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Feel Bored? Join Verse! Engineering Vehicular
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Abstract—Travelers in vehicles often have a strong willingness
to share their travel experience and exchange information to each
other through social networks, such as Facebook and Twitter.
This, however, can be costly due to the limited connections on the
road to the Internet. In this paper, we develop Verse to facilitate
the social communications among vehicle travelers on highways.
Verse enables passengers onboard vehicles to share the content
information, such as travel blogs with pictures, among each other
using impromptu wireless intervehicle communications. Unlike
traditional online social networks, which are built upon reliable
internet protocol (IP) networks, vehicular social networks face
fundamental challenges in that 1) users are anonymous and
strangers to each other and that it is hard to identify potential friends of shared interests and that 2) users communicate
through intermittent and unreliable intervehicle connections. On
addressing the two challenges, Verse implements a friend recommendation function, which helps passengers efficiently identify
potential social friends with both shared interests and relatively
reliable wireless connections. In addition, Verse is equipped with
a social-aware rate control scheme toward efficient utilization of
network bandwidth. Using extensive simulations, we show that the
friend recommendation function of Verse can effectively predict
the mobility of vehicles to assist in social communication and that
the social-aware rate control scheme quickly and efficiently adapts
to the vehicle’s transmission rate according to their social impact.
Index Terms—Proximity social communication, queuing process, vehicular ad hoc network.

I. I NTRODUCTION

D

AY-long road trips often represent a very unpleasant
experience for vehicular travelers. Emerging vehicular
networks provide a promising solution to make trips on the
highway more enjoyable. By equipping vehicles with the onboard wireless communication facility, namely, onboard unit
(OBU), vehicular networks enable passengers on board to
exchange message information [called intervehicle or vehicleto-vehicle (V2V) communications] with each other.
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Fig. 1.

Vehicular social communications on the road.

By exploring the distributed V2V communications among
vehicles, in this paper, we develop Verse, which is a distributed
vehicular social network to facilitate vehicle passengers to
spontaneously create and share contents and explore potential
friends on the road. Verse provides the following social services
to users.1
Content Creation: Similar to Facebook and Twitter, in Verse,
a host maintains a personal blog to share and post content
messages/files, such as an individual’s travel experience and
stories,2 road traffic information or regional news, etc., to the
public.
Content Exchange and Distribution: Verse allows its host
to efficiently exchange the social information with others. By
allowing its host to comment on and respond to message
information posted by others, Verse facilitates the mutually
interested users to initiate the social communications, share
information, and conduct further social contacts.
Considering a motivating scenario shown in Fig. 1, suppose
that Alice and Bob are strangers to each other and are both
heading to Toronto on the same highway section for an international film festival. Via the contacts through Verse, it is
possible for them to get aware of each other, share related information, and make friends through intervehicle communications
to participate in the event together. To summarize, without the
assistance of any infrastructure and the need for Internet access,
1 In

this paper, users are referred to the passengers on board the vehicles.
are often spontaneous in sharing their travel experience. According
to a survey by Wyndham Worldwide in 2010, two-in-five female travelers
provide status updates or commentary on Facebook during their trips, and 57%
of them share photos and/or videos (see “Women on their Way Survey Finds
Women Turn to Social Media While Traveling,” Wyndham Worldwide, 2010).
2 People
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Verse relies on distributed users to spontaneously make and
share content with each other. By enabling the social communications and applications on top of V2V communications, Verse
intends to connect users on the road as a community with the
self-organized content/message creation and distribution.
Compared with traditional online social networks, such as
Facebook and Twitter, vehicular social communications face
the following distinct challenges.
a) Users are anonymous and strangers to each other: In vehicular networks, passengers residing in different vehicles
are typically anonymous to each other and have no social
interactions before. As they have diverse interests and
different purposes of communications, it is key for Verse
to identify the mutually interested users for connections.
b) V2V connections are highly dynamic and unreliable: The
V2V connections are highly dynamic and unreliable due
to the fast mobility of vehicles. This indicates that the
communications must conform to the physical locations,
velocities, and moving directions of vehicles. Note
that enabling effective social communications requires
formation of the long-lasting physical connections
among vehicles; a challenging issue to Verse is how to
explore the stable and long-lasting V2V connections
among vehicles which is necessary for upper layer social
communications.
c) Users are in physical proximity: As such, users tend to be
interested in the same information, such as road traffic
and weather conditions, local news, etc. Moreover, as
travelers on the highway may commute between the same
cities, they tend to have similar social, education, racial,
and religious backgrounds and are potentially associated
with related communities or get involved in the same
activities. All these features enable users to have the
shared interests and drive them to connect.
With the given challenges and features of vehicular social
communications, the design goal of Verse is to help vehicular
passengers explore the potential social friends from the anonymous neighborhoods in proximity with shared social interests
and stable V2V connections. In this paper, we present the
detailed design of Verse including its building blocks and the
prototype of each block.
The remainder of this paper is organized as follows:
Section II reviews the related works on vehicular social networks. Section III provides a birdscan of Verse design, including the major building blocks and enabling functions.
Sections IV and V present the detailed design of the friend
recommendation and transmission control functions of Verse,
respectively. Section VI evaluates the performance of Verse
using extensive simulations, and Section VII closes this paper
with conclusions.
II. R ELATED W ORKS
A. Vehicular Social Networks
Although social networking has proliferated in the past years,
there are only very few research works on the design of vehicular social networks. Drive and share (DaS) [1] is a vehicular
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social application installed on the mobile phones of users on
board vehicles. Unlike Verse, which is infrastructure-less and
exploits V2V communications only, DaS relies on the ubiquitous cellular networks to assist passengers in their exchange of
the location-based information, such as road traffic and social
infotainment information. RoadSpeak [2] is a vehicular social
application that connects vehicular users to form different voice
chat groups based on their locations and interests and then
enable users of the same voice chat group to communicate on
the road through voice chat messages. In RoadSpeak, a central
server is required to manage the user information, and clients
connect to the server through Internet infrastructure, such as
3G cellular networks or WiFi hotspots. RoadSense [3] is a
vehicular social application that automatically provides users
with real-time traffic and road information. Social Drive [4] is
a smartphone application targeting drivers. It helps vehicular
users learn their driving behaviors and share their real-time trip
information through widely used social networks, e.g., Facebook and Twitter, which is calibrated to stimulate and improve
their driving habits in a fuel-economic way toward green transportation. The given works mainly focus on the social application design on smartphones to assist drivers with the help of
cellular infrastructure and ubiquitous connections. In contrast,
Verse considers the fully distributed and transient V2V connections among vehicles only and targets to provide a generic
framework to facilitate the impromptu proximity social communications through the cheap and “always available” V2V
connections on highways. Advanced social applications, such
as chatting room and social gaming, can be built on top of Verse.
IC NoW [5] provides a generic framework to support futuristic information-rich vehicular network applications, including social communications, safety applications,
location-based services, city-wide alerts, and interactive services. The applications are delivered based on the spatial, temporal, and interest scope of vehicular users, which respectively
define the area, time, and targeted vehicles of data spreading. IC
NoW is an integrated system built upon the IP protocol stack
with the support of cellular network infrastructure. Different
from IC NoW, which is mainly focusing on enabling social
and infotainment services in the city area, Verse is dedicated to
serving road passengers on the highway and explores the fully
distributed intervehicular communications.
In this paper, we restrict our discussions on the highway scenarios, and Verse may not be effective in urban environments,
due to the significantly different vehicle mobilities. Furthermore, in this work, we only explore the V2V communications
among vehicles, without considering the support of any communications infrastructure and Internet services for social communications. This is due to the fact that the large-scale road-side
communications infrastructure is typically unavailable on highways, and accordingly, the seamless high-rate Internet connections from vehicles are not practical or very costly. To be
specific, according to [6], the United States interstate highway
system has a total length of up to 75 440 km. This implies that
tens of thousands of wireless infrastructure stations need to be
deployed along the highways to provide seamless coverage,
with the communication range of each infrastructure station
to be around 300–500 m (see [7, Ch. 6]). Moreover, a great
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portion of highways may be in forested areas or sparsely populated regions such that building such a large-scale infrastructure inevitably incurs high deployment and maintenance cost.
Therefore, it is foreseeable that in a short term, the seamless
high-rate Internet connections and online social networks such
as Facebook and Twitter will not be available or very costly to
vehicles on the highway. Note that without Internet contents and
services, intervehicle communications may hardly be attractive
to vehicular passengers, which is simply due to the lack of
interesting and useful information contents to drive the communications. This gives rise to the issue on how to feed users with
useful and attractive content information on the highway when
Internet access is not available or very costly at the initial stage
of vehicular networks. As an effort to address the issue, Verse
explores the grassroot users to create and contribute content
information to each other for mutual infotainment.
B. Link Performance Analysis
Motivated by the challenges of severe network dynamics, a
collection of papers has been devoted to the model and analysis
of link performance and connectivity of vehicular communications in highway vehicular networks. Yan et al. [8] developed
a model on the distribution of the V2V connection time on
the highway. Given the initial distance among vehicles, which
is assumed to follow the lognormal distribution, [8] evaluates
the traveled distance of the source and destination vehicles
within a given period and accordingly computes the transmission distance and link connectivity after the given period.
Zhang et al.[9] proposed a platoon-based content distribution
framework in highway vehicular networks. In [9], the connection time among vehicles as a platoon is evaluated through a
time-series model. Compared with the previous literature, the
connection time prediction block is more efficient in evaluating
the steady performance of connections in a long term and, thus,
is more appropriate in the context of social communications.
III. OVERVIEW OF V ERSE S YSTEM
Verse is essentially a software application installed on individual vehicles and follows predefined protocol behavior. With
distributed vehicle passengers abiding by the Verse protocol,
Verse facilitates the infrastructure-less social communications
among vehicle passengers.
Throughout this paper, we refer to a user as “host” of the
Verse software installed on his/her vehicle and to other users
in proximity as neighboring vehicles. We consider the highway
vehicular network in which vehicles are moving along a linear
topology toward the same direction.3 Verse connects its host to
other vehicles using the single-hop V2V links. We consider the
multihop vehicular social communications for future work.
Fig. 2 shows the architecture of a Verse software agent, which
is composed of four components.
User Interface (UI), which enables the host to 1) browse
and comment on the contents posted by other vehicles in
3 Vehicles moving in opposite directions cannot form long-lasting social
connections with each other and, therefore, are not considered.

Fig. 2.

Building blocks of social communications using Verse.

proximity and 2) manage the personal information exposed
to the public, e.g., nickname, nationality, etc.
Interest Discovery and Matching, which compares the social
interests of the host with those of the neighboring vehicles.
The vehicles in proximity with the shared interests to the
host are highlighted and recommenced for connection.
Connection Time Prediction, which periodically evaluates
the potential connection time of the V2V communications
between the host and neighboring vehicles. By doing so,
neighboring vehicles with the long-lasting and stable V2V
connections to the host will be highlighted in UI and
recommended to the host for social contacts. This component incorporates with the interest discovery and matching
component for friend recommendation and transmission
control as in Fig. 2.
Traffic Controller: Based on the output of interest discovery
and matching and connection time prediction components,
this component evaluates the importance of each communication session and schedules the transmission traffic
and data rate of the wireless interface accordingly. As
such, important social transmission jobs will be provided
with higher priority and greater transmission rate in the
communication.
As shown in Fig. 2, Verse provides two functions, namely,
friend recommendation and transmission control, to facilitate
the social communications from the user and network perspectives, respectively. From the user’s perspective, Verse software
helps the host explore the qualified and potential social friends
from the many neighboring vehicles in proximity to connect.
The recommended social friends have shared social interests
(identified by the interest discovery and matching component)
and long-lasting V2V connections (identified by the connection
time prediction component) with the host. From the network
perspective, as at each time instant there exist multiple social
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B. Interest Discovery and Matching

Fig. 3.

Example of the personal blog of Verse.

communication sessions simultaneously to contend the channel
for transmissions, the traffic scheduling function, which is
embedded in the transmission controller component, schedules
the channel time to maximize the network-side social utility. In
what follows, we present the detailed design of Verse, including
the building blocks and realization of friend recommendation
and transmission scheduling.
IV. F RIEND R ECOMMENDATION
We first describe the detailed design of the first three building
blocks of Verse and then discuss the basic operation of friend
recommendation provided by Verse.
A. User Interface
The UI of Verse is mainly composed of a personal blog,
which is used to post the social messages and content files
that the host creates and shares to the public. Similar to the
usage of blogs in Facebook and Twitter, by browsing the blogs
of others, the host can explore the interesting contents shared
by nearby users, comment on the concerned social issues, and
make friends with others via message exchanges.
Fig. 3 shows an example of the personal blog. In this example, the neighboring vehicles are shown on the right corner.
By clicking on the icons of individual neighboring vehicles,
the host can retrieve and browse the latest blog information
published by selected user. Meanwhile, the selected user may
share multiple files, such as video clips and MP3 music, as
shown on the upper-right-hand corner. By clicking on these
files, the host can subscribe to download the selected files
through V2V communications. To facilitate the blog download,
Verse ranks the neighboring vehicles on the right corner and
highlights them in different colors to indicate the closeness of
neighboring vehicles to the host in social communications. This
is based on the evaluation of the attractiveness of the neighbor’s
blogs to the host and the reliability of their V2V connections to
the host. The evaluation process of the two aspects is described
later.

As users in Verse are anonymous and strangers to each other,
the foremost issue in Verse is to identify the potential social
friends in proximity with the shared interests on behalf of
its host.
Exploring the shared interests among anonymities has been
extensively studied in the context of online social networks (see
[10] and [11] and the references therein). In this paper, we
apply the adaptive data mining and content recommendation
mechanisms developed in [12] and [13] for interest discovery
and matching with the following operations.
1) Interest Discovery: The goal of interest discovery is to
extract the user’s social interest profile from the historical
information accessed by the user. To this end, Verse represents
the host’s interests by a vector of weighted keywords, denoted
by V, where each element (keyword) i in V is associated with
a positive weight, denoted by wi . Let N denote the number of
elements in V. The vector V is formed through the following
two steps.
Initialization: Upon the installation of Verse software, the host
is required to explicitly provide his/her basic information
and social interests, e.g., nickname, hometown, hobbies,
etc., which is then represented by V0 . For example,
Alice, who lives in Waterloo, Ontario, Canada, and loves
hockey, would be represented as V0 = {‘W aterloo’,
‘Ontario’, ‘Canada’, ‘hockey’}. The weights of each element in V0 is set to 1.
Adaptations: Note that the host’s interests may change over
time and can hardly be comprehensively captured by static
keywords; Verse learns the host’s interests and adapts the
keyword vector V accordingly over time to explore the
new domains that may be of interest to the host. Let Vt
denote the keyword vector at iteration t. It is updated to
Vt+1 when a new content message is published or browsed
by the host with the following steps.
i. Parse the content message and delete the noninformation words, such as “a,” “an,” “that,” “on,” etc.
Convert the plural nouns to their singular form. Inflex
verb to its original form and remove the suffix of
words with only roots kept. For example, the words
“proposing” and “proposal” are both converted to
“propos”. The content message is processed and then

represented by a vector of words, denoted by V.
 as
ii. Evaluate the weight of each element i in Vt ∪ V
wi = T F (i) × log

|D|
DF (i)

(1)

where T F (i) is the number of times that keyword
i appears in the latest content message that the host
viewed or commented on. |D| is the total number of
content messages that the host has viewed and edited.
DF (i) is the number of content messages viewed
by the host that the keyword i occurs at least once.
Equation (1) is well known as the TF-IDF method in
text data mining.
 ≤ N , set Vt+1 = Vt ∪ V
 with the
iii. If |Vt ∪ V|
weights of elements evaluated by (1); otherwise, the
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periodically broadcast in proximity piggybacked by the safety
messages [15].
The connection time between vehicles h and k is evaluated
by the mean first passage time T starting at time t = 0 until
vehicle k moves out of the communication range of h. Mathematically, we have
T = {min t|D(0) = d0 and−R < D(τ ) < R for 0 ≤ τ ≤ t} .
(3)

Fig. 4. Queueing model of V2V connection with the radio coverage R.


N keywords with the highest weights in Vt ∪ V
form Vt+1 .
2) Interest Matching: By comparing the keyword vectors
of the host and neighboring vehicles, the interest matching
component compares the similarity of social attributes between
vehicles and then makes recommendations on the social connections based on the matching of shared interests.
Let Vk denote the keyword vector of user k and wk,i denote
the weight of keyword i in Vk . The interest matching between
host h and vehicle k is evaluated by the cosine similarity [10],
[14] of Vh and Vk as
N
wh,i wk,i
sim(h, k) =  i=1 
.
(2)
N
N
2
2
j=1 wh,j
j=1 wk,j
In (2), sim(h, k) is 1 if all the corresponding elements of
Vk and Vh match exactly, indicating the strong similarity of
interests between vehicles k and h.
C. Connection Time Prediction
The long-lasting physical connection is the basis of the effectiveness and meaningful upper-layer social communications. To
address the dynamics of V2V links, Verse is designed to predict
the connection time of V2V links among vehicles based on the
statistics of node mobility.
We randomly select vehicle h and analyze its connection time
to a random neighboring vehicle, e.g., k. As shown in Fig. 4,
let vh , ah and vk , ak denote the mean value and variance of
vehicle h and k’s velocities, respectively. Let R denote the
communication range of vehicles, which is typically 300 m
[8]. In practice, the communication range of vehicles is dependent on the road traffic environment and can be estimated
and adaptively adjusted based on the real-time measurement
of the channel status. Let D(t) denote the headway distance
from vehicle h to k after time t starting when the evaluation
connection time is launched; D(t) > 0 if vehicle h is ahead
of vehicle k in the moving direction, and D(t) ≤ 0, otherwise.
Let d0 denote the initial headway distance from vehicle h to
k upon the time when connection time prediction starts, i.e.,
D(0) = d0 . Here, we assume that all the vehicles are equipped
with a GPS device and are aware of their locations at each time
instant. This is a working assumption due to the reduced cost of
GPS devices and their widely adoption in mobile devices, e.g.,
iPhone. Furthermore, the location information of vehicles is

Note that T is a random variable, which depends on the
initial headway distance d0 and the differences of the vehicles’
mobilities over time.
To evaluate T , we model the evaluation of D(t) as a queueing process. In specific, as shown in Fig. 4, the movement
of vehicle h will enlarge D(t), and therefore, the distance
traveled by vehicle h in the unit time can be considered as
the arrivals to the queue. In the same manner, the movement
of vehicle k represents the departures of the queue. Due to the
purely random mobilities of vehicles h and k, we consider the
headway distance as a G/G/1 queue with the generic arrival
and departure processes. The mean and variance of the arrival
(respectively, departure) rate are vh and ah (respectively, vk and
ak ), respectively.
We resort to the diffusion approximation to solve the G/G/1
queue. As such, the headway distance D(t) is modeled as a
Wiener process with the drift β = vk − vh and variance σ 2 =
ak + ah . As such, within the infinitesimal interval Δt, the
increment of D(t) is normally distributed as
√
ΔD(t) = D(t + Δt) − D(t) = βΔt + G σ 2 Δt

(4)

with G denoting the random variable following the unit normal
distribution.
Let p(x|d0 , t) denote the probability density function of D(t)
at time t, conditional on D(0) = d0 ; mathematically, we have
p(x|d0 , t) = Pr {x ≤ D(t) ≤ x + dx|D(0) = d0 } .
With the model in (4), p(x|d0 , t) follows the Kolmogorov
equation (alternatively known as Fokker–Planck equation) as
∂
∂
1 2 ∂2
σ
p(x|d0 , t) + μ p(x|d0 , t) = p(x|d0 , t)
2 ∂x2
∂x
∂t
for − R < x < R

(5)

subject to the initial condition on the headway distance
p(x|d0 , 0) = δ(d0 )

(6)

where δ(·) denotes the Dirac delta function, and the boundary
condition on each side of the communication range
p(R|d0 , t) = p(−R|d0 , t) = 0, for t > 0.

(7)

Equations (5)–(7) characterize the Wiener process within two
absorbing barriers. The solution of (5)–(7) is readily shown in
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Structure of the traffic controller in Verse.

[16, p. 222] as
p(x|d0 , t)




∞

[(x − d0 ) − xn − μt]2
1
μxn
−
= √
exp
σ2
2σ 2 t
σ 2πt n=−∞


μxn [(x − d0 )−xn −μt]2
− exp
−
σ2
2σ 2 t
(8)

where xn = 4nR, and xn = 2R − xn .
According to (3), the cumulative distribution function (cdf)
Fh,k (t) of the connection time T between h and k can be
obtained accordingly as
R

Fh,k (t) = Pr{T ≤ t} = 1 −

p(x|d0 , t)dx

(9)

−R

with p(x|d0 , t) shown in (8).
D. Friend Recommendation
Based on the results of interest matching and connection time
prediction output by the interest discovery and matching and
connection time prediction components, respectively, the Verse
software periodically evaluates a social score between the host
and neighboring vehicles in proximity.
Let Sh,k denote the social score of vehicle k investigated by
host h. In essence, the social score Sh,k evaluates the probability that within a given period of time Φ, the host h can establish
a reliable social connection with vehicle k. Mathematically,
we have
Sh,k = sim(h, k) × F (Φ)

(10)

where sim(h, k) is the interest similarity in (2), representing
the likelihood that vehicle k has the interesting contents for
vehicle h, and F (Φ) is the probability that the V2V connection
between h and k is not disconnected within duration Φ.
Based on (10), Verse software ranks the nearby vehicles
in descending order of the social score and updates the rank
periodically. The rank is exhibited to the host user on the UI, as
shown in Fig. 3.
Remark: To facilitate the social communications, the value
of social score among each pair of nodes can be periodically

updated to provide updated recommendations. The evaluation
of connection time can also be frequently updated and notified
to users through the UI. With this information, users can adapt
the strategy of social communications. For example, when the
connection time tends to be short, the social friends would focus
on exchanging more important information. Before establishing
the connection, based on the information of connection time
and social score, users could determine whether to connect others or not. In this paper, we mainly present the basic discipline
of Verse on enabling the social communications. The functions
provided by Verse can be easily extended and modified to
provide advanced services in social communications.
V. T RANSMISSION C ONTROL
Another function of Verse is to provide the social-aware
adaptations of content transmissions through the transmission
control component.
The transmission control component governs the uplink of
the host’s OBU with the operations shown in Fig. 5. In specific,
at each host, when a social content is requested to be transmitted to its social friends, the request is first examined by the
admission controller: The transmission request is rejected if it
is unlikely to be accomplished during the short-lived vehicular
connections; otherwise, the requested data are injected into a
local data buffer of Verse and await for transmissions through
the OBU to its destination. The data transmission rate of the
OBU is controlled by a leaky-bucket controller. As shown in
Fig. 5, the head-of-line packet in the data buffer is delivered to
the OBU for transmission only when it acquires a token, which
is generated at the rate of λ. Inside the OBU, the arrival packets
are cached and wait for transmissions scheduled by the IEEE
802.11b DCF MAC.
In what follows, we describe the design of the admission
controller and the leaky-bucket controller in detail.
A. Admission Control (AC) of Social Content Transmission
The function of the admission controller is to filter the
suspicious content transmissions that are unlikely to be accomplished during the transient connection time among vehicles.
In specific, as the connection time among vehicles tends to be
short-lived due to the high node mobility, the social content
transmissions, e.g., social blogs with pictures and video clips,
may not be able to complete during the transient connection
time. This results in fragment contents that are useless to the
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receiver and, more importantly, waste the network bandwidth.
To avoid this situation, we propose an admission controller in
Verse as follows.
Consider that a vehicle k subscribes to download a social
content of file size L from host vehicle h. The content transmission request will be approved by the traffic controller of host h
if the following condition can be satisfied:
L
μh

1 − Fh,k

≥ε

(11)

where μh represents the transmission throughput from vehicle
h to k with the presence of MAC contentions. Fh,k (·) is the
cdf of the V2V connection time between h and k as in (9).
ε is a predefined constant with 0 < ε < 1. Assuming that the
IEEE 802.11b DCF MAC is applied to coordinate the channel
contentions in the vehicular communications, as shown in the
Appendix, μh can be evaluated as
μh =

2Iavg
W (δIavg + Tbusy )

(12)

where W denotes the minimum contention window size used in
DCF MAC. δ is the unit slot time in the DCF MAC. Tbusy is the
average time of a busy time slot when the channel is occupied
for transmissions. Iavg denotes the average number of idle time
slots between two consecutive busy time slots.
With (12), μh can be evaluated in the unit of MAC frames
transmitted per second. In (12), we have implicitly assumed
that the V2V communications among nodes have an equal
physical-layer transmission rate. This is acceptable as we focus on the medium-distance single-hop communications with
vehicles physically close to each other. Moreover, due to the
performance anomaly phenomenon of multirate DCF MAC,
the nodal throughput of vehicles is more dependent on the
airtime of transmissions and tends to be equal even with diverse
physical-layer transmission rates [17].
To evaluate (12), W and δ are predefined and, thus, known
priori. Iavg and Tbusy can be monitored by the wireless
transceiver and updated using the moving-average approach.
In Verse, Iavg is periodically updated at the intervals of Δ
(e.g., Δ = 0.3s) as the same manner in [18]. Let Ik denote
the average number of idle slots between two consecutive busy
time slots within the duration of iteration k. At the kth iteration
(k = 1, 2, . . .), Iavg is updated in the moving-average fashion
based on the measurement of Ik as
ω k = h−1 (Ik )
k
=
ωavg

1−

1
1
k−1
+ ωk
ωavg
η
η


k
k
Iavg
= h ωavg

(13)

where h(ω) = 1/(e2ω − 1).
By substituting (9) and (12) into (11), the admission controller in Verse can work in a fully distributed manner to filter
the content transmissions susceptible to interruptions.
Remark: Instead of directly rejecting the requests of content
transmissions that violate (11), another plausible approach is to

enable Verse to adjust the file size of the social contents through
data compressions to meet (11) before the data transmissions.
B. Leaky-Bucket Transmission Rate Control
At each time, the wireless channel needs to be shared by
transmissions from different pairs of social friends, which are
henceforth referred to as social pairs. Note that each social pair
can be characterized by a social score as specified by (10),
which indicates the closeness of social friends in terms of the
interest similarity and stability of connections. In this part, we
describe the design of the leaky-bucket controller that adapts
the transmission rate of social pairs according to their social
score toward a global optimal state of the network. In practice,
a vehicle may maintain the social connections with multiple
neighboring nodes. For ease of analysis, we consider a simple
case that the transmissions of a vehicle to other vehicles are
sequentially delivered, i.e., at each time, a vehicle transmits
contents to, at most, one receiver and switches to serve the
next receiver only when the current transmission is finished. As
such, for notational simplicity, we denote the subscript h, k in
(9) and (10) by h only.
Let N denote the number of active vehicles, including vehicle h, contending for medium access with vehicle h. The goal
of the rate controller is to adapt the packet arrival rate λh at
each vehicle h such as
min
λh

s.t.,

N


Sh U (λh )

h=1
N


λh ≤ C,

h=1

λh ≤ μh , h = 1, . . . , N

(14)

where U (λh ) represents the utility function of vehicle h, and
U (λh ) is a twice differentiable and nondecreasing function of
λh . In Verse, we make U (λh ) = log λh , which provides the
proportional fairness of channel access to nodes. C represents
the maximal system capacity that can be achieved by the DCF
MAC, and C is a function of N and contention window size of
DCF MAC.
In (14), both the service rate of OBU μh and the duration
of busy time slot Tbusy are functions of the token generation
rate λ of each vehicle [19]. To solve (14), each vehicle node
needs to adapt λ according to the transmissions of others in a
fully distributed manner. In what follows, we achieve this goal
by applying the General Contention window Adaption (GCA)
scheme developed in [18].
As specified in GCA, the transmission rate of vehicle node h
can be adapted at the mth iteration as




m−1
m−1
x
−
f
(I
+ αλm−1
U
)
, m = 1, 2 . . .
S
λm
h
avg
h = λh
h
h
(15)
where α is a positive constant. xm−1
is the throughput of the
h
=
wireless transceiver at the mth iteration. We have xm−1
h
m−1
m−1

if
λ
<
μ
,
and
x
=
μ
,
otherwise.
U
(x)
is
the
λm−1
h
h
h
h
h
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derivative of the utility function with respect to x. f (·) is a
nonincreasing function of Iavg as
f (Iavg ) =

Iavg − Imin

+

Iavg − Imax

(16)

where is a predefined parameter.
f (Iavg ) represents the workload of the channel based on the
measurement of Iavg . From (16), when Iavg reduces, implying
that the channel becomes more demanding, f (Iavg ) increases,
making λ reduce accordingly with (15) to lower the transmission rates of vehicles. In contrast, the increase of Iavg results in
the decrease of f (Iavg ). This finally makes λ increase in (15).
With GCA applied, the operation of the rate controller is as
follows.
1) When a transmission request is received from the UI, the
transmission controller performs AC based on the AC
policy in (11).
2) If the transceiver buffer in the OBU is nonempty, the
transmission controller adapts the token generation rate λ
periodically according to (15) with μh evaluated by (12).
0
=
3) Periodically, it adapts Iavg according to (13) with Iavg
0 upon each measurement of Ik at the commencement of
a busy time slot. Update k ←− k + 1.
C. Prototype of Verse
1) Software Initialization: The software is initialized when
Verse is lunched for the first time. In this step, the host h needs
to input his/her social interest profile and basic information,
including the photo, nickname and sexuality, etc.
2) Friend Recommendation: During the runtime of Verse,
Verse periodically evaluates the social score as specified in
(10) for each neighboring vehicle in the communication range.
Based on the social score value, Verse ranks all vehicles in the
proximity in descending order and represents them in different
colors to indicate the quality of connections to host users. The
results are exhibited on the UI.
3) Data Update and Transmission: In parallel to the friend
recommendation, Verse tracks the updates of local posts for
host h. In specific, whenever a new post is published by the
neighboring vehicles in proximity, Verse subscribes to download the post in the following two cases: 1) The owner of the
new post is highlighted by host h as a social friend through
the UI; and 2) the interest similarity between the owner of
the new post and h is above a predefined threshold. By doing
so, Verse helps host users follow the updated information of
social friends and, meanwhile, explore interesting messages
and potential social friends. In addition, Verse periodically
updates the location information of the host in terms of the
mean and variance of velocity and the GPS location. With this
information as input to the traffic control, host h adapts its data
transmission following the procedures as previously described.
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We simulate a scenario of 1000 vehicles on a linear highway topology. The velocity of vehicles follows the normal
distribution with the mean value uniformly distributed in the
range of [70, 130] km/h and the standard deviation uniformly
distributed4 in the range of [21, 39] km/h. At the commencement of each simulation run, vehicles are placed on the road
following the Poisson distribution; the headway distance between consecutive vehicles follows the exponential distribution with the mean value of 60 m. During each simulation
run, the physical-layer transmission rate of vehicles is fixed
to 6 Mb/s, which is the optimal transmission rate in typical
VANET communications [24]. The communication range of
vehicles is R = 300 m. The channel access is scheduled by
the IEEE 802.11b DCF MAC with the RTS/CTS handshake
to eliminate the hidden terminals. The minimum contention
window size of DCF is W = 32, and the other parameters of
DCF are SlotTime = 13 μs, SIFS = 32 μs, DIFS = 32 μs,
RTS transmission time = 53 μs, CTS transmission time =
37 μs, and ACK transmission time = 37 μs.
We mainly focus on evaluating the performance of the
transmission controller. To this end, we simulate the iterative
social data transmissions among vehicles with the following
process. At the beginning of a simulation run, each vehicle
randomly selects a node from its neighboring vehicles as the
social friend and uploads social data. The data volume uniformly distributes within the range of [1, 6] MBs. We randomly
generate the social interest similarity among pairs of vehicles
such that the social score between the vehicle and its social
friend follows the distribution P (S) = 0.25 × [δ(S − 0.2) +
δ(S − 0.4) + δ(S − 0.6) + δ(S − 0.8)]. The ensuing social
data transmission from the vehicle node to its social friend is
governed by the transmission controller of Verse running on the
node. The social data transmission terminates when either one
of the following two events occurs: 1) the vehicle and its social
friend is disconnected with their headway distance exceeding
the communication range; or 2) the data file is completely transmitted. A new iteration of the social data transmission is then
triggered by selecting another node as the social friend and
repeating the above process of data transmission. For each
simulation, vehicles distributedly measure the mean value of
idle slots I and average duration of the busy time slot Tbusy .
The measurement is renewed at the intervals Δ = 0.3s with
Iavg updated accordingly as specified in (13). Unless otherwise
mentioned, the parameters associated with the transmission controller are configured as ε = 0.8, α = 0.2, η = 0.1, and = 0.2.
A. Accuracy of the Analysis
In the first series of experiments, we validate the accuracy
of the analysis in (9) and (12), which, respectively, evaluate
the distribution of connection time among vehicles at the beginning of social communication and compute the MAC-layer
frame transmission rate based on the measurement of channel
availability.

VI. S IMULATION
Here, we evaluate the performance of Verse using simulations based on a customer simulator that is adapted from [20]
and [21] and coded in C++.

4 A similar configuration of vehicle mobility is also used in [22]. In addition,
based on the analysis of real-world highway vehicle trace data, it is reported in
[23] that the vehicle velocity on the highway can be well modeled by a normal
distributed random variable.

1128

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 64, NO. 3, MARCH 2015

Fig. 6. Fh,k (t) as a function of the initial headway distance d0

Fig. 8.
nodes.

MAC transmission rate μh with different numbers of contention

Fig. 9.

Performance of AC in social content transmissions.

Fig. 7. Fh,k (t) with different values of vh and ah .

To validate (9), we focus on two vehicles h and k in the
network with the mean and variance of velocities to be vh =
97 km/h, ah = 302 and vk = 90 km/h, ak = 232 , respectively.
Fig. 6 shows Fh,k (t), the cdf of the connection time, as a
function of the initial distance d0 between h and k. Since vh >
vk in the simulation, intuitively, when d0 increases, the mean
value of connection time will decrease as vehicle h is more
likely to move out of the communication range of vehicle k.
This is validated in Fig. 6. When d0 increases from 0 to 200 m,
the curve shifts to the left, implying the increasing probability
of disconnection at a given time. For example, at t = 100 s,
the probability that vehicles h and k are connected is around
22% when d0 = 0 m and is around 88% when d0 = 200 m.
Fig. 7 shows Fh,k (t) with different values of vk and ak . As
observed, when vh increases, the curve of Fh,k (t) shifts to the
left, which indicates the enhanced probability of disconnection
at each time due to the increasing gap between the velocities
of h and k. When ah increases, the variance of the connection
time T increases with the curve of Fh,k (t) expanding in width.
As shown in Figs. 6 and 7, the analytical results derived from
(9) match the simulation ones well.
Fig. 8 shows the MAC frame transmission rate of a randomly
selected vehicle node in the network when the number of
neighboring nodes contending for transmission changes. The

analytical result is derived from (12) based on the measurement
of the average number of idle slots by the selected vehicle. It can
be seen that when the number of contention nodes increases,
the MAC frame transmission rate monotonically reduces, and
the analysis in (12) can match the simulation results very well.

B. Effectiveness of AC
We evaluate the effectiveness of the AC mechanism in Verse.
We randomly select a node in the network and evaluate content
transmissions of the node over 1000 s with and without AC.
Fig. 9 shows the number of successful and fragmented content transmissions, respectively, of the investigated node with
and without AC applied. It can be seen that when AC is not
applied, more than half of the contents transmitted by the node
cannot be entirely delivered to others. This indicates that more
than half of the network bandwidth is wasted. When AC is
applied and ε increases from 0.5 to 0.8, less fragment content
transmissions are encountered due to the more strict AC. Table I
presents the mean value and standard deviation of the content
size transmitted by the node with different AC schemes (i.e.,
different values of ε). It can be seen that by imposing a more
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TABLE I
C ONTENT S IZE W ITH D IFFERENT AC S CHEMES A PPLIED

Fig. 12. Token generation rate λh (t) of a selected node when changing the
social score.

Fig. 10.
score.

Token generation rate λh (t) of nodes with different values of social

Fig. 13. Frame transmission rate of a selected node when changing the social
score.

Fig. 11. Frame transmission rate of nodes with different values of social score.

strict AC scheme, the mean content size reduces to ensure the
successful content transmissions.
C. Effectiveness of Rate Control
Finally, we evaluate the performance of the leaky-bucket
rate controller. We randomly select a segment of the road with
nine vehicles involved. We control the social score value of the
vehicles to be randomly distributed in {0.2, 0.4, 0.6, 0.8}. At
the commencement of the simulation, all the vehicles have an
equal value of λ = 50 tokens/sec, and the initial data buffer is
set to be of ten packets.
Fig. 10 shows the evolution of λ over time with vehicles
having different values of social score. As we can see, with
λ adapted through (15), the vehicles with a greater value of
social score will attain greater λ, which results in the greater
throughput in the transmissions, as shown in Fig. 11.

Fig. 12 shows the convergence of λ over time when the
social score value varies. In this simulation, we periodically
change the social score value of one node at intervals of 50 s,
with the configurations of all the other nodes remaining the
same. It can be seen in Figs. 12 and 13 that when the value
of social score changes, λ traces the variations accordingly, and
the achieved throughput can match the value of the social score,
which validates the effectiveness of (15).
VII. C ONCLUSION
In this paper, we have designed and implemented Verse,
a vehicular proximity social network to facilitate the social
communications among vehicle passengers on highways. To
address the dynamic nature of vehicular communications and
the diverse social interests among anonymous users, Verse
is equipped with a friend recommendation mechanism that
identifies the users of shared social interests and reliable V2V
connections. As users contend the channel for communications
and are heterogeneous in the closeness of social relations,
Verse is embedded with a transmission controller that adapts
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the transmission strategies of social contents through an AC
scheme and a rate adaptation scheme to boost the network bandwidth utilization and enhance the efficiency of communications
from the social perspective. Based on extensive simulations, we
have demonstrated the performance of Verse in enabling the
efficient social communications.
In the future work, we intend to explore in two dimensions.
First, we intend to implement Verse in the real-world environment and investigate on its performance through real-world
experiments. Second, we intend to develop more advanced
social applications on top of Verse, such as video conferencing
and online gaming among social friends, social information
broadcast, etc.
A PPENDIX
We apply the method in [18] to derive μh . We consider that
vehicles adopt the DCF MAC with equal minimum contention
window size W for channel access. According to DCF, the
time is divided into slots, and a time slot could be idle (of duration δ) without any transmissions or busy (of average duration
denoted by Tbusy ) with one or multiple nodes simultaneously
transmitting.
Let τ denote the transmission probability of a node. According to [18] and [25], τ can be represented as
τ=

1
.
W/2 + 1

(17)

Let Ph denote the probability that vehicle h successfully
transmits in a time slot, which is given by
Ph = τ (1 − τ )N −1

(18)

where N denotes the number of vehicles contending the
channel.
Let Pbusy denote the probability that the channel is busy for
transmissions in a time slot, i.e.,
Pbusy = 1 − (1 − τ )N .

(19)

Since I represents the average number of idle time slots between two consecutive busy time slots, we have
Pbusy =

1
.
1 + Iavg

(20)

By substituting (17), (19), and (20) into (18), we have
Ph =

2
W

1−

1
1 + Iavg

.

(21)

The packet transmission rate of h can be represented as
μh =

Ph
(1 − Pbusy )δ + Pbusy Tbusy

(22)

where (1 − Pbusy )δ + Pbusy Tbusy represents the average duration of a time slot.

By substituting (20) and (21) into (22), we have
μh =

2Iavg
.
W (Iavg δ + Tbusy )
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