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Abstract—The increasing mobile trafﬁc is becoming a serious
concern for mobile network providers. To address the trafﬁc
explosion problem, there have been a lot of efforts to ofﬂoad the
trafﬁc from cellular networks to other networks, such as WiFi
hotspots and femtocells. In this paper, we explore the potential
beneﬁts of vehicular networks for data ofﬂoading and propose a
Data Ofﬂoading framework using Vehicular nEtworks (DOVE),
which reduces the cellular trafﬁc for in-vehicle data services
in a cost effective way. DOVE exploits vehicle trajectories for
ofﬂoading purposes so that content ﬁles requested by vehicles can
be delivered via vehicular networks rather than cellular networks
for economical purposes. We formulate the problem of selecting
ofﬂoading positions as a spatio-temporal set-covering problem,
and propose a time-prediction based set-covering algorithm using
vehicle trajectories. Simulation results show that our DOVE
framework can signiﬁcantly reduce 57% of cellular link usage
by performing data ofﬂoading through vehicular networks.
Keywords—Data Ofﬂoading, Vehicular Network, Trajectory,
Content Sharing, Set-Covering Problem, Road Network.

I.

I NTRODUCTION

Vehicular networks have emerged as one of the promising
research areas to support the driving safety such as vehicle collision avoidance. To increase the driving safety and
support reliable communications among vehicles, IEEE has
standardized Dedicated Short Range Communications (DSRC)
under the name of IEEE 802.11p [1], and static infrastructure
nodes (i.e., relay nodes (RNs) and road-side units (RSUs)) are
deployed at intersections to cope with the interference by road
environments (e.g., buildings) in the wireless communications
for the driving safety [2], [3]. Also, automotive vendors have
plans to embed cellular communication modules into cars
to enable in-vehicle data services [4]. Through the cellular
communications, drivers and passengers can be provided with
various in-vehicle data services along with the driving safety.
For instance, users can enjoy delay-insensitive in-vehicle data
services, such as software update for car system and rich site
summary (RSS) services (as non-real time applications) for
car dash screen (e.g., news headlines and audio/video clips
for entertainment). These delay-insensitive services can be
available to drivers and passengers via non-cellular links with
some delay to reduce the cost of cellular link usage.
Considering the current trend of trafﬁc explosion in mobile
environments [5], if in-vehicle data services using cellular
networks become prevalent, it will signiﬁcantly worsen the
problem of cellular trafﬁc explosion [6]. To address this trafﬁc
explosion problem not only in vehicular environments, but also
in general settings, there have been a lot of efforts to ofﬂoad the
trafﬁc from cellular networks to other networks, such as WiFi

hotspots and femtocells [7]–[9]. Also, recent measurement
study [10] shows that the requests of some popular videos
account for the majority of all the requests, and a signiﬁcant
amount of cellular trafﬁc is redundant. Thus, we focus on the
data ofﬂoading for redundant trafﬁc caused by in-vehicle data
services in order to mitigate the trafﬁc overload in cellular
networks. To this end, a natural research question is how to
design an efﬁcient ofﬂoading framework utilizing components
of vehicular networks (i.e., relay nodes) to provide the delayinsensitive in-vehicle data services, while minimizing the usage
of expensive cellular links.
To design an ofﬂoading framework leveraging vehicular
networks, we focus on the following characteristics of vehicular networks. First, a vehicle is equipped with multiple
communication interfaces (e.g., DSRC and 4G-LTE), a GPS
navigation system, and a storage module. Thus, vehicles can
carry volume-intensive ﬁles like multimedia on their storage
and communicate with each other by DSRC communications.
Second, the vehicle mobility is predictable since (i) vehicles
are moving along the constrained roadways and (ii) their
travel paths (i.e., navigation paths) to destinations can be
calculated from navigation systems. Last, infrastructure nodes
(e.g., RNs [2], [3]) that are deployed in vehicular networks for
the driving safety [11] can be used for data ofﬂoading. With
the mobility information and infrastructure nodes of vehicular
networks that are available for data ofﬂoading, a signiﬁcant
amount of the cellular trafﬁc for vehicles can be reduced.
In this paper, we propose a Data Ofﬂoading framework
through Vehicular nEtworks (DOVE) that can signiﬁcantly
reduce the cellular trafﬁc for delay-insensitive in-vehicle data
services in a cost-effective way. The key idea in DOVE is to
predict vehicle mobility with vehicle trajectories provided by
the GPS navigation systems. With this vehicle mobility prediction, DOVE selects appropriate ofﬂoading positions (OPs)
where vehicles can retrieve the requested ﬁles without using
cellular links. Note that RNs play the role of OPs since RNs
can keep and deliver ﬁles to the passing vehicles that request
the ﬁles. In this paper, we formulate the selection of OPs
(i.e., RNs) as a spatio-temporal set-covering problem where
each ofﬂoading position covers a set of vehicles that request
the same ﬁle. To solve the selection of OPs, we propose a
time-prediction based set-covering algorithm (called DOVE
algorithm) using vehicle trajectories. This DOVE algorithm
selects approximately the minimum number of OPs, reducing
a signiﬁcant amount of aggregated usage of cellular links for
vehicles. Our contributions in this paper are as follows:
•

DOVE: we propose a data ofﬂoading framework
(called DOVE) using the components of vehicular
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networks (i.e., RNs) for delay-insensitive in-vehicle
data services.
• DOVE algorithm: we formulate the selection of
ofﬂoading positions as a spatio-temporal set-covering
problem. To solve this problem, we propose a timeprediction based set-covering algorithm (called DOVE
algorithm) using vehicle trajectories to select ofﬂoading positions.
The rest of this paper is organized as follows. Section II
describes a problem formulation. Section III explains the
design and operations of DOVE framework. In Section IV, we
evaluate the performance of our DOVE algorithm. Section V
summarizes related work. Finally, this paper is concluded
along with future work in Section VI.
II.

P ROBLEM F ORMULATION

A. Target Scenario and Goal
A signiﬁcant amount of cellular trafﬁc is redundant since
multiple users repeatedly download the same popular ﬁle [10].
Accordingly, a substantial reduction of cellular trafﬁc for
vehicles is expected by ofﬂoading the duplicated trafﬁc (of
popular ﬁles) to vehicular networks. Thus, our target is to
reduce the cellular trafﬁc of popular ﬁles for delay-insensitive
in-vehicle data services. Target content ﬁles can be (i) update
ﬁles for software in car system and (ii) popular multimedia ﬁles
(e.g., headline news, music ﬁles, and YouTube video clips).
If these content ﬁles are delay-insensitive, it can be assumed that users are willing to wait for some delay to reduce
the cost of cellular links [9]. In other words, users in vehicles
face a trade-off between cost and delay in making their
ofﬂoading decisions. In our scenario, vehicles try to ofﬂoad
their trafﬁc from cellular links to RNs in vehicular networks
when users choose to wait in order to reduce their cellular
service cost.
In our target scenario, our goal is to select effective ofﬂoading positions (OPs), such as RNs that minimize the aggregated
usage of cellular links for vehicles (i.e., the amount of data
downloaded through cellular networks), while satisfying the
user-deﬁned quality of experience (QoE) requirements in terms
of content retrieval delay.
B. DOVE Components and Assumptions
As depicted in Fig. 1, we describe the components of
vehicular ofﬂoading framework (DOVE) with assumptions.
 A trafﬁc control center (TCC) [2], [12] is a trafﬁc
management node that maintains vehicle trajectories for the
location management of vehicles. In DOVE, the TCC collects
the requested content information from vehicles. Thus, it
knows the set of vehicles (called request vehicles) that request
the same content ﬁle. Note that vehicles can communicate with
the TCC via cellular links, whose trafﬁc volume is negligible.
Also, multiple TCCs can be used for the scalability and
survivability by dividing the road network into several regions.
 A relay node (RN) is a wireless packet holder for the
reliable forwarding, which is usually deployed in vehicular
networks for the driving safety [2], [11]. Compared with a
road-side unit (RSU) [13], an RN also has the DSRC communications and storage modules, but does not have the Internet
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Fig. 1. DOVE: Data ofﬂoading framework using RNs in vehicular networks.

connectivity for the cost effectiveness. Note that the cost for
installing an RSU is as much expensive as US $5,000 [14] due
to the installation of wireline for Internet connectivity. Since
RNs can keep and share content ﬁles using their storage, we
can exploit RNs for data ofﬂoading (role of OPs) as well as
driving safety. It is assumed that one RN is deployed at each
intersection for the driving safety [11]. However, DOVE works
even in the case where some intersections do not have their
own RNs. The details will be described in Section IV-D.
 Vehicles participating in vehicular networks have DSRC
devices and cellular communication devices [1], [4]. Thus,
vehicles can communicate with RNs using DSRC devices to
retrieve the requested ﬁle.
 Vehicles, the TCC, and the RNs are equipped with
GPS navigators and digital road maps. Recent commercial
navigation systems provide vehicles with the trafﬁc statistics
information, such as average vehicle speed v and vehicle
arrival rate λ per road segment [15].
 When users in vehicles want to retrieve a content
ﬁle, they should make a decision: (i) consuming cellular
links, immediately, with cellular link cost, or (ii) waiting
for ofﬂoading via vehicular networks, within tolerance time
δ, without cellular link cost. If users decide to use delayinsensitive content retrieval through data ofﬂoading, they send
their current location, trajectory, and content request to the
TCC via cellular links. Note that TCC can perform the data
ofﬂoading schedule with the vehicle trajectories. Even though
all of the drivers are not using GPS navigators for their
everyday commute, we assume that the drivers participating
in DOVE service are using GPS navigators. For the vehicles
without GPS navigator, we do not count them as DOVE users.
C. Design Principles using RNs
DOVE is designed to use RNs for the role of OPs due
to the following reasons: (i) High success probability and
(ii) Cost effectiveness. First, to use vehicles as OPs, vehicles
requesting the same ﬁle should encounter each other and
establish connectivity within the DSRC range. However, the

probability of such occasions will be very small. On the other
hand, when we use static infrastructure nodes (i.e., RNs) as
OPs, the ﬁle can be shared with any vehicles that will pass the
RNs. The vehicles reaching RNs with the ﬁle can get data from
the RNs at any time. Thus, the data ofﬂoading using these RNs
can provide reliable data delivery for moving vehicles. Second,
the cost for installing an RN is relatively cheaper than that of
an RSU [2], [14]. The reason is that as stand-alone wireless
nodes, RNs do not have the Internet connectivity unlike RSUs.

1) Travel Time through Road Segment: The travel time of
vehicle over a ﬁxed distance follows the Gamma distribution
in light-trafﬁc road condition [2], [16]. Thus, the travel time
through a road segment i in the road network (called link
travel time) is modeled as: di ∼ Γ(κi , θi ) where κi is a shape
parameter and θi is a scale parameter. The parameters κi and θi
are computed with the mean travel time μi and the travel time
variance σi2 [2]. Note that the trafﬁc statistics of μi and σi2 can
be computed by commercial navigation service provider [15].

D. The Concept of Ofﬂoading in DOVE

Let the mean of di be E[di ] = μi and the variance of di
be V ar[di ] = σi2 , the formulas for κi and θi are as follows:

RNs are infrastructure nodes usually deployed at intersections for the driving safety [11]. In DOVE, RNs play the role
of OPs for ofﬂoading purposes. Given the request vehicles
and their trajectories, we can ﬁnd RNs where trajectories are
overlapped. We call them the candidates for OPs and we will
select appropriate RNs among the candidates. In Fig. 1, RN1 RN5 are candidates for OPs. If a selected RN has the requested
ﬁle, vehicles passing through the selected RN can retrieve
the ﬁle by DSRC communications. Since the content ﬁle is
retrieved from the vehicular network, vehicles can reduce the
cost of cellular link usage. In this case, the selected RN serves
as a spatio-temporal rendezvous for request vehicles. Thus,
vehicles can ofﬂoad their trafﬁc from the cellular links to the
DSRC links to RNs in the vehicular network.
To use the selected RN as an OP, the RN should hold the
ﬁle for request vehicles passing through the RN. To make the
requested ﬁle be located in the selected RN, a vehicle that will
arrive ﬁrst at the selected RN is scheduled to download the ﬁle
using cellular links. Also, it will store the downloaded ﬁle into
the selected RN for other request vehicles. We call this vehicle
a provider. On the other hand, other request vehicles except
the provider are scheduled to retrieve the requested ﬁle from
the selected RN without using cellular links. We call these
vehicles consumers. In Fig. 1, RN1 is selected as the OP and
vehicle vc is a provider. Thus, the provider vc stores the ﬁle
in RN1 and consumers va , vb , and vf can retrieve it via the
vehicular network. In summary, when an RN is selected as an
OP, the RN receives the content ﬁle from the provider, keeping
the ﬁle in its local storage. The stored content ﬁle can then be
delivered by the RN to other vehicles (i.e., consumers) when
they reach the communication range of the RN.
III.

D ESIGN AND O PERATIONS OF DOVE

In this section, we explain the design and operations of our
DOVE framework. First, we model the travel time of vehicle.
Second, we explain the design and operations of our DOVE
through a selection algorithm for ofﬂoading positions along
with the selection of providers as follows: (i) the collection
of content requests of vehicles by TCC, (ii) the selection of
OPs, (iii) the selection of providers, and (iv) the selection of
comsumers.
A. Travel Time Prediction
We model the travel time of a vehicle from one position to
another position in a given road network. Using the travel time
prediction and vehicle trajectories, the arrival time of vehicle
at a particular RN can be calculated.

V ar[di ]
σ2
= i
E[di ]
μi
E[di ]
μ2i
= 2
κi =
θi
σi

θi =

(1)
(2)

2) Travel Time on End-to-End Path : As described above,
the travel time through a road segment i is modeled as
the Gamma distribution of di ∼ Γ(κi , θi ). Given a vehicle
trajectory, we assume that the travel times of road segments
consisting of the trajectory are independent. Under this assumption, we approximate the mean and variance of End-toEnd (E2E) travel delay as the sum of the means and the sum
of the variances of the link travel times along the trajectory,
respectively. Assuming that the traveling path consists of N
road segments, the mean and variance of the E2E travel delay
D are computed as follows:
E[D] =
V ar[D] =

N

i=1
N

i=1

E[di ] =

N


μi
i=1
N


V ar[di ] =

(3)
σi2

(4)

i=1

With (3) and (4), the E2E vehicle delay distribution can be
modeled as a Gamma distribution as follows: D ∼ Γ(κD , θD )
such that κD and θD are calculated using E[D] and Var[D]
using the formulas of (1) and (2). Note that we can use any
better E2E travel time distribution if it is available from actual
measurement or mathematical model.
Using the travel time prediction, we can estimate vehicle’s
arrival time at a particular RN as follows: Let T ∗ be the current
time. Let ta,b be the E2E travel time from the current position
a to the RN b. We deﬁne Tv,pv i as the vehicle v’s arrival time
at RN i from the current position pv . Then, the arrival time
can be modeled as a Gamma distribution with Equations (3)
and (4) such that Tv,pv i = T ∗ + tpv ,i .
B. The Operation of TCC
To decide which RNs are used as OPs, the TCC collects
the content request and the trajectory from each vehicle.
The TCC constructs a set of request vehicles with vehicles
requesting the same ﬁle. Also, it ﬁnds the candidates for OPs
as RNs through which the trajectories of the vehicles pass.
Next, the TCC tries to select the optimal OPs among the
OP candidates and the providers for the selected OPs by the
selection algorithm, described in Section III-C. Finally, the
TCC sends the ofﬂoading information to each vehicle. The
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algorithm to further reduce the usage of cellular links.
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1) DOVE Algorithm: We design the DOVE algorithm
based on the greedy approach because it is known as the
best possible polynomial time approximation algorithm for the
set-covering algorithm under reasonable complexity assumptions [17]. Given a set of RNs R and a set of request vehicles
V , the idea is to select the set Si covering the largest number
of the remaining vehicles not covered yet in each step in order
to select the next RN as an OP, considering the travel times
of vehicles.
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Algorithm 1

The set-cover of RN set for request vehicle set.

ofﬂoading information includes the information of an OP and
the role of a vehicle (i.e., provider or consumer). If there is no
available OP, vehicles receive this information from the TCC
and use cellular links to download the ﬁle.

1:
2:
3:
4:
5:
6:
7:

C. The Selection Algorithm for Ofﬂoading Positions
In this subsection, we formulate the selection of OPs
as a spatio-temporal set-covering problem, and propose a
time-prediction based set-covering algorithm (called DOVE
algorithm). Selecting an effective OP is important because
the reduced cellular trafﬁc volume and the content retrieval
delay are determined by the OP. To reduce the aggregated
usage of cellular links for vehicles, the number of providers
using cellular links should be minimized. Since each provider
consumes cellular trafﬁc to provide the requested content
ﬁle with an appropriate OP, the reduction of OPs can lower
the number of providers. Therefore, we try to minimize the
aggregated cellular trafﬁc by selecting the minimum number of
OPs. In other words, the problem of minimizing cellular trafﬁc
can be formulated as the problem of selecting the minimum
number of OPs.
Let R be a set of RNs in the road network and V be a set
of request vehicles requesting the same content ﬁle. Then, the
selection of OPs can be formulated as the relation between set
R and set V . In Fig. 2, a line (both solid and dashed) between
an RN and a vehicle means that the vehicle will traverse the
RN and hence can retrieve the ﬁle from the RN. If we select
r1 and rm as OPs, they can cover all the request vehicles
(represented by solid lines). This relation can be formulated
as a set-covering problem that is one of NP-hard problems.
Let V be the set of request vehicles, and let Si be the set
of request vehicles covered by an RN i. Let F be a family of
subsets of V , that is, Si ⊆ V such that V = Si ∈F Si where
F = {Si |i ∈ R}. Also, we deﬁne the collection
of subsets

C ⊆ F as the set-cover of V such that V = Si ∈C Si . Then,
our set-covering problem is to ﬁnd a minimum set-cover C ∗
of RNs as OPs as follows:
C ∗ ← arg min |C|,


C⊆F

(5)

where V = Si ∈C Si . Let the set P be the set of ofﬂoading
pairs, which consist of an RN and a provider. The identiﬁer
i of the element sets Si ∈ C means the selected RN i as an
OP, which covers the request vehicles in Si . Next, we propose
a time-prediction based set-covering algorithm (called DOVE

8:
9:
10:
11:
12:

DOVE Algorithm (R, V, F)

I←R
U ←V
P ←∅
while U = ∅ do
update Si∗ ← Si for i ∈ I by pruning unsatisﬁed vehicles v
such that t̂pv ,i < γ or tpv ,i > δ where v ∈ Si .
select a Si∗ ∈ F that maximizes |Si∗ ∩ U | for i ∈ I
select a provider di ∈ Si∗ whose arrival time at RN i is
minimum
U ← U − Si∗
I ← I − {i}
P ← P ∪ {(i, di )}
end while
return P

Let t̂pv ,i be the travel time of vehicle v from the current
position pv to out of the communication range of an OP i; note
that in this case, the vehicle v is within the communication
range of the OP i. Let tpv ,i be the travel time of v from the
current position pv to an OP i, as deﬁned in Section III-A2.
We use γ to denote the sum of cellular download time and
DSRC upload time when a provider provides a ﬁle for an RN
via cellular and DSRC links. The γ value is decided by the
size of ﬁle and the bandwidthes of cellular and DSRC links.
In Algorithm 1, the set Si is updated considering vehicles’
travel times. First, a request vehicle (provider or consumer)
that cannot satisfy the condition t̂pv ,i < γ is removed from the
set Si . In this case, a provider cannot ﬁnish downloading the
ﬁle using cellular links until it leaves the communication range
of the OP, or a consumer will leave the OP before the ﬁle is
ready. Second, a consumer in the set Si is excluded when its
expected content retrieval delay is longer than the tolerance
time constraint δ. After pruning unsatisﬁable vehicles, the
DOVE algorithm selects an RN that covers the largest number
of vehicles. Then, we select the ﬁrst arriving vehicle at the
OP as a provider from the set Si∗ . Finally, we can obtain the
approximately minimum number of OPs with providers.
2) DOVE+ Algorithm (using Multiple Donations): In the
DOVE algorithm, each provider is scheduled to store the
downloaded ﬁle only at a single OP for other consumers.
However, providers can put the ﬁle at multiple OPs since
they will pass multiple RNs. Thus, we can enhance the DOVE
algorithm to take advantage of multiple donations to further
reduce the number of providers that consume cellular trafﬁc.
Fig. 3 shows the basic idea using multiple donations (drawn
by the gray lines). We call this enhanced algorithm DOVE+ .
The following procedure of DOVE+ algorithm is the same as
the DOVE algorithm except step (3) additional donations:
(1)

Select an Si∗ to decide an OP that directly covers
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the maximum vehicles (line 6 in Algorithm 1). In
Fig. 3, RN r1 is selected as an OP. Then, it can cover
vehicles v1 -v4 and v24 -v26 .
Find a provider that is the ﬁrst vehicle reaching the
selected OP (line 7 in Algorithm 1). In Fig. 3, a
vehicle d1 is selected as a provider for RN r1 .
Find additional consumers using RNs where a
provider will pass (multiple donations). In Fig. 3,
d1 can store the ﬁle in RN r21 and rm , so this can
additionally cover vehicles v130 , v131 , vn−1 , and vn .
Repeat the steps (1)-(3).

Clearly, there is a trade-off between DOVE and DOVE+ in
terms of the reduced cellular trafﬁc and the content retrieval delay. DOVE+ algorithm reduces the aggregated usage of cellular
links for vehicles while increasing the average content retrieval
delay. We can select one depending on the requirements. Note
that the time complexity of DOVE or DOVE+ algorithms
is computed as O(V F · min(V, F )), which is a polynomial
time [17].
D. The Selection of Providers
In this subsection, we describe how we select providers.
When the requested ﬁle is located at the OP, the consumers
passing through the OP can ofﬂoad their cellular trafﬁc to the
OP by DSRC communications. To cover as many vehicles
as possible, the TCC selects the ﬁrst vehicle reaching the
communication range of the OP as a provider. The arrival time
of vehicles is calculated using the time prediction model, as
described in Section III-A. Note that incentives for providers
can be rewarded by mobile providers (e.g., reduced cost for
using their cellular networks). The incentive policy for data
ofﬂoading is left as future work.
E. The Operation of Vehicles using Ofﬂoading Positions
When a vehicle receives the ofﬂoading information from
the TCC, it can know its OP and whether it is a provider or not.
If a vehicle is selected as a provider, the vehicle downloads
the ﬁle over cellular link. Then, the provider stores the ﬁle
in the scheduled OP over DSRC link. On the other hand, if
a vehicle is decided as a consumer, it postpones downloading
the ﬁle. Then, the vehicle retrieves the ﬁle from the scheduled
OP over DSRC link. Since the ﬁle is retrieved by DSRC link,
the consumer can reduce the cost of cellular link usage. Note
that vehicles should consume cellular trafﬁc in the following
cases: (i) vehicles are notiﬁed as providers by the TCC, (ii)

vehicles fail to receive the ﬁle from the scheduled OP, and (iii)
vehicles do not retrieve the ﬁle within the tolerance time.
IV.

P ERFORMANCE E VALUATION

In this section, we evaluate the performance of DOVE.
Since we have no other state-of-the-art algorithm for OP
selection, we compare the selection algorithm of DOVE (called
DOVE) with the following: (i) a random selection algorithm
that randomly selects OPs (called Random), and (ii) a greedy
selection algorithm that selects an OP that covers the largest
number of request vehicles without time consideration (called
Greedy), and (iii) DOVE+ algorithm (called DOVE+ ).
TABLE I.

Parameter
Road network
Communication
range of DSRC
Number of vehicles
(N )
Vehicle speed
(v )

Deployment ratio
(α )
Tolerance time
(δ )
Cellular
downloading time
(γ )

S IMULATION C ONFIGURATION

Description
The number of intersections is 49.
The area of the road map is 8.25km×9km.
Communication range R = 200 meters.
Bandwidth of the DSRC = 25 Mbps [1].
The number of vehicles moving within
the road network. The default N is 300.
v ∼ N (μv , σv ) where μv = {20, 25, ..., 60}
MPH and σv = 5 MPH [2], [16].
The maximum and minimum speeds of vehicles
are μv + 3σv and μv − 3σv , respectively.
The default (μv , σv ) is (40, 5).
The ratio α of the number of deployed RNs
to the total number of intersections.
The default α is 100%.
The maximum (tolerable) delay of vehicles.
The default δ is 600 sec (i.e., 10 min) [9].
The content downloading time through
a cellular network.
Cellular downloading time γ is 47.9 sec.
(Assumption: ﬁle size=12 MB, BW=2.1 Mbps)

To this end, we have developed a packet-level discrete
event simulator using the SMPL [18]. Table I summarizes the
detailed description of the simulation conﬁguration. We use a
road network which consists of 49 intersections. The layout of
the road network is based on the map of Minneapolis downtown in Minnesota in the US. Each vehicle’s movement pattern
is determined by a Hybrid Mobility model of City Section
Mobility model [19] and Manhattan Mobility model [20]. To
reﬂect the stop sign or trafﬁc signal, each vehicle waits for
a random (uniform) waiting time between 0 and 10 sec at
each intersection [2]. Each vehicle’s speed is generated from
a normal distribution of N (μv , σv ) [2], [16], [21] as described
in Table I. The communication-related parameters (e.g., DSRC
communication range) in our evaluation are selected, based on
a typical DSRC scenario [1]. To share a ﬁle in our simulations,
each request vehicle sends a content request to the TCC along
with its trajectory and current location information. Note that
5% of vehicles are selected as request vehicles that request the
ﬁle. The total size of the request vehicle set is 1,000 and we
use the averaged evaluation results. Unless otherwise speciﬁed,
the default values of parameters in Table I are used.
A. Overall Performance of Data Ofﬂoading
We compare the ofﬂoading performance of DOVE, Greedy,
Random, and DOVE+ . Note that we assume a perfect timeprediction solution of DOVE for comparison purposes. The
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Fig. 6. The success ratio of ofﬂoading operations.

This incorrect prediction is caused by a variation of waiting
time due to trafﬁc signals. Compared to DOVE, DOVE+ shows
a little lower success ratio (93%) since the prediction error of
provider can cause more serious impact (i.e., higher failure
ratio) on multiple donations. Note that about 50% of request
vehicles using Greedy fail in ofﬂoading operations although
Greedy chooses an RN that covers the largest number of
request vehicles at each iteration. It shows the importance of
travel time prediction. Thus, if TCC can perform better travel
time prediction by real-time trafﬁc measurement, our DOVE
will provide a better data ofﬂoading.
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perfect time-prediction solution (called Perfect) is assumed
that the TCC can estimate the travel times of vehicles without
any error caused by trafﬁc signals. Thus, all the vehicles
perfectly perform ofﬂoading operations according to the TCC’s
schedule.
As shown in Fig. 4, we analyze the portions of the number
of vehicles using the cellular network and the number of
vehicles using the vehicular network to the total number
of request vehicles, respectively. When OPs are selected by
DOVE, more than a half of request vehicles (i.e., 57%) ofﬂoad
their trafﬁc from the cellular network to the vehicular network.
Also, the ofﬂoading ratio of DOVE+ is somewhat increased
(i.e., 60%) since DOVE+ reduces the number of providers
by multiple donations. Compared to Perfect (61% ), DOVE
and DOVE+ show almost comparable performance. However,
only 31% and 36% of request vehicles take advantage of data
ofﬂoading when they use Greedy and Random, respectively.
These results indicate that DOVE selects more effective OPs
compared to Greedy and Random. As a result, in Fig. 5, the
reduced cellular trafﬁc of DOVE (or DOVE+ ) is close to
that of Perfect. Note that Greedy selects an RN without time
consideration. Thus, a lot of consumers fail to retrieve a ﬁle
when providers cannot store it timely in the OPs. Similarly,
Random does not consider the travel times of vehicles and
randomly selects OPs so that it also shows the low ofﬂoading
ratio. The result of Greedy reveals that a lot of consumers fail
to receive a ﬁle, as providers cannot store it timely in the OPs.
Thus, Greedy and Random show the reduction of about a half
of cellular trafﬁc, compared to Perfect as shown in Fig. 5.
Fig. 6 shows how many request vehicles successfully perform ofﬂoading operations according to the TCC’s schedule.
Vehicles fail in ofﬂoading operations when consumers cannot
obtain the ﬁle from the scheduled OP within the tolerance time
or providers cannot store the ﬁle in the OP. As shown in Fig. 6,
DOVE and DOVE+ show the high success ratio (96% and
93%, respectively) while Greedy and Random exhibit the lower
success ratio. Because many request vehicles using Greedy or
Random may fail to retrieve a ﬁle due to the above two types
of the failures. In DOVE, about 4% of request vehicles fail in
ofﬂoading operations due to the error of travel time prediction.

Fig. 7 shows the cumulative distribution function (CDF)
of content retrieval delays. We analyze the content retrieval
delay of each consumer. Note that we omit the results of
DOVE+ and Perfect since they shows the similar performance
to DOVE, and plotting their performance values hinders the
readability of results. As shown in Fig. 7, all the consumers
using DOVE obtain the ﬁle within the delay bound (i.e., 600
sec). However, Greedy and Random show the non-negligible
portion of consumers that exceed the delay bound (3.2% and
4.3%, respectively). This is because Greedy and Random select
OPs without considering the travel times of vehicles. Note that
many vehicles using Greedy have the shorter content retrieval
delay than DOVE. In DOVE, all vehicles are scheduled to
utilize OPs considering the cellular downloading time γ (of
a provider) to reduce the failure probability of ofﬂoading
operations. However, Greedy selects OPs although travel times
are less than the cellular downloading time, which leads to the
fast content retrieval using cellular links due to the failure of
ofﬂoading. As a result, about a half of consumers using Greedy
show shorter content retrieval delay than vehicles using DOVE.
B. The Impact of Vehicle Number
Assume that the number of DOVE users is proportional to
the total vehicle number. Then, the number of vehicles in the
road network determines the number of vehicles participating
in DOVE service. In this subsection, we show how many
vehicles can ofﬂoad their trafﬁc from cellular links to the
vehicular network, as the number of DOVE users increases.
In our simulations, we assume that 5% of vehicles participate
in DOVE service to retrieve the same content ﬁle. As more
vehicles in the road network request the same popular ﬁle, both
the number of overlapped RNs (candidates for OPs) and the
number of consumers passing through each OP also increase
together. Thus, a signiﬁcant reduction in cellular trafﬁc is
expected when vehicles utilize the OPs for data ofﬂoading.
Fig. 8 shows the reduction of cellular trafﬁc with varying
the number of vehicles, that is, from 100 to 500. For comparison, we normalize the results since the number of vehicles
requesting the same ﬁle is changed under different vehicle
numbers. In Fig. 8, as the number of vehicles increases, DOVE
and DOVE+ reduce a signiﬁcant amount of cellular trafﬁc.
However, Greedy and Random show the marginal difference
in trafﬁc reduction. This is because many vehicles using
Greedy and Random fail in ofﬂoading operations, leading to
the performance degradation. In contrast, most vehicles using
DOVE and DOVE+ successfully perform ofﬂoading operations
since they select OPs based on the time prediction. These
results indicate the growth in consumers passing through each
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Fig. 9. The impact of vehicle number on the average retrieval delay.
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OP causes the performance degradation when providers fail to
store the ﬁle at OPs.
To investigate the content retrieval delay of vehicles, we
deﬁne the term average retrieval delay to be the average of the
content retrieval delays of all vehicles. In Fig. 9, we notice that
the average retrieval delays of all the algorithms increase as the
number of vehicles increases. This is because many vehicles
postpone content downloading and try to retrieve the ﬁle via
vehicular networks, which increases the content retrieval delay
of each consumer, leading to the longer average retrieval delay.
However, the content retrieval delay of a vehicle in Greedy
and Random can be longer than the expected travel time to
the selected OP when vehicles fail in ofﬂoading operations
and switch to cellular links. Also, the average retrieval delay
of DOVE+ is longer than DOVE since multiple donations of
DOVE+ increase vehicles’ travel time to the scheduled OPs.
C. The Impact of Vehicle Speed
We investigate how the change of mean vehicle speed
affects the performance of data ofﬂoading. Fig. 10 shows the
reduced cellular trafﬁc under different mean vehicle speeds. As
shown in the Fig. 10, for DOVE, DOVE+ , and Random, the
higher vehicle speed somewhat increases the reduced cellular
trafﬁc. This is because the high vehicle speed yields the shorter
travel time of vehicles, so this increases the number of vehicles
that can utilize the OPs within the delay bound (i.e., 600 sec).
However, the high vehicle speed slightly decreases the reduced
cellular trafﬁc of Greedy. This is because Greedy selects an
RN that covers the largest number of vehicles, so the failure
of providers increases the failure of consumers exploiting OPs.
In Fig. 11, the higher vehicle speed decreases the average
retrieval delay of all the algorithms. This is because the shorter
travel time of vehicles decreases the average retrieval delay.
Compared to DOVE, the lower vehicle speed highly increases
the average retrieval delay of Greedy and Random. This is
because a lot of vehicles cannot retrieve the ﬁle until the delay
bound, leading to the increase of the content retrieval delay.
Note that the average retrieval delay of DOVE+ is longer than

We investigate how the partial deployment of RNs and
tolerance time affect the performance of DOVE. Fig. 12 shows
the reduced cellular trafﬁc under different deployment ratios,
that is, from 10% to 100%. When the ratio is 100%, RNs
are assumed to be deployed at all intersections. Note that we
assume that RNs are deployed starting from the center toward
the boundary of the road network. In all the algorithms, the
higher deployment ratio leads to the less usage of cellular
links. Compared to DOVE (or DOVE+ ), Greedy and Random
achieve lower performance gain since they cannot fully utilize
the densely deployed RNs. Interestingly, DOVE shows that
RNs in only 20% of intersections can reduce the 55.7 GB of
cellular trafﬁc, that is, about half of trafﬁc reduction in the full
deployment scenario (i.e., 100.3 GB). This result indicates our
DOVE framework can achieve substantial data ofﬂoading even
with the partial deployment scenario. In our simulation setting,
the deployment ratio of 50% with DOVE algorithm shows the
10% of performance difference (91.5 GB) compared to the full
deployment scenario.
Fig. 13 shows the reduced cellular trafﬁc under different
tolerance times, that is, from 300 sec to 900 sec. As shown
in Fig. 13, DOVE and DOVE+ show almost comparable performance, and the longer tolerance time increases the reduced
cellular trafﬁc in all the algorithms. This result implies that
more tolerant users have more chances to ofﬂoad their trafﬁc
from cellular links to RNs through DOVE. Also, longer tolerance time can increase the success probability of ofﬂoading
operations since it can reduce the effect of prediction error
caused by a variation of waiting time due to trafﬁc signals.
Therefore, it can be concluded that DOVE can provide costeffective ofﬂoading service with infrastructure nodes for the
driving safety.
V. R ELATED W ORK
In vehicular networks, research about data forwarding and
data dissemination has been investigated. TBD [22], TSF [2],
GeOpps [23], and Leontiadis et al. [24] utilize vehicle trajectories along with vehicular trafﬁc statistics to forward packets
with shorter delivery delay and better delivery probability.
For the data dissemination, Leontiadis et al. [25] propose a
content based information dissemination protocol. Their protocol utilizes vehicle trajectories in order to disseminate some
information to speciﬁc areas where vehicles need to receive
it. Similarly, We et al. [26] propose MDDV that exploits
a predeﬁned trajectory for data dissemination. For all those
existing approaches, authors focus on vehicle trajectories to
forward/disseminate an information to vehicles in the speciﬁc

location. On the other hand, DOVE investigates how to utilize
both vehicle trajectories and potential beneﬁts of the vehicular
networks for ofﬂoading purposes.
There have been several studies to ofﬂoad cellular trafﬁc
using WiFi or opportunistic communications [7]–[9], [27],
[28]. Lee et al. [7] show that the ofﬂoading of 3G trafﬁc to
WiFi can signiﬁcantly beneﬁt mobile providers in terms of
infrastructure cost. In BreadCrumbs [8], authors show that the
forecast of WiFi access can improve the ofﬂoading of several
applications. Also, recent studies [27]–[29] exploit mobile
devices of social friends to ofﬂoad cellular trafﬁc through
opportunistic communications. These previous studies focus
on the data ofﬂoading using WiFi hotspots and client devices.
In contrast, DOVE investigates the utilization of vehicular
infrastructure (i.e, relay nodes) for data ofﬂoading.
Several works [6], [13], [30] address the mobile data
ofﬂoading problem in vehicular networks. Li et al. [6] conduct
the mathematical analysis with optimization problem of the
ofﬂoading in vehicular networks. Also, Malandrino et al. [13]
investigate a content prefetching at road-side units (RSUs) via
the Internet. In [30], Siris and Kalyvas propose an ofﬂoading
scheme that exploits WiFi hotpots located in single vehicle’s
route. For data ofﬂoading, above works focus on WiFi or
RSUs, which are deployed with the Internet connectivity. Our
work differs in that we utilize relay nodes, which do not
have the Internet connectivity for cheaper installation cost, by
considering vehicle trajectories of multiple vehicles to ofﬂoad
the redundant cellular trafﬁc of vehicles.
VI.

C ONCLUSION

In this paper, we propose a Data Ofﬂoading framework
through Vehicular nEtworks (DOVE). In DOVE, vehicle trajectories are utilized for data ofﬂoading. To select effective
ofﬂoading positions (OPs), we formulate the selection of OPs
as a spatio-temporal set-covering problem and then propose
a time-prediction based set-covering algorithm. Simulation
results show that DOVE can reduce about 57% of cellular
link usage via OPs. We believe our DOVE will be used as
one of solutions to resolve the mobile trafﬁc explosion. As
future work, we will investigate how to use RSUs as providers
that can fetch the data from the Internet without using cellular
links, and also how to deal with large-size content ﬁles for
data ofﬂoading with multiple OPs.
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