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a b s t r a c t 

The recent development of the Vehicular Ad-hoc Networks (VANETs) has motivated an in- 

creasing interest in in-vehicle consumption, and hence, the Popular Content Distribution 

(PCD) has become a heated issue. Compared with PCD solutions based on the widely-used 

cellular networks and Dedicated Short Range Communications (DSRC), solutions based on 

Collaborative Downloading (CD) are more economical and efficient. Due to the limited 

bandwidth, the On-Board Units (OBUs) passing through a Road Side Unit (RSU) can only 

download a portion of the popular content. To get over that drawback and to effect a col- 

laborative downloading, a P2P network should be constructed among the OBUs which fall 

out of the RSUs coverage. In this paper, we address the efficient collaborative downloading 

scheme (ECDS) for PCD in urban traffic scenarios. To adapt to the rapid-changing charac- 

teristics of the VANET topology, a new cell-based clustering scheme is proposed, which 

greatly simplifies the modeling. Besides a strategy of inter-cluster Relay Selection is pro- 

posed to construct a pear-to-pear (P2P) network of scale-free property, which will help en- 

hancing the information spread. Furthermore, another inter-cluster strategy of generation 

selection is to be collaborated to accelerate the dissemination process in the P2P network. 

The comparison experiments to two up-to-date collaborative PCD protocols demonstrate 

the high performance of the proposed scheme, i.e. ECDS. 

© 2016 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
1. Introduction 

Vehicular Adhoc NETworks (VANETs), which provide 

high-rate data communication between the On-Board Units 

(OBUs) and Road Side Units (RSUs), are among the most 

successful industrial applications of the Internet of Things 

(IoT) [1] . RSUs are deployed along the roads so that 

OBUs may request any internet-based service (e.g. multi- 
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media, TV shows, games, real-time traffic concerns, etc.). 

Recent development and standardization in VANETs have 

aroused commercial interest in in-vehicle consumptions, 

e.g. entertainment-on-the-wheel [2] . The service-oriented 

vehicular networks have attracted a great deal of invest- 

ment in both the development of in-vehicle devices and 

large-scale deployment of wireless infrastructures [3,4] . 

Today, wireless entertainment devices, e.g. mobile TVs, 

intelligence terminals, etc., are commonly equipped by ve- 

hicles. Service providers can publish popular multimedia 

contents through the RSUs to the OBUs in the Area of In- 

terest (AoI), a process which is known as popular content 

distribution (PCD) [5,6] . The “popular contents” range from 

newly released movies, popular music, infotainments to 
article under the CC BY-NC-ND license 
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Fig. 1. Two phases of collaborative downloading. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

local digital maps, and real-time traffic information, which

are usually large files [7] . In the usual content downloading

service, different OBUs download different files. However,

in PCD, most of the OBUs in the AoI request the same con-

tent. Efficient downloading of popular content to drivers

and passengers will be a critical marketing strategy for in-

formation service providers [8] . 

Existing solutions for PCD can be classified into two

types: solutions based on cellular networks (GPRS, 3 G,

4 G, etc.) , and those based on DSRC [9,10] . The cellular

network-based solutions have drawbacks in the high com-

munication cost. Moreover, when the number of OBUs is

large, the bandwidth is still limited. The DSRC based solu-

tions suffer from the high cost of deploying a large num-

ber of hotspots at roadsides, providing the ubiquitous cov-

erage envisaged with DSRC. In addition, communications

between the vehicles and the hotspots may be frequently

interrupted due to the high speed of the vehicles. 

Collaborative downloading is a data dissemination

method which allows the distribution of information

among cooperative vehicles, and many researches [5–

7,11,12] have indicated that collaborative PCD schemes can

achieve lower downloading delay. In collaborative PCD, the

content is divided into several generations (blocks) with

equal size. As shown in Fig. 1 , when the OBUs are within

the coverage of the RSUs, they receive different genera-

tions, and this phase is known as the R2V phase ; when the

OBUs are out of the coverage of the RSUs, they form the

VANET and exchange the generations, the phase known as

the V2V phase . Those two phases alternate to complete the

PCD. 

Collaborative downloading on the Internet has been

extensively studied, and several protocols (e.g. BitTorrent

[13] , eDonkey20 0 0 [14] , etc.) have been widely used and

achieved strong performance. Due to the high speed of ve-

hicles and the difficulty of predicting the vehicles’ trajec-

tories in urban scenarios, the direct application of the CD

protocols of the application layer for the Internet to ve-

hicular networks performs much worse. For example, for

only 20 OBUs, the SPAWN protocol [15] , a protocol similar

to BitTorrent, takes almost 3 min to download a file only

1.6MB in size. 

Rapid change and unpredictable topology are among

the main characteristics of the VANETs, and this creates

challenges for modeling urban vehicular networks [16] . In-

deed, if treating the OBUs as nodes, the positions of the
nodes are changing. Referring the idea of cellular division

from the Cell Transmission Model (CTM) [17] and position-

based routing strategies [18–20] , each lane can be divided

into successive homogeneous cells with the same size, and

the OBUs in the same cell form a cluster. Therefore, the

OBUs’ movement on the road can be transformed to the

action of leaving the old cell and joining the new cell.

By treating the cells as nodes, the positions of the nodes

remain unchanged, which greatly simplifies the modeling

of the VANETs. IEEE 802.11p supports up to six service

channels. Due to the recent researches and standardization

(e.g. IEEE 1609.4) regarding dual ratio multichannel opera-

tion [21] , intra-cluster generation dis-semination and inter-

cluster generation exchange can be performed simultane-

ously, by using different ratios. 

The relay selection and generation selection are two

core issues that should be considered in a collaborative

PCD scheme. Due to the limited number of channels, only

a small number of the transmissions between the OBUs

can be carried out simultaneously, otherwise severe packet

collisions may be caused. Relay selection is the strategy to

determine the priority of nodes, as only the nodes of high

priority can access the channels and broadcast their gener-

ations. Due to the limited bandwidth, each node can only

broadcast a small number of generations at each time step

when accessing the channels. Generation selection is the

strategy used to determine which generations one node

should broadcast. 

For the relay selection, the basic idea in our scheme

ECDS is to make the high density and high download-

ing rate cells be of high probability to obtain the miss-

ing generations. As a result, the generations may be ac-

cumulated to some of the high density cells quickly, then

be distributed by these cells to the surrounding cells. The

basic idea under our scheme is not derived from expe-

rience alone, and the transmission process analysis from

the complex network theory provides the theoretical sup-

port. The “high density first” principle ensures that the

high density cells are of high degree, and the “high down-

loading rate first” principle ensures that the cells prefer to

choose the cells of high degree as relays, thus leading to

the Matthew Effect [22] . With these two principles, there

are only a small number of cells of high degree, which

we refer to as core cells. The majority of cells of low de-

gree can connect to the core cells within a few hops, and

this topology structure is similar to the BA scale-free net-

work [23] . Pastor-Satorras and Vespignani [24] researched

the epidemic spread process in different topologies, and

discovered that the virus spread most quickly in scale-free

networks. Recent researches [36,37] theoretically confirms

their finding. PCD in VANETs is similar to the virus spread,

and this is the chief reason ECDS is effective. 

For the generation selection, the node accessing the

channel first broadcasts the generation which the neigh-

boring cells of the highest density and at high download-

ing rate require for, breaking the tie by broadcasting the

generation which the most neighboring nodes require for. 

Our contribution: In this paper, we address the V2V

phase of collaborative PCD, and propose the ECDF, an effi-

cient collaborate downloading scheme for popular content

distribution in urban vehicular networks. 
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1. The cell-based clustering strategy is proposed. Each 

lane can be divided into successive homogeneous 

cells of equal size, and the OBUs in the same cell 

form a cluster. By treating the cells as nodes, the po- 

sitions of the nodes are not changing, which greatly 

simplifies the modeling of the VANETs. 

2. A topology pre-creation and update scheme is pro- 

posed, based on the cellular clustering. By introduc- 

ing the cell density and degree into the preferen- 

tial attachment probability, a topology of scale free 

property is built, which is beneficial for data dissem- 

ination. 

3. A new inter-cluster relay selection strategy and gen- 

eration selection strategy for the pre-created topol- 

ogy are proposed. By introducing the principles of 

“high cell density first” and “high downloading rate 

first”, the generations are first accumulated to a 

small number of core cells, then distributed to a ma- 

jority of low-degree cells within a few hops, which 

accelerates the PCD process. 

4. Simulations in multiple scenarios are performed in 

this paper. By comparing the ECDS to two up-to- 

date collaborative PCD protocols in two recognized 

metrics, i.e. average downloading percentage [15] and 

overall finish time [25] , we declare that the ECDS per- 

forms well in urban scenarios. 

The remainder of the paper is organized as follows: In 

Section 2 , we give a brief review of the recent researches 

on the content distribution schemes in VANETs, both for 

the V2V phase and R2V phase; in Section 3 , the system 

model of ECDS is introduced; in Section 4 , the simulation 

results of ECDS are given, comparing to two up-to-date col- 

laborative PCD schemes; finally, in Section 5 we summarize 

ECDS and draw the conclusions of the study. 

2. Related works 

Research regarding the collaborative popular content 

distribution originates from Alok Nandan et al., who pro- 

posed the SPAWN protocol [15] , in which a relay selection 

strategy known as “Rarest-Closest First ” was proposed. One 

OBU first requests blocks from its nearest OBUs, breaking 

tie by selecting the OBUs possessing the rarest blocks. The 

drawback is that SPAWN uses TCP/IP as the underlying pro- 

tocol and may cause high overhead. Ahmed and Kanhere 

first introduced network coding into a collaborative PCD 

scheme, and proposed VANETCODE [25] . In the R2V phase, 

the RSUs generate different coefficients for different OBUs, 

and send each OBU a single encoded block using liner 

coding, along with the coefficients. In the V2V phase, the 

OBUs exchange their encoded block and the coefficients, 

which are usually smaller than the original content and 

do not require generation selection. However, the number 

of the decoders required for decoding may be very large 

when downloading large contents, which may slow down 

the downloading process. Moreover, the computation 

of the decoding process is quite costly. Wu et al. [26] 

proposed a network coding and fuzzy logic based sender- 

oriented CD protocol, in which the relay selection strategy 

of their protocol is determined by the inter-vehicle dis- 

tance, vehicle movement and signal strength; a simple 
retransmission method was used to deal with the inter- 

ruption caused by the dynamic VANET topology. Li et al. 

[6] introduced the SLNC ( Symbol Level Network Coding ) 

into their collaborative PCD scheme, aiming at the lossy 

wireless links. They also proposed a new relay selection 

strategy based on “node utility ”, but the analytical explana- 

tion regarding why their strategy is effective is not given. 

Liu and Chen [27] researched a special case of the col- 

laborative PCD. They assumed that some vehicles park at 

the roadsides, and these stopped vehicles can be used as 

relays. Concretely, the stopped vehicles can be treated as 

a strip-like cluster, thus the communication between the 

moving vehicles and the parked vehicles can be abstracted 

as communications between the moving points and the 

static line. Their research provides us with inspiration for 

treating the cluster as nodes. More recently, Wang et al. 

[7] proposed a coalition formation game based solution 

for collaborative PCD. For every K time slot, the network is 

divided into several sub-networks. For each sub-network, 

the relay selection is determined by the Nash equilibrium 

of the coalition formation game, and the generation selec- 

tion is based on a proposed greedy strategy. However, the 

performance of their protocol becomes worse when the 

content size is large. 

Many works focus on the R2V phase of the collabora- 

tive PCD, all of which assume a perfect V2V content ex- 

change. Panwai and Dai [1] further studied the R2V phase 

in VANETCODE, and proposed the feedback-based mecha- 

nism. They also performed an analytical derivation in the 

case of two vehicles. Trullols- Cruces et al. [16] focus their 

work on the R2V phase, using the vehicles’ position predic- 

tion, which is based on the trajectory mining, to create the 

“contact map” in the future. With the help of the predicted 

contact map, the selection of the carrier and scheduling of 

the data chunks strategies can be effective. The drawback 

is that their methods are limited by the accuracy of posi- 

tion prediction, which is difficult to guarantee. Zhu et al. 

[11] proposed a feedback-based scheme for the R2V phase 

in collaborative downloading, and network coding is also 

used in their protocol. For additional state-of-the-art tech- 

nologies and protocols for content distribution in VANETs, 

refer to Gerla’s survey [28] . 

Only a small number of works introduce complex 

network theories to the VANET topology control. The 

chief reason for this is that it is a challenge to build a 

model of the rapid changing topology of VANETs on the 

basis of evolution models. Schleich et al. [29] proposed a 

method to build the VANET topology with the concept of 

small world networks, and used the NSGAII algorithm to 

minimize the APL ( Average Path Length ) and maximize the 

CC ( Clustering Coefficient ). Their method cannot guarantee 

that the topology is of small world property at each time 

step. Moreover, their method does not perform well when 

the speeds of the vehicles are high. Banerjee et al. [30] 

proposed a method to build the ad-hoc network with 

small world property, in which “short-cuts ” are created 

by using directional antennas stems, but the mobility of 

the nodes is not considered in their method. None of 

those methods are designed for collaborative download- 

ing, which renders them unsuitable for PCD in urban 

VANETs. 
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Fig. 2. Cell-based cluster division. 
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3. System model 

In this section, we first introduce the cell-based cluster-

ing scheme; then we introduce the intra-cluster generation

distribution process and inter-cluster generation exchange

process, with the analytical derivation on the degree dis-

tribution of the topology and a differential equation mod-

eling of the generations exchange process. 

3.1. Overview: the ECDS scheme 

We generally describe the proposed collaborative PCD

scheme for urban VANETs as follows: each vehicle is

equipped with an OBU including two wireless transceivers

(dual radios) operating on multiple channels. With the

cell-based clustering scheme, the OBUs join in different

clusters depending on their geographical positions. At ev-

ery T time step, the topology pre-creation (periodical up-

date) shall be carried out. At each time step, the OBUs

in each cluster compete for the intra-cluster channel ac-

cording to the utility value; when one OBU accesses the

channel, it broadcasts the generation selected by the intra-

cluster generation selection strategy. The CH of each clus-

ter competes for the inter-cluster channels according to the

cell priority, and when it accesses the channel, it broad-

casts the generation determined by the inter-cluster gen-

eration selection strategy. Utilizing multi-interface multi-

channel technology [21] , these two processes can be per-

formed simultaneously to decrease the delay. 

3.2. Cell-based clustering scheme 

As shown in Fig. 2 , each lane is divided into continuous

homogeneous cells with equal length l , and the crossings

are treated as independent cells. The OBUs in the same cell

form a cluster. Assuming that the vehicles are equipped

with GPS devices, this operation is easy to realize. 

There are three advantages to treating the cells as

nodes. First, the vehicles in the same cell are located quite

close to each other in the same lane. Referring to the re-

searches of the car-following model [1] , these vehicles usu-

ally have similar movement patterns. As a result, the con-

nections between the vehicles in the same cluster may be

interrupted less frequently. Second, based on cellular divi-

sion, the cell density can be defined and used to estimate

the density of some area, which facilitates the relay and

generation section. Third, rather than treating the OBUs as
nodes, treating the cells as nodes can eliminate the chang-

ing of the nodes’ positions. The vehicles’ moving changes

to the action of leaving the old cluster and joining the new

one, but the positions of the clusters remain unchanged. 

The density of cell c in a short time interval is de-

fined as the average number of OBUs that stay on cell c ,

signed as ρ( c ). Each cluster elects a CH (cluster head), and

it is reasonable to select the vehicle of the lowest speed

or which will stay in the cell for the longest time to be

the cluster head [31] . CHs are responsible for calculating

the cell density, organizing the distribution of intra-cluster

generations, and coordinating the inter-cluster generation

exchange. In addition, as cell density cannot be suddenly

changed in urban scenarios, we can build the topology

in advance with the inter-cluster relay selection strat-

egy, and update it periodically. In this manner, redundant

wireless links are erased, thereby reducing communication

overhead. 

3.3. Intra-cluster generation distribution 

Assuming the file F is divided into L generations G 1 , G 2 ,

… , G L , the size of each generation is M , and the bandwidth

is B . For each time step, only K = B / M generations can be

broadcast in each cluster. Similar to the research of Li [6] ,

the intra-cluster relay selection and generation selection is

based on the utility value . 

We let �i be the set of generations possessed by i , and

for generation G j , the utility of i , U ( i , G j ) is defined as the

number of OBUs in the cluster which do not possess the

generation G j , formulized as follows: 

(i, G j ) = |{ k | G j / ∈ �k }| (1)

The utility of i , U ( i ), is defined as the maximum value

of U ( i , G j ), 1 ≤ j ≤ L . The generation i should be broadcast

when it enters the channel, g ∗
i 
, and is the generation with

the maximum value of U ( i , G j ), 1 ≤ j ≤ L . 

(i ) = max 
1 ≤ j≤L 

U(i, G j ) (2)

g ∗i = arg max 
1 ≤ j≤L 

U(i, G j ) (3)

In each time step, the OBUs with the highest K U ( i ) val-

ues can access the channel and broadcast the generation

g ∗
i 
. 

The intra-cluster generation distribution process is sim-

ple. In case of collision, the neighboring clusters should

use different data channels. The newly joined OBUs should

broadcast the vector, indicating which generations it pos-

sesses. At each time step, each OBU in the same cluster

calculates its utility and continues broadcasting its utility

through the control channel. When the data channel is not

occupied, the OBU with the highest utility accesses the

data channel and broadcasts its generation determined by

Eq. (3) . 

3.4. Inter-cluster generation exchange 

3.4.1. Two principles 

The schemes for the inter-cluster generation exchange

are based on the two principles of high downloading rate

first and high cell density first. 
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Fig. 3. Illustration of the topology pre-creation process, in which the blue 

nodes are the nodes in the aggregation, and the nodes connected by dot- 

ted lines are the nodes which are adjacent. At step s , r joins in the aggre- 

gation and establishes one edge to u , v and w respectively, with probabil- 

ity π ( u ), π ( v ), π ( w ). 

 

 

 

The high cell density first principle means that the 

high cell density clusters are of high probability to ob- 

tain the missing generations. Two reasons may support the 

high cell density first principle. First, recent experimental 

research (Sumalee et al. [33] , Zhang et al. [34] , Moylan 

et al. [35] , etc.) on macroscopic traffic flow have shown 

that actual traffic patterns obey the triangular shaped flow- 

density diagram, which indicates that the flow becomes 

slow when a cell’s density becomes high. In other words, 

the speeds of the vehicles in high density cells are slow. 

Therefore, the vehicles may remain in the cell for a com- 

paratively longer time, which benefits the generations’ ac- 

cumulation and distribution. Second, the number of vehi- 

cles in the high density cells is greater than those in the 

other cells. Therefore, accumulating generations to the cells 

of high density may benefit a majority of vehicles acquir- 

ing the generations. 

The high downloading rate first principle means that 

the high downloading rate clusters (or the clusters which 

possess more generations) are of high probability to ac- 

quire the missing generations. This principle leads to the 

Matthew Effect : the nodes which possess more genera- 

tions than the others can accumulate generations faster 

and faster. From the perspective of topology, if node (or 

cell) u exchange blocks with node v between two topol- 

ogy update operations, then an edge exists between u and 

v . One node of high downloading rate has a high degree 

of topology, and it also has a faster degree increasing rate 

than others. As a result, a small number of nodes are of 

high degrees, while the majority of the nodes are of low 

degrees, but can touch the high degree nodes in a few 

hops, which is the typical characteristic of the scale-free 

network. Information spreads faster in a scale-free network 

[24,36,37] , which is why ECDS is effective. 

3.4.2. Topology pre-creation and periodical update 

By treating the cells as nodes, the positions of the 

nodes can be fixed, and the cell’s density can be treated 

as a constant in a short time interval. Due to the two pro- 

posed principles, some pairs of nodes can only exchange 

generations at a very low probability in a certain time pe- 

riod. Therefore, the topology can be explicitly created in 

advance to reduce unnecessary wireless links. As the cells’ 

densities may change significantly after a long period of 

time, the topology should be updated periodically. 

Concretely, similar to the evolution process of a BA 

scale-free network, the creation process begins from a par- 

ticular node (the root), e.g. the node containing RSUs. Ini- 

tially, the aggregate only contains the root and its neigh- 

boring nodes. At each step, as shown in Fig. 3 , one node 

adjacent to the nodes in the aggregation joins in and es- 

tablishes m links to the nodes existing in the aggregate, 

according to the preferential attachment probability; it is 

suggested that m = 3. VANETs are not the relational net- 

works (e.g. Internet or social networks) due to the limited 

communication distance. In relational networks, one node 

can establish links to any other nodes. However, in VANET, 

the newly joined node can only establish links with the 

adjacent ones. This process ends when all of the nodes are 

in the aggregate. Then the topology is created. 
The preferential attachment probability is proportional 

to the product of the node’s degree and the density, for- 

malized as follows: 

π( v i ) = 

d( v i ) ρ( v i ) ∑ 

v j ∈ adj( v k ) d( v j ) ρ( v j ) 
(4) 

Where d ( v i ) is the degree of node v i . 

When one cell is joining in the aggregation, it requests 

the densities and degrees of the cells both adjacent to it 

and in the aggregate. After calculating each cell’s attach- 

ment probability, it uses roulette wheel selection [32] m 

times to establish m links. 

By introducing the product of one node’s degree and 

density into the preferential attachment probability, the 

nodes of high density in the aggregate are more likely to 

establish links with the newly joined node, thus the degree 

of some high density node may be greater than the other 

nodes. As the degree is a factor of the preferential attach- 

ment probability, the high density nodes of higher degree 

have higher probability to establish links, i.e. to acquire the 

generations from the other nodes. From the above analysis, 

this process directly reflects the principles of high down- 

loading rate first and high cell density first. Furthermore, 

we prove that the topology created by the process is of 

scale-free property. 

After a certain amount of time, the densities of some 

cells may be quite different, at which point the node con- 

taining RSUs should restart the topology creation process, 

which is known as the topology periodical update. 

3.4.3. Degree distribution derivation and scale-free validation 

In this section, the analytical derivation of the degree 

distribution is given in order to prove the scale-free prop- 

erty. The mean field differential equation on the degree is 

as follows: 

∂d( v i ) 
∂s 

= m · P ( v i ∈ adj( v j )) ·
d( v i ) ρ( v i ) 

| adj( v j ) | < d(s ) > ρ
(5) 

Where adj ( v j ) is the set of adjacent nodes of v j , < d ( s ) >

is the average degree of the nodes in the aggregation at 

step s , v j is the new joined node at step s , and ρ̄ is the

average density of the cells. 

As the layout of the roads is regular, the number of ad- 

jacent nodes of one node is usually as same. Therefore, we 

can approximate | adj ( v j )| to a constant A , after which we
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Fig. 4. Limited degree increase. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

have: 

P ( v i ∈ adj( v j )) = 

A 

s 
(6)

〈 d (s ) 〉 = 

1 

s 

∑ 

v ∈ V (s ) 

d (v ) (7)

∑ 

v ∈ V (s ) 

d(v ) = 2 ms (8)

Where V 

( s ) is the vertex set of the aggregation at step s .

Substituting ( 8 ) into ( 7 ), we have: 

〈 d(s ) 〉 = 2 m (9)

Then, substituting ( 6 ), ( 7 ), ( 8 ) and ( 9 ) into ( 5 ), we have:

∂d( v i ) 
∂s 

= 

d( v i ) ρ( v i ) 
2 ρs 

(10)

According to the initial condition d ( v ) = m when s = s i ,

by solving the differential equation, we have the following:

d( v i ) = m 

(
s 

s i 

)β( v i ) 
(11)

Where β( v i ) = ρ( v i )/2 ̄ρ . 

It can be seen that the degrees of the nodes in the ag-

gregation increase exponentially at different rates. Differ-

ing from the evolution of the BA scale-free network, the

nodes which join V at the early steps may stop increas-

ing in degree. Fig. 4 is an example in which the outer cir-

cle is the aggregation at some same time step, and the

newly joined nodes in the future steps can only commu-

nicate with the nodes in area A . In other words, the nodes

in area B will stop growth in degree. 

For any node v i , a stopping step u i exists, namely: 

d( v i ) = m 

(
s 

s i 

)β( v i ) 
≤ m 

(
u i 

s i 

)β( v i ) 
(12)

With the increase of s , every node in V will reach

the degree upper limit. Therefore, we have the following

formulas: 

d( v i ) = m 

(
u i 

s i 

)β( v i ) 
≈ m 

(
1 + 

u 

s i 

)β( v i ) 

(13)

Where 

u = 

1 

| V s | 
∑ 

v i ∈ V s 
( u i − s i ) (14)
Let d( v i ) < k , and according to ( 11 ), we have: 

m 

(
1 + 

u 

s i 

)β( v i ) 

< k (15)

For k ≥ m , ( 15 ) is equivalent to: 

s i > u 

/[ (
k 

m 

) 1 
β( v i ) 

− 1 

] 

(16)

By introducing a small constant ε, ( 16 ) can be approxi-

mated to: 

s i > u ·
(

k 

m (1 + ε) 

)− 1 
β( v i ) 

(17)

Then we have: 

P ( d( v i ) < k ) = P 

( 

s i > u ·
(

k 

m (1 + ε) 

)− 1 
β( v i ) 
) 

(18)

As v i can join the aggregation at any step from [1, s ],

thus s i obeys uniform distribution U (1, s ), p s ( s i ) = 1/ s : 

P ( d( v i ) < k ) = 1 − u 

s 

(
k 

m (1 + ε) 

) −1 
β( v i ) 

(19)

P (d( v i ) = k ) = 

∂P ( d( v i ) < k ) 

∂k 

= 

1 

β( v i ) m (1 + ε) 
· u 

s 
·
(

k 

m (1 + ε) 

)− 1 
β( v i ) 

−1 

(20)

Substituting β( v i ) = ρ( v i )/2 ̄ρ into ( 20 ), we have: 

P (d(v ) = k | ρ(v ) = ρ0 ) = 

2 ρ

ρ0 m (1 + ε) 
· u 

s 

·
(

k 

m (1 + ε) 

)− 2 ρ
ρ0 

−1 

(21)

Let p ρ ( ρ0 ) be the distribution of cell density. According

to the formula of full probability, we can derive the degree

distribution function p ( k ): 

p(k ) = 

∫ max ρ

0 

p ρ( ρ0 ) · p(d(v ) = k | ρ(v ) = ρ0 ) d ρ0 

= 

∫ max ρ

0 

p ρ( ρ0 ) · 2 ρ

ρ0 m (1 + ε) 
· u 

s 
·
(

k 

m (1 + ε) 

)− 2 ρ
ρ0 

−1 

d ρ0 

(22)

According to the integral mean value theorem, ρ ′ rang-

ing from [0, max p ] exists, and we have the following

equation: 

∫ max ρ

0 

p ρ( ρ0 ) · 2 ρ

ρ0 m (1 + ε) 
· u 

s 
·
(

k 

m (1 + ε) 

)− 2 ρ
ρ0 

−1 

d ρ0 

= max ρ · p ρ(ρ ′ ) · 2 ρ

ρ ′ m (1 + ε) 
· u 

s 
·
(

k 

m (1 + ε) 

)− 2 ρ

ρ′ −1 

(23)
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Eqs. (22) and ( 23 ) clearly indicate that the degree distri- 

bution of the created topology obeys power-law distribu- 

tion, thereby proving that the topology created is of scale- 

free property. 

3.4.4. Inter-cluster relay selection & generation selection 

Let G ( V , E ) be the aggregation, where V is the set of 

nodes (clusters) in the aggregation and E is the set of 

edges. 

For the relay selection, following the principles of high 

downloading rate first and high cell density first, the pri- 

ority of node v , pri ( v ), is defined as the maximum value 

of the products of d ( u ) and ρ( u ), where u is the neighbor-

ing node of v , and v possesses the generations u does not. 

Breaking tie by selecting the node with highest utility, we 

formulize the following: 

pri (v ) = max 
u ∈ adj(v ) , ∃ G i G i ∈ �v ∧ G i / ∈ �u 

d(u ) ρ(u ) (24) 

For the generation selection, one node should broadcast 

the generation which the neighboring node with the high- 

est d ( u ) ρ( u ) value does not possess, breaking the tie by 

broadcasting the generation which the most of the neigh- 

boring nodes require, formulized as follows: 

g ∗v = arg max 
u ∈ adj(v ) , ∃ G i G i ∈ �v ∧ G i / ∈ �u 

d(u ) ρ(u ) (25) 

By assigning the high propriety to the nodes whose 

neighboring nodes are of high d ( u ) ρ( u ) value, these nodes 

have higher priority to accessing the channel, and first 

broadcast the generation which the neighboring nodes 

with the highest d ( u ) ρ( u ) value request. Therefore, the 

nodes of high d ( u ) ρ( u ) value are of high probability to ac-

quire the missing generations. Based on the above analy- 

sis, it is shown that the inter-cluster relay selection and 

generation selection strategies follow the principles of high 

downloading rate first and high cell density first. 

The inter-cluster generation exchange process is simi- 

lar to the intra-cluster generation distribution process. At 

each time step, the CH of each cluster broadcasts its pri- 

ority and the vector indicating which generations it pos- 

sesses through the control channel. When one of the inter- 

cluster data channels is not occupied, then the node of the 

highest priority enters the channel and broadcasts its gen- 

erations. The nodes adjacent to it in the aggregation turn 

to the same channel and receive the missing generations. 

3.4.5. Analysis of generation exchange process 

In this section, we analyze the generation exchange 

process in the time interval between two topology update 

operations. As this time interval is very short (less than 

10 s), it is reasonable to assume that the CH of each clus- 

ter does not change. Moreover, the impact of intra-cluster 

distribution can be ignored. Without the loss of generality, 

we assume that B = M , which means that a cluster can ac- 

quire at most one missing generation at each time step; for 

the case B > M , each time step can be simply divided into 

B / M time slices, and the following analysis still applies. 

One cluster can acquire one missing generation if and 

only if: 

(1) The cluster has the highest product of density and 

degree among the neighboring clusters. 
(2) The neighboring clusters possess the generation the 

cluster does not. 

Let GP ( n , d ′ , ρ′ , τ ) be the probability that one cluster

possesses n generations, at time τ whose degree is d ′ and 

cell density is ρ′ . At time step τ , for a node v possessing n ′ 
generations, the probability that the neighboring clusters 

possess any generation that v does not is: 

P O (n ′ , d(v ) , τ ) = P(∃ u ∈ adj(v ) , �u �⊂ �v ) 

= 1 − P(∀ u ∈ adj(v ) , �u ⊂ �v ) 

= 1 −

⎧ ⎨ 

⎩ 

∑ 

j 

⎧ ⎨ 

⎩ 

p 1 ( j | d (v )) ∑ 

ρ′ 

⎡ 

⎣ 

p 2 (ρ
′ | j ) ·∑ 

n 

(
GP(n, j, ρ ′ , τ ) · C n 

n ′ 
C n 

L 

)⎤ 

⎦ 

⎫ ⎬ 

⎭ 

⎫ ⎬ 

⎭ 

d(v ) 

(26) 

The probability that the cluster v has the highest pri- 

ority among the competing neighboring clusters is as fol- 

lows. The competing clusters of v are the clusters which 

are both adjacent to v and are able to acquire the missing 

generations from their neighboring nodes. 

P H (ρ(v ) , d(v ) , τ ) = P 

⎛ 

⎝ ρ(v ) · d(v ) ≥ max 
u ∈ adj(v ) 
∃ w ∈ adj(u ) , �w �⊂�u 

ρ(u ) · d(u ) 

⎞ 

⎠ 

= P 

(
∀ u ∈ adj(v ) 

(
ρ(u ) · d(u ) ≤ ρ(v ) · d(v ) ∨ 

∀ w ∈ adj(u ) , �w ⊂ �u 

))

= 

[ ∑ 

i ·ρ ′ ≤ρ(v ) ·d(v ) p 1 (i | d(v )) · p 2 (ρ
′ | i ) 

+ 

∑ 

i ·ρ ′ >ρ(v ) ·d(v ) 

(
p 1 (i | d(v )) · p 2 (ρ

′ | i ) ·∑ 

n GP(n, i, ρ ′ , τ )(1 − P O (n, i, τ )) 

)] d(v ) 

(27) 

For any node v whose degree is k 2 , when randomly se- 

lecting one node u adjacent to v , the probability that the 

degree of u is k 1 is signed as p 1 ( k 1 | k 2 ). Referring to the

branching process in complex network [38] , we have: 

p 1 ( k 1 | k 2 ) = 

k 1 p( k 1 ) 

〈 k 〉 (28) 

Which is independent of k 2 . and p 2 ( ρ
′ | i ) is the probabil-

ity that one node of degree i has the density ρ ′ . According 

to ( 22 ), we have: 

p 2 (ρ
′ | i ) = p ρ(ρ ′ ) · 2 ρ

(1 + ε) ρ ′ m 

· u 

s 

·
(

i 

m (1 + ε) 

)− 2 ρ

ρ′ −1 /
p(i ) (29) 

Now we can obtain the difference equation for the GP . 

GP (n, d ′ , ρ ′ , τ + 1) 

= GP (n − 1 , d ′ , ρ ′ , τ ) P H (ρ
′ , d ′ , τ ) P O (n − 1 , d ′ , τ ) 

+ GP (n, d ′ , ρ ′ , τ ) 
[
1 − P H (ρ

′ , d ′ , τ ) P O (n, d ′ , τ ) 
]

(30) 

At time step τ , the expectation of the generation quan- 

tity of the node whose degree is d ’ and cell density is ρ ’ is

as follows: 

GE(d ′ , ρ ′ , τ ) = 

∑ 

n 
n · GP (n, d ′ , ρ ′ , τ ) (31) 

The expectation of the generation quantity of a node at 

time step τ can be obtained with the integral on d ’ and ρ ’: 

GE(τ ) = 

∫ ∫ 
d ′ ,ρ ′ 

p(d ′ ) p 2 (ρ ′ | d ′ ) GE(d ′ , ρ ′ , τ ) (32) 
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Fig. 5. The road network. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We next attempt to prove the property that the node

with higher cell density has the higher probability to ac-

quire the generations at each time step. 

Property 1. The node with higher cell density has higher

probability to acquire the generations from the neighbor-

ing nodes. 

For one node whose degree is d ′ and cell density is ρ′ ,
and possesses the n ′ generations, the probability that the

node can acquire one more generation from its neighbor-

ing nodes at time step τ is: 

P G (n 

′ , d ′ , ρ ′ , τ ) = P O (n 

′ , d ′ , τ ) · P H (ρ
′ , d ′ , τ ) (33)

We must prove that PG ( n ′ , d ′ , ρ1 , τ ) > PG ( n ′ , d ′ , ρ2 , τ ),
where ρ1 >ρ2 . As P O is independent from the cell density,
we only need to prove that P H ( ρ1 , d 

′ ) > P H ( ρ2 , d 
′ ): 

P H 
(
ρ1 , d 

′ )/ P H (ρ2 , d 
′ )

= 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

∑ 

i ·ρ ′ ≤ρ1 ·d ′ p 1 (i | d ′ ) · p 2 (ρ ′ | i )+ 

∑ 

i ·ρ ′ > ρ1 ·d ′ 

(
p 1 (i | d ′ ) · p 2 (ρ ′ | i ) ·∑ 

n GP(n, i, ρ ′ , τ )(1 − P O (n, i, τ )) 

)
∑ 

i ·ρ ′ ≤ρ2 ·d ′ p 1 (i | d ′ ) · p 2 (ρ ′ | i )+ 

∑ 

i ·ρ ′ > ρ2 ·d ′ 

(
p 1 (i | d ′ ) · p 2 (ρ ′ | i ) ·∑ 

n GP(n, i, ρ ′ , τ )(1 − P O (n, i, τ )) 

)

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

d ′ 

= 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

1 + 

∑ 
i ·ρ′ ∈ ( ρ1 ·d ′ , ρ2 ·d ′ ) 

⎡ 
⎣ p 1 (i | d ′ ) · p 2 (ρ ′ | i ) ·
(1 −∑ 

n GP(n, i, ρ ′ , τ )(1 − P O (n, i, τ )) ) 

⎤ 
⎦ 

∑ 

i ·ρ ′ ≤ρ2 ·d ′ p 1 (i | d ′ ) · p 2 (ρ ′ | i ) 
+ 

∑ 

i ·ρ ′ > ρ2 ·d ′ 

(
p 1 (i | d ′ ) · p 2 (ρ ′ | i ) ·∑ 

n GP(n, i, ρ ′ , τ )(1 − P O (n, i, τ )) 

)

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

d ′ 

> 1 

(34)

Therefore, we have P H ( ρ1 , d ′ ) > P H ( ρ2 , d ′ ), and

Property 1 is proven. 

Next, we attempt to prove the property that the node

with higher degree has the higher probability to acquire

the generations at each time step. 

Property 2. The node with higher degree has higher prob-

ability to acquire the generations from the neighboring

nodes. 

We must prove that PG ( n ′ , d 1 , ρ′ , τ ) > PG ( n ′ , d 2 , ρ′ , τ ),

where d 1 > d 2 . As p 1 ( i | d 
′ ) is independent from d ′ , similar to

the proof in Property 1 , we can obtain P H ( ρ
′ , d 1 , τ ) > P H ( ρ

′ ,
d 2 , τ ) and P O ( n 

′ , d 1 , τ ) > P O ( n 
′ , d 2 , τ ). 

According to the above properties, we can see that the

inter-cluster generation exchange processes do in fact fol-

low the principles of “high density first” and “high down-

loading rate first” which we proposed. 

3.5. ECDS protocol 

As has been introduced above, the ECDS protocol con-

sists of three major processes, based on the cellular clus-

tering scheme: topology pre-creation, intra-cluster genera-

tion distribution and inter-cluster generation exchange. The
pseudo-codes of these processes are listed as follows. 
4. Simulation 

In this section, the performance of the proposed

scheme ECDS is evaluated and compared to two up-to-date

protocols: the first is CFG [7] , a dynamic popular content

distribution protocol using coalition formation games for

freeway VANETs; and the second is CodeOn [6] , a coopera-

tive popular content distribution protocol for VANETs. 

As multi-interface multi-channel technology is used in

ECDS, which has not been supported by most of the pop-

ular network simulators (e.g. NS2 and OPNET). As a result,

we have developed a MATLAB-based discrete time simu-

lator, and programmed these three protocols with MAT-

LAB. For the sake of evenness, the multi-interface multi-

channel technology is applied to all of the comparison

protocols. Specifically, the Symbol Level Network Coding

(SLNC) method used by CodeOn is not covered in the ex-

periences. As SLNC is a method for error correction, which

is irrelevant in our subject – this paper focus on how effi-

cient relay selection and generation selection strategy can

speed up the downloading process, rather than on the er-

ror correction technology itself. For lossy channels, we can

simply apply the SLNC to any of the protocol. 

4.1. Simulation setup 

As shown in Fig. 5 , we take the grid-like road network

for the experiment, in which the length of each road seg-

ment is 600 m, and the RSUs are located at four points. Ini-

tially the network is empty, and vehicles enter the network

from the points A , B , C and D . The vehicles do not exit the

network when they reach the terminal of the road, instead

they turn around and go in the opposite direction. We use

the professional microscope traffic simulator VISSIM 5.20

to generate the trajectories in order to simulate the real-

istic traffic flow’s movement. For the R2V phase, the RSUs

randomly broadcast two generations at each time step (see

Table 1 ). 
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Table 1 

The ECDS protocol. 

The ECDS protocol 

for every T time steps 

call The topology pre-creation process 

end 

for each time step t 

for the CH of each cell 

call The inter-cluster generation distribution 

end 

for each OBU 

call The intra-cluster generation distribution 

end 

End 

The topology pre-creation process 

The cells v containing RSUs: 

aggregation = { v } 

randomly select one node u , u ∈ adj(v ) 
send ( aggregation , u ) 

The cells v not containing RSUs: 

while aggregation = receive () 

for u i in aggregation 

query ( d ( u i ), ρ( u i )) 

end 

Select m nodes w 1 , w 2 ,…, w m using roulette wheels selection according to the preferential attachment probability in ( 4 ). 

create_links ( v , w i ), 1 ≤ i ≤ m 

randomly select one node w , w ∈ adj(v) and w / ∈ aggregation 

aggregation ← aggregation ∪ { v } 
send ( aggregation , w ) 

End 

The Intra-cluster generation distribution 

do 

list = { u 1 , u 2 ,…, u k }, where u i and v are in the same cell, u i � = v 

for u i in list 

query ( �( u i )) 

end 

calculate U ( v ) according to ( 2 ) 

for u i in list 

query ( U ( u i )) 

end 

if U ( v ) > max{U( u i )}, 1 ≤ i ≤ k and intra-cluster channel is available 

broadcast ( g ∗v , intra-cluster interface ) , where g ∗v is calculated according to ( 3 ) 

else 

receive ( intra-cluster interface ) 

update �v 

end if 

while τ ∈ ( t , t + 1) 

The Inter-cluster generation distribution 

for every T time steps 

list = { u 1 , u 2 ,…, u k }, where v has link to u i , 1 ≤ i ≤ k 

for u i in list 

query ( d ( u i ) ρ( u i )) 

end 

end 

Do 

for u i in list 

query ( U ( u i )) 

end 

calculate pri ( v ) according to ( 24 ) 

for u i in list 

query ( pri ( u i )) 

end 

if pri ( v ) > max{ pri ( u i )}, 1 ≤ i ≤ k and inter-cluster channel is available 

broadcast ( g ∗v , inter-cluster interface ) , where g ∗v is calculated according to ( 25 ) 

else 

receive ( inter-cluster interface ) 

update �v 

end 

while τ ∈ ( t , t + 1) 
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Table 2 

The parameters of ECDS. 

Parameters Value 

Cell size 150 m 

Time step 1 s 

The coverage radius of the OBUs 600 m 

Bandwidth 16 Mbit/s 

Generation size 8Mbit 

File sizes 64, 128, 256MB 

Speeds 24, 40, 60 km/h 

Traffic flow rate 3600 veh/h 

Acceleration 1 m/s 2 

The probability of changing speed 0.1 

Security distance 2 m 

The periodicity of topology update 10 time steps 

Simulation duration 600 s 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The experiments are carried out in multiple scenarios of

different vehicles ′ speeds and different content sizes. The

detailed parameters are listed in Table 2 . 

4.2. Simulation 1 – generation exchange process 

First, the inter-cluster generation exchange in ECDS is

simulated separately in a small time interval of 5 s, be-

tween one topology periodical update and the next. We

compare the simulation results to the analytical results

in the degree distribution and the expected generation

quantity. 

Fig. 6 shows the degree distribution, the line shows

the analytical distribution, and the discrete points show

the experimental degree frequency. It can be seen that

the experimental distribution meets the analytical distri-

bution well. Moreover, the approximate linear relationship
Fig. 7. Analytical expected generation quantity vs. 
between k and ln( p ( k )) clearly indicates that the degree

distribution obeys power law distribution. 

Fig. 7 (a) shows the analytical expected generation

quantity and the experimental average generation quantity

of the nodes of different degrees. The analytical expected

generation quantity can be calculated from ( 30 ), and the

experimental average generation quantity can be obtained

from the statistics of the simulation results. It can be seen

that the nodes with higher degree acquire more genera-

tions at each time step. This result strongly demonstrates

that the proposed scheme reflects the principle of “high

downloading rate first”. 

Fig. 7 (b) shows the analytical expected generation

quantity and the experimental average generation quantity

of the nodes of different densities. It can be seen that the

clusters of higher cell density possess more generations

at each time step, which demonstrates that the proposed

scheme reflects the principle of “high density first”. 

Indeed, there are some deviations between the analyti-

cal expected generation quantity and the experimental av-

erage generation quantity. In most cases, the experimental

average generation quantity is smaller than the analytical.

The reason for this is that in the analytical reduction, only
experimental average generation quantity. 
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a) Uniform generations distribution b) Non-uniform generations distribution

Fig. 8. Uniform and non-uniform generations distribution. 

a) Content size = 64MB b) Content size = 128MB c) Content size = 256MB
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Fig. 9. The Average Downloading Percentage ( ADP ) in downloading the contents of different sizes. 
the numbers of the generations are considered, and the 

assumption is made that the generations are distributed 

uniformly among the nodes. However, in the simulation, 

the assumption may not always be established. The non- 

uniform distribution does in fact slow down the generation 

distribution process. 

Let us look at a detailed example; assuming the content 

is divided into four generations, Fig. 8 (a) shows the uni- 

form distribution of the generations (the appearance times 

of different generations are equal), and Fig. 8 (b) shows 

the non-uniform distribution (it can be seen that the sec- 

ond generation appears three times but the final genera- 

tion only once). In Fig. 8 (a), it is shown that vehicles a 

and b make a generation exchange, as do vehicles c and d , 

then all of the vehicles are able to obtain the entire con- 

tent. However, in Fig. 8 (b), the generation exchange pro- 

cess is more complex and requires more time than in the 

previous case. 

4.3. Simulation 2 – performance evaluation 

In this section, we simulate the three schemes: ECDS, 

CodeOn and CFG in the time interval [0, 600]. Two rec- 

ognized metrics, i.e. Average Downloading Percentage ( ADP ) 

[15] and Overall Finish Time ( OFT ) [25] , are used to evaluate 

the performance of the protocols. ADP is the mean of the 

downloading percentage of all of the OBUs in the network; 

the larger the ADP is, the better the protocol performs. OFT 

is the time at which all the vehicles in the network finish 

downloading the file; the smaller the OFT is, the better the 

protocol performs. 
4.3.1. Downloading the popular content of different sizes 

First we set the speed of the vehicles at 40 km/h and 

compare those protocols in downloading different size 

files. 

Fig. 9 shows the average downloading percentage of 

the three protocols during the downloading process when 

the sizes of the files being downloaded are 64, 128 and 

256 MB. The x axis is the simulation time, and the y axis 

is the ADP . Fig. 10 shows the overall finish time when dif- 

ferent numbers of OBUs acquire the complete content. The 

x axis is the number of nodes completed, and the y axis is 

the OFT . 

For the case of downloading a small-sized popular con- 

tent, e.g. a 64 MB audio piece, ECDS performs best, as it 

takes the shortest time among all of the OBUs in acquiring 

the complete file. In the beginning, it may have a worse 

average downloading percentage than the comparison pro- 

tocols. In this period, generations are accumulated to the 

core cells, and as the number of core cells is small, the av- 

erage downloading percentage may be low. However, when 

the core cells accumulate sufficient generations, the large 

amount of non-core cells can quickly acquire the missing 

generations from the core cells in a few hops, thus the 

scope of the curve increases and the average download- 

ing percentage surpasses those of the comparison meth- 

ods. Network coding-based solutions (e.g. CodeOn) are 

as competitive as ECDS in this case, as they take less 

time among all of the OBUs to download 80% of the 

content. 

When downloading a larger popular content, e.g. a 

128MB advertisement clip, the advantage of ECDS becomes 
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a) Content size = 64MB b) Content size = 128MB c) Content size = 256MB
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Fig. 10. The Overall Finish Time (OFT) in downloading the contents of different sizes. 
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Fig. 11. The tendency of OFT in downloading different sized content. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

distinct. It can be seen from Fig. 9 (b) that the curve repre-

senting the downloading process of ECDS has the highest

slope, which means that ECDS has the fastest download-

ing speed. Fig. 10 (b) shows that ECDS takes the shortest

time to complete the PCD process. As the requested num-

ber of decoders increases, the network coding based solu-

tion, i.e. CodeOn, becomes less efficient than downloading

small files. 

When downloading a much larger file, e.g. a 256MB

compressed film, the advantage of ECDS is distinct, as it

takes almost 1 min less to download the complete file than

the second efficient protocol CFG. 

Moreover, we find that ECDS performs superiorly to

the comparison schemes when downloading larger con-

tent. Fig. 11 shows the comparison results of the time

when all of the vehicles finish downloading different sized

contents using the three PCD schemes. The results clearly

show the following conclusions. 
According to the above analysis, we draw the conclu-

sion that ECDS performs well in downloading different

sized contents in an urban vehicular network, especially in

downloading large sized content. 

4.3.2. Downloading content with different vehicle speeds 

Second, we set the file size to 256MB and compared

the protocols when the vehicles are moving at different

speeds, e.g. 24, 40 and 60 km/h. 

Fig. 12 shows the average downloading percentages of

the three protocols during the downloading process when

the vehicles are moving at different speeds, e.g. 24, 40 and

60 km/h. The x axis is the simulation time, and the y axis

is the ADP . Fig. 13 shows the overall finish times when dif-

ferent numbers of OBUs acquire the complete content. The

x axis is the number of nodes completed, and the y axis is

the OFT . 

It can be seen that the speed has little influence on

the performance of ECDS. In all cases, ECDS has the high-

est average downloading percentage and the lowest over-

all finish time. It should be mentioned that CFG obtains

better performance as the speed increases, as CFG is de-

signed for freeway collaborative downloading. When the

speed of the vehicles is excessively fast, the fundamental

assumption in the topology pre-creation and periodical up-

date scheme, i.e. the cell densities remain unchanged dur-

ing a short interval, no more set up. As a result, it may

be less efficient than CFG. As in a majority of cities in

China, traffic speeds are restricted to 60 km/h, thus ECDS

is of the best performance for PCD in urban vehicular

networks. 

5. Conclusion 

In this paper, we address the PCD problems in urban

vehicular networks. Due to the high speed and limited

bandwidth, the OBUs may fail in downloading the en-

tire popular content, except for a few generations when

passing through an RSU. When the OBUs are outside

the coverage of the RSUs, they form a P2P network and

collaboratively exchange the generations to complete

the popular content dissimilation. For this, we propose
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a) Speed = 24km/h b) Speed = 40km/h c) Speed = 60km/h
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Fig. 12. The Average Downloading Percentage ( ADP ) in downloading 256 M content with different vehicles’ speeds. 

a) Speed = 24km/h b) Speed = 40km/h c) Speed = 60km/h
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Fig. 13. The Overall Finish Time (OFT) in downloading 256 M content with different vehicles’ speeds. 

 

 

 

 

 

 

ECDS: an efficient collaborative downloading scheme for 

popular content distribution in urban vehicular networks. 

A cell-based clustering scheme is proposed, in which the 

OBUs join in different cells according to their geographical 

positions. By treating the cells as nodes, the positions of 

the nodes are fixed, which greatly simplifies the modeling 

of the VANETs. With the cell-based clustering scheme, 

a topology pre-creation and periodical update scheme is 

proposed to build the VANET of scale-free topology, which 

is beneficial to data dissemination. In the created topology, 

new relay selection and generation selection strategies are 

proposed, and the generations are first accumulated to 

several core cells, then quickly distributed to a majority 

of low-degree cells within a few hops, which accelerates 

the popular content distribution. The simulation results in 

multiple scenarios compared to two up-to-date collabora- 

tive PCD protocols, demonstrating the high performance of 

ECDS. 
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