. 6b also demonstrate the
upper bounds given in (12) and (13) respectively. The gap between the bounds and the algorithms
is narrower compared to Sim-A scenario owing to higher number of MOTO platform users.
The final set of results is given for Sim-C scenario in Fig. 7 and Table 5. Sim-C scenario
corresponds to Scenario-3 where the network load is extremely high so that ρ = 2.19. Simulation
with Sim-C scenario is performed to demonstrate the effect of high network load and the benefit of
D2D communications in such a scenario. Compared to previous simulations, results in Fig. 7 depict
lower user satisfaction and throughput as expected. But, the overall performances increase is more
significant compared to the case with no D2D, i.e. σ = 0. At the optimal value of σ, performance
increase is around 168% and 200% for user satisfaction ratio and average throughput, respectively.
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Figure 7: Simulation Results for Sim-C Scenario with NM OT O = 200 and ρ = 2.19.
Table 5: User distribution, total bandwidth demands and maximum user satisfaction for Sim-C at optimal D2D user
density (σ ∗ ) for NM OT O = 200 and ρ = 2.19.
Users’ Distribution
(avg.%)
3GPP
WLAN

Btot
(Mbps offloaded – ζ(%))
3GPP
WLAN

Type of
MADM

σ∗
(% of D2D users – Mbps)

S-TOPSIS
CA-TOPSIS

72% – 783.08 Mbps
69% – 841.22 Mbps

17.88%
9.79%

10.12%
21.21%

243.13 Mbps – 162.09%
134.79 Mbps – 89.86%

144.14 Mbps – 50.05%
273.72 Mbps – 95.04%

73.19%
85.77%

S-SAW
CA-SAW

72% – 786.75 Mbps
69% – 844.33 Mbps

17.65%
10.00%

10.35%
21.00%

240.37 Mbps – 160.25%
137.03 Mbps – 91.35%

146.98 Mbps – 51.03%
274.10 Mbps – 95.17%

73.64%
85.62%

S-GRA
CA-GRA

72% – 793.43 Mbps
69% – 828.21 Mbps

16.56%
9.05%

11.44%
21.95%

222.71 Mbps – 148.47%
121.11 Mbps – 80.74%

156.33 Mbps – 54.28%
269.84 Mbps – 93.70%

75.96%
86.35%

S-MEW
CA-MEW

72% – 802.20 Mbps
67.5% – 817.11 Mbps

16.71%
8.69%

11.29%
23.81%

228.92 Mbps – 152.61%
118.77 Mbps – 79.18%

160.33 Mbps – 55.67%
292.56 Mbps – 101.58%

75.14%
86.38%

η
(%)

These results clearly depicts the benefit of utilizing D2D communications in high network load
scenarios as Scenario 3. In Table 5, the results show that the maximum user satisfaction is around
86% for Sim-C scenario for σ = 67.5%.

5.3. Potential Enhancements for High Mobility Scenarios
In previous sections of our study, we focused on a rather static stadium scenario where mobility
is limited. We assumed a D2D range of 10m with minimum transmission power and maximum one
hop, specifically to have negligible interference and to minimize power consumption. To handle
higher mobility scenarios, the range of D2D connections and number of maximum hops can be
increased with costs of higher interference and higher power consumption. In this respect, further
simulations are performed to give an intuition on the effect of higher D2D range and number of
hops on the user satisfaction rate. The results of these simulations are presented in Figure 8 for
CA-MEW algorithm, NM OT O = 200 and ρ = 2.19, where R denotes the range of D2D connection
and Nh denotes the maximum number of hops. As clearly observed in Figure 8, the user satisfaction
rate increases as the D2D range and number of hops increase, as expected. In fact, with R = 20
and Nh = 2, approximately 100% user satisfaction can be achieved for the simulation scenario.
20

100
R=10m, Nh=1
R=20m, Nh=1
R=10m, Nh=2
R=20m, Nh=2

90

User satisfaction rate (%)

80
70
60
50
40
30
20
10
0
0

10

20

30

40

50

60

Density of D2D Users,

70

80

90

100

(%)

Figure 8: User satisfaction under different D2D range and number of hops for CA-MEW algorithm, NM OT O = 200
and ρ = 2.19.

Thus, higher D2D range and higher number of hops can be potential enhancements for mobile
scenarios with higher power consumption and interference trade-offs.
A through study on theoretical modeling, throughput analysis and optimization of D2D range
and number of hops with respect to power consumption and interference constraints is not in the
scope of this work.
6. Conclusions and Future Works
In this study, we have proposed and analyzed a network assisted data offloading platform that
aims to combine the benefits of optimal network selection and user proximity via D2D communications. To enable this platform, we defined a performance optimization framework to solve for
maximum user satisfaction and throughput based on access network type and D2D user density.
For the studied optimization problem, we have derived upper bounds for overall user satisfaction
ratio and throughput per user. Due to the complexity of the optimization problem and for practicality of the implementation, MADM algorithms are chosen to be utilized for network selection and
two multi-user extensions are developed. Then, the impact of D2D communications on the MADM
algorithms is presented and the existence of optimal optimal D2D density, which maximizes user
satisfaction rate and throughput per user, is demonstrated via simulation results and compared to
the bounds. The results have revealed that up to 168% and 200% performance increase can be
achieved for user satisfaction and throughput at the optimal D2D user density for certain types of
MADM algorithms. Therefore based on the user and network parameters, depending on the underlying MADM algorithm optimal D2D user density can be adaptively and automatically obtained
through the proposed network assisted data offloading platform. As a future work, delay considerations for faster delivery rates can also be analyzed inside access network selection by considering
delay as an additional attribute in MADM algorithm. As another future work, computation of
optimal D2D range and number of hops under power consumption and interference constraints can
be analyzed together with theoretical modeling of user satisfaction rate and throughput analysis.
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