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a b s t r a c t 

Operators need to address increased data demands to meet subscribers’ growing requirements by offload- 

ing a portion of cellular traffic onto other types of networks. In this paper, we investigate the possibil- 

ity of using vehicular ad hoc networks (VANETs) for this purpose. We study joint data flow selection 

and contention resolution in a hybrid VANET-cellular system. We formulate the problem as an optimiza- 

tion problem called FOSAA, which considers vehicle-to-vehicle and vehicle-to-infrastructure link quality, 

channel access, inter-nodal interference and node active time. The problem is solved through an iterative 

approach. FOSAA is compared to other proposed schemes. The performance results show that offload- 

ing fraction is significantly affected by the data volume, vehicle density and number of hops from the 

infrastructure to the downloader vehicles. 

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

Recent studies have confirmed that, in the near future, cellular

etworks will most likely become overloaded and congested, espe-

ially in hot zones and urban areas. Moreover, tablet subscriptions

re expected to grow from 250 million in 2012 to approximately

50 million in 2018, exceeding the number of fixed broadband sub-

criptions [1] . The average smartphone usage increased by 81% in

012 [2] ; in addition, the total number of smartphone subscrip-

ions will be tripled and is expected to increase to 3.3 billion by

he end of 2018 [1] . The growing number of such mobile devices

esults in an increase in data demand and Internet queries, which

ecome the dominating traffic request of wireless cellular network

sers. By the end of 2018, it is estimated that a smartphone will

enerate approximately 2GB of data per month, and a mobile PC

ill generate over 10GB of data [1] ; moreover, by 2017, two-thirds

f the world’s mobile data traffic will be video data [2] . Data traffic

as doubled in only one year, between 2011 and 2012, in contrast

o mobile voice traffic, which continues to grow at a steady rate

1] . According to [3] , this increase in mobile data traffic demand

s expected to continue to increase at a rate of more than 100%
∗ Corresponding author. Higher School of Communication of Tunis (SUP’COM), Rte 

e Raoued Km 3,5 - 2083, Ariana - Tunisia. Tel.: +216 98 669416. 

E-mail addresses: zhioua@telecom-paristech.fr , ghayet.zhioua@supcom.tn 

(G.e.m. Zhioua), jun.zhang@telecom-paristech.fr (J. Zhang), houda.labiod@telecom- 

aristech.fr (H. Labiod), nabil.tabbane@supcom.tn (N. Tabbane), 

ami.tabbane@supcom.tn (S. Tabbane). 

a  

t  

p  

B  

I

m  

ttp://dx.doi.org/10.1016/j.comnet.2016.03.015 

389-1286/© 2016 Elsevier B.V. All rights reserved. 

Please cite this article as: G.e.m. Zhioua et al., A joint active time and

Computer Networks (2016), http://dx.doi.org/10.1016/j.comnet.2016.03.0
nnually. Operators need to address this increase in data traffic de-

and and ensure sufficient RAN (Radio Access Network) capacities

o meet this growing demand. 

Numerous works have studied systems for offloading cellular

raffic via FemtoCells or Wi-Fi hotspots [4] . Accordingly, it will

lso be interesting to consider and investigate possible offloading

hrough mobile ad hoc networks formed by opportunistic commu-

ications between intelligent vehicles, wherein vehicles are wire-

essly connected and form a Vehicular Ad hoc Network (VANET). In

his context, this work provides analysis and a comparison of an-

lytical models proposed for cellular traffic offloading. We discuss

nd evaluate the capacity and ability of VANETs to offload a por-

ion of cellular traffic while considering the constraints related to

he intermittent vehicular nodes’ connectivity in I2V and V2V links

nd to the data volume. We propose a cooperative traffic trans-

ission problem formulation in a joint 4G LTE Advanced cellular

nfrastructure and VANET network where VANET nodes cooperate

ith the LTE infrastructure by offloading a portion of the cellular

raffic. 

This solution is very promising and motivated by many rea-

ons. A dedicated frequency band, i.e., 5.86–5.92 GHz, has been

llocated for Intelligent Transportation System (ITS) communica-

ions. In addition, according to the ETSI 102 638 technical re-

ort, by 2027, almost 100% of vehicles will be equipped with On

oard Units (OBUs), therein providing V2V (vehicle-to-vehicle) and

2V (infrastructure-to-vehicle)/V2I (vehicle-to-infrastructure) com- 

unications, thereby forming ITS [5] . Thus, with the increasing
 flow selection model for cellular content retrieval through ITS, 
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a  
number of vehicles equipped with OBU devices, several related

applications are emerging such as safety-related applications (e.g.,

collision warning, emergency information, assistance for safe driv-

ing, and remote vehicle diagnostics), automobile high-speed Inter-

net access, and multimedia content sharing. Moreover, most sub-

scribers currently use their smartphones and tablets during tran-

sit. Vehicles are where citizens spend a substantial portion of their

time during a day, with more time being spent only in homes and

offices. According to [6] , commuters spend 500 million hours per

week in a car. Thus, opportunistic contacts between vehicles offer

high capacity for data transmission. 

In summary, traffic offloading using VANETs is a promising so-

lution for partially supporting the exponential growth of mobile

data traffic, which otherwise could not be supported even by 4G

cellular networks [2] for two main reasons. First, the dedicated fre-

quency band allocated for VANET communications represents an

attractive capacity potential compared to the freely shared band

used for Wi-Fi. Second, subscribers use their mobile devices dur-

ing most of the time that they are using modes of transporta-

tion. According to the Alcatel-Lucent’s study performed in 2009

[6] , 22 % of interviewed consumers would be willing to pay from

30$ to 65$ per month for services proposed while traveling on the

road. Therefore, using VANETs to offload a portion of cellular traffic

seems to be an attractive solution to investigate. 

The remainder of this paper is structured as follows. In

Section 2 , we present related works. In Section 3 , we describe the

system model. In Sections 4 and 5 , we present the FOSAA model

and its resolution procedure. In Section 6 , benchmarking schemes

are detailed. Finally, a performance evaluation and conclusions are

presented in Sections 7 and 8 . 

2. Related works 

The most popular proposed offloading solutions include femto-

Cells for indoor offloading and Wi-Fi for outdoor offloading. Nu-

merous analytical models and studies have been conducted in this

context [4,7,8] . However, very few works have focused on coopera-

tion between cellular infrastructure and opportunistic communica-

tions between vehicles whereby the cellular network is offloaded

through VANETs. Most of these works study the I2V link for the

purpose of improving the performance of VANETs by addressing

challenges related to data dissemination to mobile users (e.g., gate-

way selection and the number of copies of a message) rather than

content downloading through heterogeneous networks and with-

out considering the interaction between the vehicular network and

the cellular infrastructure. 

Moreover, most modeling efforts are directed at predicting op-

portunistic communications rather than at the capacity of VANETs

to support additional cellular traffic. For example, Ref. [9] estab-

lishes a mathematical framework to study the problem of coding-

based mobile data offloading wherein mobile data traffic is char-

acterized by heterogeneous sizes and a limited storage capacity of

the offloading participants. The problem formulation is based on

maximizing users’ interest satisfaction with multiple linear con-

straints on limited storage. The output of the proposed formu-

lation provides a solution that decides when to use the coding

and how to allocate the network resources in terms of contact

rate and offloading storage. In Ref. [10] , the authors present an

analytical study of content offloading through VANETs. The prob-

lem formulation is based on maximizing a cost function that

represents the fraction of content that vehicular nodes might

download through VANETs. The considered constraints include

channel access and flow conservation. However, in this paper, the

authors do not consider inter-RSU roaming/handover and the qual-

ity of the link between the infrastructure and the VANET net-

work. In Ref. [11] , the authors present a graph-based model that
Please cite this article as: G.e.m. Zhioua et al., A joint active time and
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ecides which data should be scheduled to vehicles. They for-

ulate a non-integer LP problem, solved at each RSU, to

orm transmission scheduling decisions. Ref. [12] proposes a

echanism for selective IP traffic offload (SIPTO) for vehicu-

ar communication networks under the context of providing

P flow mobility for users in vehicles. The proposed solution

as been prototyped. The system presented in [13] is called

Thedu”, which proposes access to Web search from moving

ehicles. The system is proposed for interactive web applica-

ions in a delay-tolerant network (DTN) composed of access

oints and buses where the objective is to achieve routing be-

ween mobile nodes. Experimental and analytical results show

hat V2V and I2V communications enhance the performance of

pplications. 

The author in [14] proposes an approach aimed at injecting the

orrect amount of content copies into the network. Similarly, in

ef. [15] , the scope is the same as in Ref. [14] but considers smart-

hones instead of vehicular nodes. The authors propose to deliver

he information to only a small fraction of selected users, called

arget users, to reduce mobile data traffic by considering the delay-

olerant nature of non-real-time applications. The work is based

n opportunistic communications among mobile users and studies

ow to select a target set of only k users, which will later help

o further propagate the information among all the subscribers

hrough their social participation, when their mobile phones are

ithin the transmission range of each other and can communicate

pportunistically. Such an offloading approach is attractive because

t does not require any additional costs. However, this approach

aces several challenging issues, such as battery and storage limi-

ations of mobile devices, non-predictable user mobility, and het-

rogeneity of data traffic, that have to be overcome. 

Very few references have considered the case wherein cellu-

ar infrastructure is offloaded through a VANET network. Refs. [16–

9] focus on content downloading. Ref. [16] studies content down-

oading from the infrastructure in a vehicular environment. How-

ver, only I2V direct transfers are considered wherein the cellular

nfrastructure is only used for signaling transmissions. The focus of

his paper is on the prefetching of content at road side units (RSUs)

hrough the optimization of the usage of the links while estimat-

ng the amount of traffic that the vehicles will be able to download

rom each RSU. Ref. [17] considers the fact that neighboring vehi-

les have a high probability to request the same content when de-

iding on data to be downloaded. The work presented in [20] pro-

oses a scheduling scheme for content downloading in vehicular

etworks using a simplistic mobility model and without consider-

ng the existence of a cellular network. Ref. [21] also considers DTN

or cellular offloading. 

Obviously, there are several ongoing efforts focused on predict-

ng future vehicular contacts given the current position and vehi-

le trajectories [22,23] . There are two main approaches: modeling

he vehicle location through a Markovian process and studying the

ime and duration of contacts. In Ref. [24] , vehicular movement

rediction is leveraged for data prefetching at RSUs and for hand-

ff between the RSUs. The experimental results demonstrate the

ractical viability of exploiting mobility prediction to fully utilize

2V contacts. In Ref. [11] , a probabilistic representation of inter-

ode contacts called fog-of-war is proposed. Based on the exact

nowledge of vehicular mobility and inter-node contacts, the au-

hors add noise to the contact presence, duration and rate. By vary-

ng the noise level, the fog-of-war model can reflect different de-

rees of prediction accuracy. The authors show that there is an

rder of magnitude difference in accuracy between the output of

he fog-of-war model and the forecasts obtained through Marko-

ian techniques. 

In this work, we consider the impact of the VANET capacity

s well as the I2V and V2V link qualities for traffic offloading
 flow selection model for cellular content retrieval through ITS, 
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Fig. 1. Content downloading types. 
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V  
ecision making. We also consider the role of a gateway that as-

ists a downloader vehicle in retrieving content from the infras-

ructure. Our system can use any of the aforementioned VANET

rediction techniques for determining V2V and I2V contacts. The

bjective of this paper is to provide a comparison of analytic mod-

ls used for mobile data offloading via VANETs. We also propose an

ffloading model, called FOSAA, that represents an original contri-

ution compared to other works [10,11] in numerous aspects: first,

e use variable data flow volumes, in contrast to simulations in

eference [10] , which only consider 10 Mbytes of data. Second, in

ur MAC model, in addition to the channel access contention, we

onsider interference from hidden nodes. Moreover, the node ac-

ive time is carefully adjusted to increase the network capacity. Fi-

ally, our proposed problem formulation is performed in a decen-

ralized manner. To the best of our knowledge, this is the first time

hat the VANET traffic offloading problem has been studied in the

ontext of hybrid cellular infrastructure and ITS networks consid-

ring hidden terminals. 

. System modeling 

The system model is based on a hybrid network architecture

omposed of two systems: an LTE cellular infrastructure and a

ANET network. The cellular infrastructure is composed of eN-

deBs connected via an S1 interface to the LTE Evolved Packet Core

EPC) [25] . The ITS system is composed of fixed Road Side Units

RSUs) deployed over a road (e.g., highway) and vehicular nodes

raveling along this road. Only intelligent vehicles that have wire-

ess communication capabilities are considered in this study. We

all the Region of Interest (ROI) the geographical region of an RSU

ithin which vehicles send and receive information from this RSU.

ntelligent vehicles are equipped with OBUs that utilize two inter-

aces: an IEEE 802.11p-based interface tuned on one service chan-

el (SCH) for V2V communications and another interface, based on

i-Fi, that is used for the I2V connection. I2V and V2V communi-

ations occur on different channels. Vehicles that do not integrate

ommunication interfaces are not visible to the RSU; thus, they are

ot considered in the problem formulation. Each vehicle can be at-

ached to only one RSU. 

Vehicles may periodically send their identity and veloc-

ty/position to the RSU using floating car data (FCD) transmissions

6] . Moreover, due to the high dynamicity of vehicular nodes, nu-

erous clustering methods have been proposed for grouping ho-

ogeneous vehicles into stable sets, called clusters. Each cluster

s composed of vehicles that ensure stable V2V links. Many refer-

nces have proposed clustering methods performed in a central-

zed [26] or decentralized manner. Based on such information, the

SU is aware of vehicles in each cluster within its ROI. The sys-

em model is based on considering vehicles moving along a multi-

ane road without intersections. The RSU can thus determine the

2V and V2V connectivity in its ROI based on FCD and cluster-

ng information. Snapshots of the vehicular network topology are

hen built, thus providing V2I and V2V link specifications. The ve-

icle connectivity graph is periodically updated as FCD informa-

ion is received using a graph connectivity manager (GCM) unit.

he GCM module is installed in each RSU, and the module’s role

s to build and update the connectivity graph of vehicles belonging

o the module’s ROI using location information. The graph is com-

osed of vertices and edges, where a vertex represents one vehicu-

ar node. An edge is located between two vertices and has a weight

elated to its corresponding V2V link quality, herein called P QoS in

ormula ( 3 ), ( 5 ) and ( 10 ). The parameter P QoS reflects the achiev-

ble data rate related to the V2V link quality ratio between the two

ehicular nodes. It is set based on the V2V distance, as specified in

ig. 2 . 
Please cite this article as: G.e.m. Zhioua et al., A joint active time and
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A vehicle user wishing to download content from the cellular

etwork is herein called a downloader vehicle. More concretely, the

ownloader vehicle receives queries containing requests from an

pplication Program Unit (APU) to download content from the cel-

ular network. The APU is an interactive application that might be

ploaded to the smartphone of a user traveling in the vehicle or

uilt into the vehicle itself. 

Downloading content from the infrastructure could be per-

ormed through three mechanisms (c.f. Fig. 1 ): (1) via a direct I2V

ink from the RSUs, (2) via V2V links rooted at a gateway that re-

eives content from the RSU, and (3) via an eNodeB based on a

irect cellular link. We assume that the RSU is aware of the V2V

ontacts and routing path from the RSU via relays to the down-

oader . As vehicles participate in the offloading, these participating

ehicles can be awarded by operators by offering a reduced cost

or a service, by guaranteeing a specific QoS level, etc. [27] . Ba-

ically, these vehicles will receive the data content from the RSU

nd will route this content through the V2V links of the vehicular

etwork to the downloader vehicle. 

The goal of this work is then to define a method that decides

pon of the amount of data that can be offloaded through the

ANET network either through a direct link or via V2V multihop

inks. We notice here that, compared to other previous works, we

tudy traffic downloading in a VANET while simultaneously consid-

ring the I2V and the V2V communications and the data volume.

e jointly investigate the selection of the data flow to offload and

he possible supported data volumes and the time activities of ve-

icular nodes. 

. Problem formulation 

We present a multi-constraint optimization problem to evalu-

te the maximum data content that can be downloaded via the

ANET network through either direct I2V downloading or V2V
 flow selection model for cellular content retrieval through ITS, 
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Fig. 2. I2V/V2V achievable data rate. 
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relayed links. The proposed problem formulation is called the Flow

Offloading Selection and Active time Assignment problem (FOSAA).

4.1. Notations and assumptions 

We first define symbols and notations used in the model: 

• i is the vehicle index, i ∈ V , where V is the set of downloader

vehicles. The index 0 in the formulas represents the RSU. 

• ϕ i, f is the flow f of the downloader vehicle i . 

• F i is the set of requested flows of downloader vehicle i . 

• L i is the set vehicle indexes constituting the path of intermedi-

ate nodes between the RSU and vehicle i . 

• B i is the set of nodes that are exposed to vehicle i , where an

exposed node is a node visible to vehicle i . 

• I ij is the set of hidden nodes interfering with vehicle i when i

transmits to vehicle j , in which a hidden node is a node that is

visible to vehicle j but not to vehicle i . 

• G is the set of vehicles playing the role of gateways between

the RSU and the VANET network for other vehicles. 

• S i is the set of vehicles that have vehicle i as relay. 

• C i is the set of direct children of node i . 

• ϑi, f is the traffic volume of the flow f of the vehicle i . 

• In this work, we assume that the data flow is the basic data

unit to be offloaded. 

4.2. FOSAA formulation 

The objective function for the FOSAA is 

max 
∑ 

i 

∑ 

f 

ϕ i, f (1)

where ϕ i, f is binary and represents whether the flow f of the

downloader vehicle i is offloaded (1) or not (0). The objective of

FOSAA is to guarantee fairness between different vehicles. To this

end, the objective function maximizes the number of offloaded

flows rather than the amount of data in offloaded flows. FOSAA is

a max flow formulation problem that considers the following con-

straints. 

4.2.1. Gateway capacity 

Gateway-RSU links are bottlenecks of the communication from

vehicles to RSU. Thus, all traffic through gateway nodes will be less

than their link capacity, which is 

ϑ g,max −
∑ 

iεS g 

∑ 

fεF i 

ϑ i, f � ϕ i, f ≥ 0 , g ∈ G, (2)
Please cite this article as: G.e.m. Zhioua et al., A joint active time and
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here S g is the set of vehicles that have vehicle g as a gateway

nd ϑi, f is the traffic volume of flow f in vehicle i . The link capacity

g, max is expressed as 

 g,max = P QoS, (0 ,g) � DR I � α � LCD g , (3)

here P QoS , (0, g ) is the link quality probability between the RSU and

he gateway vehicle g, DR I is the maximum achievable data rate

n the I2V channel, α (0 ≤ α ≤ 1) is a predetermined fraction of

ontent that we attempt to offload, and LCD g represents the Link

onnectivity Duration between the RSU and the gateway vehicle g .

ccording to the definition in [28] , this duration is 

CD g = 

√ 

(α2 + γ 2 ) R 

2 
I 

− (αδ − βγ ) 2 − (αβ + γ δ) 

α2 + γ 2 
, (4)

here α = V g cosθg , β = x g − x 0 , γ = V g sinθg , and δ = y g − y 0 . ( x g ,

 g ) is the Cartesian coordinates of vehicle g , and ( x 0 , y 0 ) is the

artesian coordinates of the RSU. V g is the velocity of vehicle g ,

hich has an inclination θ g , (0 < θ g < 2 
) with respect to the x-

xis. R I is the RSU wireless transmission range. 

.2.2. Channel capacity 

This constraint is related to the potential of the intermediate

odes to relay the traffic to a destination vehicle. This constraint

imits the amount of flows through the vehicle link i − j by con-

idering link quality, node active time, and collision in the MAC

ayer, which is 

 i � P mac, (i, j) � P QoS, (i, j) � DR v 2 v � LCD (i, j) − ψ i, j ≥ 0 , (i, j) ∈ V (5)

here j is the direct relay of i and LCD ( i, j ) is the Link Connectivity

uration between the two vehicles i and j . This reflects the stabil-

ty of the link between these two vehicles and the link’s lifetime. b i 
s the normalized active time of vehicle i , and ψ i, j is the capacity

hrough the vehicle i − j V2V link defined in (7) . The normalized

ctive time is the ratio of vehicle i ’s transmission time to the total

ime (transmit + wait): 

 i = 

T i 
W i + T i 

= 

ρi 

1 + ρi 

, 

Due to the high mobility of vehicular nodes, the first and sec-

nd constraints are expressed to guarantee that the downloader ve-

icle can retrieve all the data flow content from the RSU before

eaving its coverage area. 

.2.3. Saturation limit 

Similar to the argument in [29] , the active times of neighboring

odes must satisfy the following: 

 −
∑ 

b k ≥ 0 . (6)
 flow selection model for cellular content retrieval through ITS, 
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.2.4. Aggregation 

The aggregation constraint defines the ability of the vehicle i -

o-vehicle j V2V link to support the relayed traffic. This constraint

s expressed as 

 i, j −
∑ 

kεS j 

∑ 

ϑ i, f �
f 

ϕ k, f = 0 (7) 

.2.5. Path availability 

’The path availability constraint attempts to evaluate the link

uality between the RSU and the downloader vehicle i . This con-

traint is the probability that a single-hop or multi-hop path exists

etween the vehicle i and the RSU. This is expressed as 

 A i − P A th � ϕ i, f ≥ 0 , f ∈ F i , (8)

here PA th > 0 and F i is the set of flows of vehicle i . The path

vailability ( PA i ) between the vehicle i and the RSU is 

A i = 

∏ 

{ j,k } εL i 

LA 

i 
j,k , (9) 

A 

i 
j,k 

represents the link availability ( LA ) of the vehicle j -to-vehicle

 intermediate link composing the RSU to vehicle i link, which is

efined as 

A 

i 
j,k = P cov , ( j,k ) � P QoS, ( j,k ) � P mac, ( j,k ) , { j, k } εL i , (10)

here P QoS , ( j, k ) is the link quality probability and P cov , ( j, k ) is the

robability of having a reliable V2V link by maintaining a link

bove a target SNR γ 0 at the receiver node. According to [30] , 

 cov , ( j,k ) = exp 

(
−

γ0 � N 0 � d α
( j,k ) 

K � P j 

)
, (11) 

here N 0 is Gaussian noise, d ( j, k ) is the distance between vehicle

 and vehicle k, α is the path loss exponent, P j is the transmission

ower of vehicle j, K is the path loss constant, and γ 0 is the target

NR. When j = 0 , P cov , (0, k ) evaluates the I2V link (between the RSU

nd the gateway), d (0, k ) is the distance between the base station

nd vehicle k , and P 0 is the transmitting power of the base station.

P mac , ( j, k ) is the probability of having a successful transmission

ccording to the IEEE 802.11p protocol when considering interfer-

nce from hidden nodes. This probability is expressed as 

 mac, ( j,k ) = 1 − P MaxT rials 
col l , ( j,k ) , { j, k } εL i , (12)

here MaxTrials is the maximum allowable number of attempts to

ccess to the medium according to the IEEE 802.11p standard [31] .

he collision probability of vehicle j while attempting to access the

ommon medium to send traffic to vehicle k and while considering

nterference from hidden nodes is expressed according to [29] as

ollows: 

 col l , ( j,k ) = 1 −
∏ 

pεI jk 

[ 

1 

1 + ρp 

(
1 − ρp 

T p 

)H p 
] ∏ 

pεB j 

(
1 − ρp 

T p 

)
, (13) 

here ρp is expressed as 

p = 

T p 

W p 

n which W p is the back-off time, which is the average waiting

ime before each transmission from vehicle p , and T p is the trans-

ission time of the entire data frame. T p = H p + T SIF S + T ACK + T DIF S ,

ncluding the transmission time of the header and the payload H p ,

he Short Inter-frame Space T SIFS , the ACK T ACK , and the DCF Inter-

rame Space T . 
DIFS 

Please cite this article as: G.e.m. Zhioua et al., A joint active time and
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. FOSAA resolution procedure 

The FOSAA problem is difficult to solve directly because it con-

ains nonlinear constraints and integer variables. Thus, we propose

o solve it approximately via an iterative approach. In each iter-

tion, one algorithm, namely, FOSAA- ϕ, determines flow assign-

ents, and another algorithm, namely, FOSAA-a, determines con-

ention resolution. 

The goal of FOSAA- ϕ-n, where n is the iteration index, is to de-

ermine the ϕ i, f that maximizes the objective function (1) . Initially,

 i is fixed and set to b i = 

1 
max | B j | 

j∈ B i 

, ∀ i ∈ V . FOSAA-a-n, i.e., FOSAA-

 performing at the n th iteration, optimizes node time activities in

n attempt to obtain higher offloading fractions. It takes ϕ i, f from

OSAA- ϕ-n as an input to determine the optimal ρ i , which reflects

he contention level of the vehicles i , ∀ i ∈ V . Next, through an it-

rative process, we determine the highest offloading fraction that

an be reached with adequate values of ρ i . Details of the solution

o the FOSAA are given in Algorithm 1 . 

lgorithm 1 FOSAA Problem Resolution Pseudo Algorithm. 

nitialization 

ϕ i, f = { } , ∀ i ∈ V, ∀ f ∈ F i 
b i = 

1 
max | B j | 

j∈ B i 

, ∀ i ∈ V 

FOSAA- ϕ-1 ⇒ ϕ 

1 
i, f 

, ∀ i ∈ V, ∀ f ∈ F i 

S 1 = 

∑ 

i 

∑ 

f 

ϕ 

1 
i, f 

& S n = 0 & n = 2 

ffloading and Contention Optimization Loop 

while S n 	 = S 1 

FOSAA-a-(n-1) ⇒ ρn 
i 
, ∀ i ∈ V 

FOSAA- ϕ-n ⇒ ϕ 

n 
i, f 

, ∀ i ∈ V, ∀ f ∈ F i 

S 1 = S n & S n = 

∑ 

i 

∑ 

f 

ϕ 

n 
i, f 

& n = n + 1 

end 

The FOSAA- ϕ-n formulation represents an integer linear pro-

ramming problem, where ϕ i, f varies and b i is fixed. Thus, the con-

idered constraints are Path Availability (8) , Gateway Capacity (2) ,

hannel Capacity (5) and Aggregation (7) constraints. The prob-

em is solved using a binary optimization module that determines

hether the data flow can be routed through the VANET network

 ϕ i, f = 1 ) or not ( ϕ i, f = 0 ). FOSAA- ϕ-n is solved using optimization

ools in Matlab. 

The FOSAA-a-n problem formulation and resolution are as fol-

ows. 

.1. Details of FOSAA-a-n 

FOSAA-a-n’s objective is to determine an adequate contention

evel of the vehicular nodes by determining ρ i . When ϕ i, f is fixed,

e transform the problem into a convex programming problem

nd solve it via standard optimization tools. 

.1.1. FOSAA-a-n problem formulation 

The objective of the FOSAA-a problem is to allocate to each ve-

icular node a maximum amount of resources required to send re-

ated data flows, aiming to increase vehicles’ offloading potential.

hus, the FOSAA-a objective function emphasizes the active times

y maximizing the contention level of each vehicular node: 

ax 
∑ 

i 

ρ ′ 
i , ∀ i ∈ V (14)

ecause ϕ i, f is fixed, the FOSAA-a formulation is based on the

OSAA problem and considers the following constraints: 
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5.1.1.1. Link availability. We simplify the path availability to link

availability as L A 

i 
j,k 

≥ L A th , i.e., 

LA th − P cov , ( j,k ) � P QoS, ( j,k ) � P mac, ( j,k ) ≤ 0 , { j, k } εL i , i ∈ V, (15)

Successful medium access. This constraint is expressed using the

successful transmission probability ( P suc , ( j, k ) ), defined later in (17) :

P mac, ( j,k ) − 1 −
(
1 − P suc, ( j,k ) 

)MaxT rials ≤ 0 , (16)

{ j, k } εL i , i ∈ V , 

where MaxTrials is the maximum number of attempts to access

to the medium, as defined in the standard [31] . 

One medium access attempt. The successful transmission probabil-

ity must satisfy 

∏ 

pεI jk 

[ 

1 

1 + ρp 

(
1 − ρp 

T p 

)H p 
] ∏ 

pεB j 

(
1 − ρp 

T p 

)
− P suc, ( j,k ) ≤ 0 (17)

{ j, k } εL i , i ∈ V 

Channel capacity constraint. This constraint is related to the poten-

tial of intermediate nodes to relay the traffic. 

ψ i, j − b i � P mac, (i, j) � P QoS, (i, j) � DR ≤ 0 , ∀ (i, j) ∈ V (18)

Saturation limit. The active times of all vehicles exposed to vehicle

i must satisfy ∑ 

kεB i ∪ { i } 
b k − 1 ≤ 0 , ∀ i ∈ V (19)

Aggregation. 

ψ i, j −
∑ 

kεS j 

∑ 

f 

ϑ k, f � ϕ k, f ≤ 0 (20)

5.2. FOSAA-a convex transformation 

We first invoke a logarithmic change to the variables as fol-

lows: ρ′ 
i 
= log (ρi ) , b ′ 

i 
= log (b i ) , P ′ 

mac, ( j,k ) 
= log (P mac, ( j,k ) ) , ψ 

′ 
i, j 

=
log (ψ i, j ) . 

For the path availability constraint, because P cov , ( j, k ) and

P QoS , ( j, k ) are fixed for ( j, k ), P mac, ( j,k ) ≥ LA th 
P cov , ( j,k ) �P QoS, ( j,k ) � . This con-

straint becomes 

log 

(
LA th 

P cov , ( j,k ) � P QoS, ( j,k ) 

)
− P ′ mac, ( j,k ) ≤ 0 (21)

Moreover, let log (P suc, ( j,k ) ) = P ′ 
suc, ( j,k ) 

, and notice that log(1 −
(1 − exp(x )) m ) is a concave function. The Successful Medium Ac-

cess constraint becomes 

P ′ mac, ( j,k ) − log (1 − (1 − exp (P ′ suc, ( j,k ) )) 
MaxT rials ) ≤ 0 (22)

On the other hand, we approximate 

(
1 − ρp 

T p 

)H p 
and 

(
1 − ρp 

T p 

)
using their continuous form exp (− ρp H p 

T p 
) and exp (− ρp 

T p 
) . Thus, with

a log transformation, the One Medium Access Attempt constraint is

expressed as 

∑ 

pεI jk 

[
log (1 + exp (ρ ′ 

p )) + exp (ρ ′ 
p ) �

H p 

T p 

]
+ 

∑ 

pεB j 

exp (ρ ′ 
p ) 

T p 
(23)

−P ′ 
suc, ( j,k ) 

≤ 0 

Let C i, j = 

ψ i, j 

DR �P QoS, (i, j) 
. After the transformation, we obtain a con-

vex Channel Capacity constraint expressed as 

log (C i, j ) − b 
′ 
i − P ′ mac, (i, j) ≤ 0 (24)
k
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here b 
′ 
i 
= ρ

′ 
i 
− log (1 + exp (ρ

′ 
i 
)) . The saturation limit and the ag-

regation constraints become ∑ 

εB i ∪ { i } 
exp (b ′ k ) − 1 ≤ 0 (25)

xp (ψ 

′ 
i, j ) −

∑ 

kεS j 

∑ 

f 

ϑ k, f � ϕ k, f ≤ 0 (26)

Therefore, FOSAA-a is transformed into a convex programming

roblem. The goal is to maximize (14) under constraints (21), (22),

23), (24) , and (25) . As a result of this transformation, FOSAA-a

an be easily solved by optimization tools in Matlab. The solution

rovides active times of vehicular nodes relative to the offloaded

ows. 

. Benchmarking schemes 

.1. Greedy scheme 

With the Greedy offloading and active time assignment scheme,

oth the node active time computation and the selection of of-

oaded traffic flows are performed step by step in an iterative pro-

ess until reaching network capacity saturation. 

Let us define H 

k to be the set of nodes that are at k hops from

he RSU and A i to be the set of active nodes that are exposed to

ehicle i . For traffic flow selection, the Greedy approach is applied

y first checking the data flows of first-hop nodes ( ∈ H 

1 ). The ap-

roach selects in each iteration the flow whose downloader vehicle

s at one hop from the RSU and that satisfies the following channel

imit constraint: 
 

f 

ϑ i, f ≤ V 

I 
i,max , i ∈ H 

1 (27)

here 

 

I 
i,max = b i � P QoS, (0 ,i ) � DR I � LCD i 

f the flow does not satisfy the channel limit constraint, it will

ot be offloaded, and the iterative process is completed; otherwise,

ne-hop-flow checking is continued. For the node active time as-

ignment, we assume equity between neighboring active nodes by

etting b i = 

1 
| A i | . Notice that the priority of nodes at the same hop

ould be randomly set or be based on the position of the down-

oader vehicles. If all one-hop flows satisfy the channel limit con-

traint, the Greedy approach checks the two-hop flows. With the

wo-hop flows, two constraints must be satisfied to offload the

ow: 
 

 

 

 

 

∑ 

f 

ϑ i, f ≤ V 

V 
i,max 

, i ∈ H 

2 

∑ 

j∈ J g 

∑ 

f 

ϑ j, f ≤ V 

I 
g,max 

(28)

here g is the gateway of vehicle i to the RSU and J g is the set of

odes that have vehicle g as a gateway to the RSU and for which

ows have been selected to be offloaded. V V 
i,max 

evaluates the max-

mum capacity of the V2V channel when accessed by vehicle i and

s defined as follows: 

 

V 
i,max = b i � P QoS, (g,i ) � DR v 2 v � LCD (g,i ) 

or node active time assignment, we assume equity between

eighboring nodes, i.e., b i = 

1 
| A i | . We affect active times to vehicles

hat have already verified offloading constraints. b i must satisfy the

ollowing constraint: ∑ 

εB i ∪ { i } 
b k ≤ 1 (29)
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Fig. 3. Impact of data volume. 

Fig. 4. Greedy approach evaluation. 
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Fig. 5. Average PDR of flows routed through the VANET. 

Fig. 6. Average delay of flows routed through the VANET. 

Table 1 

Vehicular network simulation parameters. 

Parameters Values 

Vehicular mobility IDM_LC 

Acceleration ( a ) 0.3 ms −2 

Deceleration ( b ) 0.3 ms −2 

Min speed 11.2 ms −1 

Max speed 39.2 ms −1 

Road topology Grid 

Step for recalculating movement parameters 1 s 

No. lanes/road 2 

Topology # Symmetric topology Non-symmetric topology 

1 3 5 6 2 4 7 8 

No. nodes 18 42 9 21 13 26 18 24 

No. gateways 6 6 3 3 3 6 3 3 

Max hops 2 3 2 3 3 3 4 5 

No. children {2} {2} {2} {2} {0, 1, 2, 3} 

h  

s  

t  

t

w  

d  

a  

m

[  

w  

t  

i  

a  



  

 

t  

i

The two-hop flows that do not satisfy theses constraints will

ot be offloaded, and the iterative process is completed. If all two-

op flows satisfy the constraints, the Greedy approach checks the

hree-, four-, ..., k -hop flows with the same approach as the one-

nd two-hop flows, where k is the highest number of hops from

he RSU to vehicles in the VANET topology. 

With the Greedy approach, the offloading decision and active

ime assignment stopping criteria are reached when at least one

f the three constraints (27), (28) and (29) is not satisfied. 

.2. Neighboring-Aware Greedy scheme 

We define a Neighboring-Aware Greedy (Nei-A) scheme, which

epresents an approximation of the FOSAA scheme. Nei-A is based

n a Greedy scheme formulation with b i being set as defined by

he [ b i ] FOSAA formula. The node active time assignments play an

mportant role in optimizing the offloading capacity of the vehic-

lar nodes because they affect the amount of data that can be

etrieved and relayed through the nodes. To this end, defining a

euristic for the FOSAA scheme by approximating b i assignments

f FOSAA represents an interesting approach. 

Based on data collected from several simulation scenarios and

epicted later in Figs. 8 (a) and 7 , we determine that, with the

OSAA scheme, b i assignments could be approximated using the

unction defined in (30) . [ b i ] FOSAA is formulated based on detection

nd estimation theory. Moreover, according to Fig. 8 (a), b i presents

 multiple-regression shape related to the number of neighbors

nd sons. Sons of vehicle i are the set of vehicular nodes that have

ehicle i as relay (defined by the set S i ). Thus, based on these ob-

ervations, we collect a set of observations of b i related to FOSAA

ssignment for different and heterogeneous simulation scenarios;

ee Table 1 . Then, we inject this set of observation data, i.e., b i ,

nto a regression function (defined in a Matlab tool) to determine

he regression coefficient related to the two parameters, i.e., the

umber of neighbors and the number of sons, to predict the be-
Please cite this article as: G.e.m. Zhioua et al., A joint active time and
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avior of b i . Moreover, through simulations and approximation re-

ult analysis, we believed and found out later that, in addition to

he number of neighbors and sons, b i is also closely dependent on

he vehicular environment specificity. This is why the parameter 

as added.  characterizes the VANET topology, which is highly

istinguished by the number of vehicular nodes and the max hops,

s specified in Table 1 . Therefore, we determine that b i assign-

ents of the FOSAA scheme can be approximated as follows: 

 

b i ] F OSAA = min (1 , −0 . 0895 | B i | − 0 . 0118 | A i | + ) (30)

here | B i | is the number of active neighbor nodes to node i , | A i | is

he number of sons of node i , and  is a dynamic parameter that

s determined by the vehicular environment and that is generic for

daptation to the simulation scenario. Similarly, we found out that

can be approximated using the following relation: 

= 0 . 0642 | N bN de | − 0 . 1165 | NbHop| (31)

To prove the validity of this approximation, we perform simula-

ions and comparisons with FOSAA and Greedy schemes presented

n Figs. 8, 9 and 10 . 
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Fig. 7. Active times ( b i ) assignments after successive iterations of FOSAA-a. 

Fig. 8. Node active time ( b i ) assignments and dependencies. 
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6.3. Contention-Aware Greedy scheme 

The goal of the Contention-Aware Greedy (Cont-A) offloading

and active time assignment scheme is to select the flows that will
 k

Please cite this article as: G.e.m. Zhioua et al., A joint active time and
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ave the minimum bottleneck impact on the VANET capacity. The

ont-A scheme chooses to offload the gateway and its sons having

he minimum channel occupation requirement by evaluating the

aximum ratio of the volume through I2V links to able to han-

le the capacity of all its sons’ V2V links. More precisely, Cont-A

hooses the set of nodes to offload such that 

in 

i ∈ H 1 
{ M i } 

here 

 i = max 
j∈ S i 

{
m j 

}
here 

 j = 

∑ 

k ∈ S j 

∑ 

f 

ϑ k, f 

V j,max 

nd 

 j,max = b g � P QoS, (g,i ) � DR v 2 v � LCD (g,i ) 

For the node active time assignment, we assume equity be-

ween neighboring nodes, were b i = 

1 
| B i | . The set of B i only includes

odes that are involved in traffic offloading in the current step. b i 
ust satisfy the channel saturation constraint defined by ∑ 

b k ≤ 1 (32)
εB i ∪ { i } 
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Table 2 

IEEE 802.11p simulation parameters. 

Parameters Values 

Physical/Mac protocols IEEE 802.11p 

Preamble length 144 bits 

PLCP header length 48 bits 

Beacon interval 100 ms 

CW min/max 15 / 1023 

Interface queue type DropTail/PriQueue 

Interface queue length 50 packets 

V2V transmission range R = 300 m 

Vehicular mobility generator VanetMobiSim 

CBR data rate 0.3 Mb/s 

Packet size 500 bytes 

Flow priority (AC) 2 
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. Performance evaluation 

In this section, we evaluate the effectiveness of the FOSAA

cheme to determine the capacity of a vehicular network to

upport additional traffic originating from the cellular infrastruc-

ure. We compare the FOSAA scheme to the Greedy and Cont-A

chemes. Very few works have studied the potential of using ve-

icular nodes for offloading LTE base stations. The originality of

his paper is that it goes beyond existing works by including sev-

ral additional major parameters such as channel contention, in-

erference from hidden nodes, V2V link quality and availability,

eterogeneous content size and node active times. These param-

ters are inherent in ad-hoc-based networks. Moreover, based on

he FOSAA evaluation results, we have deduced a heuristic for the

OSAA scheme, called here the Nei-A scheme, and proved its va-

idity through simulations. 

.1. Vehicular mobility generator (mobility model) 

Compared to mobile ad hoc networks, vehicular mobility’s spe-

ial characteristics include acceleration and deceleration in the

resence of other traffic, queuing at intersections, traffic conges-

ion, and bursts caused by traffic lights. Thus, we need to em-

loy realistic mobility models that reflect as closely as possible the

haracteristic behavior of the vehicular nodes moving through the

oads. The VanetMobiSim tool [32] is used for vehicular mobility

eneration in these simulations. We based our car-following model

n Intelligent Driver Model-Lane Changing (IDM-LC) with collision

voidance. The basic idea of IDM is that there is a safe following

istance between vehicles. No two vehicles in the same lane can

e within the safe distance of each other. The LC provides the pos-

ibility for a vehicle to change lane and overtake another vehicle

ased on the MOBIL overtaking model, which allows a vehicle to

hange lanes if this change minimizes the overall nodes’ braking.

DM-LC parameters are listed in Table 1 . Once vehicular mobil-

ty is generated, the trace is fed to the network simulator (here,

S2). Snapshots of the VANET topology (node positions and veloc-

ties) are then performed periodically and fed to the optimization

roblem resolution tool (here, Matlab). As detailed in Section 5 ,

OSAA resolution has been performed based on a convex prob-

em transformation. The Greedy and Cont-A schemes are easily
Please cite this article as: G.e.m. Zhioua et al., A joint active time and
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irectly solved with Matlab. The FOSAA, Greedy and Cont-A

chemes select the data flows that could be retrieved through the

ehicular network. Then, these data flows are injected into the net-

ork simulator, and the network performances are evaluated. Net-

ork performance simulations are performed using the Network

imulator NS2.33 [33] . We implement an IEEE 802.11p package in

ur testbed to enable VANET communications among high-speed

ehicular nodes. The Table 2 presents the VANET simulation pa-

ameters, inspired from [34] . 

The performances evaluation is based on using scenarios pre-

enting different vehicle topologies, whereby each scenario is char-

cterized by its number of vehicular nodes and the maximum

umber of hops to the infrastructure; see Table 1 . These scenar-

os represent different snapshots of the vehicular node movements,

herein offering heterogeneous topology features based on a vari-

ble number of vehicular nodes ([1-42] nodes) and number of hops

rom the RSU to the downloader vehicle ([1-5] hops) for evaluat-

ng the impact of vehicle density and the number of hops on the

ffloading fraction. The simulation time of the scenarios is 300 s,

ith a step of 1 s for each recalculation of the vehicles’ movement

arameters. We limit the maximum radio range of any vehicular

ode to 300 m to enable the establishment of reliable communi-

ation. Moreover, it is clear that the overhead induced by VANET

outing protocol is not an issue because we use a dedicated SCH
 flow selection model for cellular content retrieval through ITS, 
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Table 3 

Data traffic simulation parameters. 

Traffic assignment 

Distribution Uniform 

Number of flows [1-5] 

Flow size [0.1-20] Mbytes 

QoS class Best Effort 

Parameters 

H p 27 · T s 
T s / T SIFS / T ACK / T DIFS 9/10/30/28 μs 

R I / R v 2 v 10 0 0/30 0 m 

LA th 0.001 

MaxTrials 2 
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channel for data transmission. For the cellular network, we assume

that full cellular coverage of the area is available. 

7.2. Traffic demand generator (traffic model) 

We formulate the FOSAA optimization problem with the goal of

maximizing the set of data flows (1) that are retrieved through the

vehicular nodes under several constraints. The downloader vehicle

can always perform its download through the cellular infrastruc-

ture if it cannot retrieve its requested content through the ITS. 

It is shown in [4] that most mobile data traffic is data and video

streaming traffic. Thus, we made an assumption that all data flows

under consideration are mapped to the best effort access category.

The remaining traffic is sent through the cellular network. 

In previous evaluations in [35] , we studied the impact of traffic

flow distributions on the offloading fraction. The traffic flow distri-

bution represents the number of flows that each vehicle requests

from the infrastructure. Three distributions have been considered:

uniform, Gaussian and exponential. With a uniform distribution,

the number of requested flows of each downloader vehicle is in the

range [1–5]. The Gaussian distribution presents a standard devia-

tion of σ = 1 and a mean of μ = 2 . The exponential distribution

is characterized by μ = 2 . Simulations have shown that traffic flow

distributions do not affect the offloading fraction [35] ; thus, in this

work, we consider a uniform distribution as specified in Table 3 .

On the other hand, two flow volume distributions are studied: ho-

mogeneous and heterogeneous. In the homogeneous case, all flows

for all downloader vehicles have the same size. In the heteroge-

neous case, the flow size follows a uniform distribution in the in-

terval [1-20] Mbytes; see Table 3 . 

7.3. Simulation results 

In this section, we present the simulation results of the eval-

uation of the evolution and improvement of the offloading frac-

tion and the node active times ( b i ) from the first iteration of the

FOSAA scheme until convergence and its dependencies. We com-

pare the FOSAA approach to the Greedy and Cont-A-based Greedy

approaches and evaluate the impact of the data traffic volume, the

vehicle density and the number of hops on the offloading frac-

tion. The configuration of the network, such as the set of flows

to be offloaded and the node active time, is computed by Matlab

for each scheme. Then, the configuration is injected into NS2. We

find that it it takes at most only a few seconds for the FOSSA res-

olution scheme to obtain the results in Matlab, even when there is

a large number of vehicles (the settings of the simulation scenario

are shown in Table 1 ). For the FOSAA numerical evaluation, we as-

sume that I2V and V2V communications are based on IEEE 802.11

standards and occur on two different bands. 

To evaluate the impact of data volume on the offloading frac-

tion of the FOSAA scheme, we injected different data flow volumes

for the same given network topology. We collected results of each
Please cite this article as: G.e.m. Zhioua et al., A joint active time and
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er-downloader flow volume. We then varied the network topolo-

ies and averaged the results. Moreover, the mobility of the nodes

nd changes in the topology are treated in the simulation for the

urpose of evaluating the impact of the network topology on the

OSAA performances. Snapshots of the VANET network are per-

ormed periodically; one snapshot is performed after sending all

he data traffics through the I2V link. The topology, vehicles’ posi-

ions and velocity and V2V links change in each snapshot. 

In Fig. 3 , we plot the impact of increased flow volumes on

he offloading fraction of the first (i.e., FOSAA-1) and last iteration

f the FOSAA approach for scenario#2. We notice an average im-

rovement of 5% of the offloading fraction from the first iteration,

.e., FOSAA-1, until the last iteration, i.e., FOSAA, due to the opti-

al b i that are set to the vehicular nodes, c.f. Fig. 7 . Moreover, it is

lear that, for FOSAA and FOSAA-1, the traffic offloading percent-

ge decreases when increasing the flow volume because a higher

ata volume requires a higher channel capacity, and because the

hannel capacity is limited, the V2V channel would only support

 smaller portion of the traffic with increasing content volume. Fi-

ally, FOSAA offloads 97.79% of the data flows of low data volumes,

hich represents all 1- and 2-hop flows and a fraction of 3-hop

ows. 

In Fig. 4 , we present the performances of the Greedy approach

ith increasing per-flow data volume and compare two Greedy of-

oading strategies: a random priority assignment and a position-

ased priority assignment. With the random priority assignment,

he Greedy scheme first checks the data flows of the first hop

odes by randomly selecting one-hop nodes. Under the position-

ased priority assignment, the Greedy scheme first checks the first

ode, then the second, then the third, ... etc, moving in the same

irection. We can see from Fig. 4 that the Greedy offloading frac-

ion is clearly independent of the priority of nodes at the same

op. In the remaining simulations, we use the position-based pri-

rity assignment for the Greedy approach. 

In Fig. 5 , we plot the packet delivery ratio (PDR) of offloaded

ows at 1-2-3-4-5 hops from the RSU. It is clear that, under the

OSAA approach, 4- and 5-hop flows are not offloaded, which is

hy the PDR is zero in such cases. The 4- and 5-hop flows are of-

oaded under the Greedy and Cont-A approaches because these

chemes select the flows based on the gateway capacity rather

han the nodes’ position. FOSAA presents the highest PDR. In gen-

ral, PDR decreases when the number of hops increases. Notice

hat, here, PDR is defined as the percentage of flows allocated,

hich is different from the end-to-end hop packet successful prob-

bility. Because the packet is allowed to retransmit multiple times

7 times according to the default DCF setting) before success, the

acket loss probability after all retries is quite small. For example,

ven when there is a high packet loss probability (50%), the packet

oss probability after 7 retries is 0 . 5 7 = 0 . 0078125 , which is negli-

ible. Therefore, in practice, we can assume that all allocated flows

an be totally disseminated to corresponding vehicles. 

Fig. 6 predicts the average delay of offloaded traffic at 1-2-3-4-5

ops from the RSU. Under FOSAA, the 4- and 5-hop flows are not

ffloaded, leading to an average delay of zero. The 4- and 5-hop

ows are offloaded with and Greedy and Cont-A approaches. Ob-

iously, the delay increases as the number of hops increases, and

he FOSAA scheme presents the smallest delay. 

Fig. 7 depicts the variations and convergence of the node ac-

ive times ( b i , ∀ i ∈ V ) for 5-hop scenarios after performing suc-

essive iterations of FOSAA. In the first iteration, equity among

odes is assumed, and thus, FOSAA- ϕ-1 generates an output that

epresents the lowest offloading bound. In the second iteration of

OSAA, FOSAA-a sets the b i while satisfying the channel capac-

ty saturation limit and time sharing between exposed nodes. The

ffloading fraction is improved but could be further improved in

he next iterations. In the third and fourth iterations, the b i , ∀ i
 flow selection model for cellular content retrieval through ITS, 
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 V values converge, and the upper bound of offloading fraction

s reached. In these scenarios, a maximum of four iterations are

equired for FOSAA to converge and for FOSAA-a to set the ade-

uate active times ( b i ) offering the highest offloading fraction. We

lso notice that intermediate nodes present low active times and

hat border nodes (at 1 and 5 hops) present higher b i . More pre-

isely, we believe that b i depends mostly on the number of ex-

osed nodes (neighbor nodes) and son nodes. This predication is

roved in Fig. 8 , where we plot the b i settings while consider-

ng the number of sons, neighbor nodes, hidden nodes and other

odes. 

In Fig. 8 (a), we evaluate the node active time dependencies and

ettings according to the surrounding neighbors, sons and hidden

odes. We notice that b i increases when the numbers of neighbor-

ng nodes and hidden nodes decrease. b i is small for a large num-

er of active neighboring nodes and for two-hop nodes. Moreover,

e notice that the number of neighbor nodes and son nodes most

trongly affects b i . Thus, and based also on Fig. 7 , we deduce that

ntermediate nodes, which are characterized as presenting a large

umber of neighbors, will suffer from low active times. However,

order nodes, especially one-hop nodes, obtain large b i because

hey will play the role of gateways to the infrastructure for all their

on nodes. In addition, under the FOSAA scheme, b i assignments

ould be approximated using (30) and (31) , which depends on the

umber of active neighbor nodes, the number of son nodes, and a

ynamic parameter related to the vehicular node topology. More-

ver, according to Fig. 8 (a), b i presents multiple-regression shape

elated to the number of neighbor and son nodes. Thus, based on

hese observations and on the predictor variable b i , a Matlab re-

ression function determined the regression coefficient related to

ach parameter. [ b i ] FOSAA is formulated based on detection and es-

imation theory. To prove the validity of Nei-A, we perform the

imulations and comparisons presented in Figs. 8, 9 and 10 . 

In Fig. 8 (b) and (c) , we plot the variations in b i for the FOSAA,

reedy and Nei-A schemes for increasing number of neighboring

nd son nodes. In Fig. 9 , we plot the b i assignments of some nodes

or the FOSAA, Greedy and Nei-A schemes. It is clear from these

gures that, with the FOSAA and Nei-A schemes, the b i values

verlap when the number of neighbor and sons nodes increased

nd for different node ids. The Greedy scheme presents heteroge-

eous values. To go further extend the Nei-A and FOSAA analysis,

e also evaluate the corresponding offloading fractions. 

In Fig. 10 , we present the impact of data volume on the offload-

ng fraction for the FOSAA, Greedy, Nei-A, and Cont-A schemes. The

resented results are the average of all simulation scenarios pre-

ented in Table 1 . It is clear that the offloading fraction decreases

hen the flow volume increases because a higher capacity is re-

uired to support more data offloading. Thus, a channel capacity

onstraint is mandatory in FOSAA model because it will indicate

hether the channel can support additional traffic. Moreover, the

OSAA and Nei-A schemes present similar offloading fractions even

or high data flow volumes. The Greedy scheme presents an ap-

roximately 5% higher offloading fraction compared to FOSAA for

ata flow volume < 15 Mbytes and decreases considerably by ap-

roximately 25% compared to FOSAA for data flow volume > 15

bytes. We deduce that Nei-A presents a mix of the features from

he FOSSA and Greedy schemes because it can operate in both

ight load ( < 15 Mbytes) and high load cases. The Cont-A scheme

resents the lowest offloading fraction, i.e., only 20% of data flows

re offloaded. As a conclusion, Fig. 10 clearly confirms that Nei-A

ould approximate the FOSAA scheme and could be its heuristic

odel . 

In Fig. 11 , we predict the impact of the number of hops on

he offloading fraction for the FOSAA-1, FOSAA-2, FOSAA, Greedy

nd Cont-A schemes. For data traffic demand, one data flow of 0.5

bytes is requested for each vehicular node. According to Fig. 10 ,
Please cite this article as: G.e.m. Zhioua et al., A joint active time and
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ith these 0.5 Mbyte flows, the Greedy and FOSAA schemes

resent similar performances. The offloading fraction is improved

rom FOSAA-1 to FOSAA-2 and converges to that of FOSAA. The

raction decreases considerably when the number of hops in-

reases, especially to more than 3 hops. We notice that, for 4-

nd 5 hop-flows, the offloading fraction with the Greedy scheme is

igher than that of FOSAA because a fraction of 4- and 5-hop flows

re offloaded under the Greedy scheme. With the Cont-A scheme,

 maximum of 30% of the traffic could be offloaded. 

Therefore, based on Figs. 10 and 11 , we can deduce that, for the

ight data traffic case, with a data flow volume < 15 Mbytes, and

ith 2- and 3-hop VANET topologies, the FOSAA, Greedy and Nei-

 schemes present similar offloading fractions. For the high data

raffic case, with a data flow volume > 15 Mbytes, the FOSAA and

ei-A schemes continue to obtain equivalent performances, therein

resenting a greater than 50% offloading fraction. However, the

reedy and Cont-A schemes could not handle the high data traf-

c and suffer a decrease of greater than 25%. These results follow

rom the fact that the FOSAA and Nei-A schemes optimize the node

ctive time assignments according to the surrounding environment

numbers of neighbor, son, and hidden nodes). As a conclusion, de-

pite FOSAA presenting sensibly higher offloading fractions com-

ared to Nei-A, the Nei-A scheme is most suitable beause it can

e adopted for both light and heavy load cases and presents lower

omputational complexity than does FOSSA. 

. Conclusions 

In this work, we presented FOSAA, an analytical model that de-

ermines the potential of using vehicular nodes for cellular traf-

c offloading. We studied joint data flow selection and contention

esolution in a hybrid VANET and cellular infrastructure system,

here the objective is to maximize the set of data flows offloaded

hrough the vehicular nodes. The evaluation results show that

OSAA prioritizes the offloading of 1- and 2-hop flows and that the

dequate node time activity assignment ensures a higher offload-

ng fraction. FOSAA also obtains a higher offloading fraction com-

ared to the Greedy and Cont-A approaches and converges after a

aximum of 4 iterations. We concluded that the node active times

re closely related to the number of active neighbor and son nodes

nd to the vehicular environment. The Nei-A scheme was proposed

o approximate the FOSAA scheme. The simulations results show
 flow selection model for cellular content retrieval through ITS, 
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that the FOSAA and Nei-A schemes present similar performances

and that they are adaptable to both light and heavy load cases. 
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