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Abstract—In this paper, data dissemination services are dis-
cussed in the context of vehicular ad hoc networks (VANETS).
In order to improve the efficiency of data dissemination, messages
are network coded and pre-downloaded to the local nodes within
the roadside WLANs (RS-WLANSs) and then scheduled for trans-
mission when a vehicle goes through the coverage area. We in-
vestigate the optimal scheduling problem for the pre-downloaded
messages when a vehicle travels through a specific trajectory.
Based on the given vehicle trajectory, resource allocation model,
and message pre-downloading profile, the optimal scheduling
problem is mathematically formulated. As the global vehicle
trajectory information is required for the problem formulation,
the original problem is transformed into a set of subprolems
which require only the local information upon each visit of a
vehicle to an RS-WLAN. By utilizing the theory of deterministic
sequencing and scheduling, an optimal scheduling algorithm is
proposed. Simulation results indicate that the proposed scheme
can improve the delivery probability while reducing the delivery
delay of data dissemination sessions as compared with the legacy
random access scheme.

I. INTRODUCTION

In vehicular ad hoc networks (VANETS), a broad range of
applications can be classified as data dissemination services,
such as traffic information broadcasting, entertainment content
downloading, and commercial advertising [1] [2]. Due to the
high cost and low speed of data dissemination through wireless
wide area networks (WWANSs) such as cellular networks,
data dissemination based on roadside units (RSUs) is widely
investigated in the existing research following the concept of
drive-thru Internet [3]. However, during the initial deployment
phase of VANETs with a low market penetration rate, the
number of RSUs is expected to be very limited and, as a
result, the quality of data dissemination services is likely to
be capped.

In order to improve the efficiency of data dissemination,
increasing the availability of the RSUs is indispensable. Based
on the concept of wireless metropolitan area sharing networks
(WMSNSs), the APs of the publicly and/or privately owned
roadside WLANs (RS-WLANSs) can be shared and functions
as RSUs [4] [5]. Because of the bandwidth limitation of the
wireline connections from the Internet to the RS-WLANs
(e.g., in the residential area), a message pre-downloading
mechanism can be implemented where messages are pre-
downloaded to the RSUs and scheduled for transmission upon
the visit of a vehicle. However, with a limited buffer space of
an AP, the amount of pre-downloaded messages is generally
limited (e.g., restricted to a few megabytes for the MobTorrent

scheme [6]). One straightforward solution to this problem is
connecting each AP with a local file server as the WiFi-
based content distribution community infrastructure (CDCI)
[7]. But an extra cost is inevitable for the server deployment.
Different from the exiting schemes which only pre-download
messages to the AP, some recent research utilizes the buffer
space provided by the local nodes within the RS-WLANSs to
improve message dissemination performance [8] [9]. However,
given a set of pre-downloaded messages and the trajectory
of a vehicle, how to optimally schedule the pre-downloaded
messages still needs to be investigated.

On the other hand, the message delivery performance opti-
mization over a vehicle trajectory has been studied in a few
existing research works. In [7], the file retrieval probability
is maximized with delay and storage constraints. However,
as the messages are only pre-downloaded to the file servers
of the APs, the proposed scheme cannot be directly applied
to VANETs with RS-WLANs where the wireless channel
contention among local nodes is not negligible. In [10], the AP
association problem is investigated in VANETSs for throughput
and fairness improvement in an overlapped coverage area of
multiple APs. However, as the storage functionality is not
supported by the APs, the proposed scheme cannot be applied
to RS-WLANs with pre-downloaded messages.

In this work, we consider a VANET with sparsely located
RS-WLANSs and investigate the optimal scheduling problem
when a vehicle travels through a specific trajectory consists of
a set of RS-WLANs pre-downloaded with network coded mes-
sages. The objective is to maximize the delivery probability
while minimize the delivery delay of the data dissemination
sessions. The optimal scheduling problem is mathematically
formulated by considering the vehicle trajectory, resource
allocation model, and message pre-downloading profile. Based
on a transformation of the original problem, an optimal
scheduling algorithm is proposed by utilizing the theory of
deterministic sequencing and scheduling. The performance of
the proposed scheme is evaluated by simulations and compared
with the legacy random access scheme.

II. SYSTEM MODEL

Consider a network region where isolated RS-WLANSs are
available for data dissemination services. Data dissemination
sessions are pre-downloaded to the local nodes within the
RS-WLANSs, where each session corresponds to a piece of
information such as a flyer of a supermarket which can tolerate



a relatively long delay (e.g., up to days). Vehicles roaming
in the network region can download the data dissemination
sessions when they come into the coverage area of the RS-
WLANSs. In order to avoid the coupon collector’s problem
among multiple RS-WLANSs, network coding [11] (or erasure
coding [1]) based data dissemination is implemented. The mes-
sages of each dissemination session are network coded before
the pre-downloading to the local nodes. The network coding
can be performed on a Galois field with a large size since the
decoding delay is much shorter than the inter-contact duration
of a vehicle to the RS-WLANs. Under this assumption, each
delivered encoded message is innovative with high probability
[1]. Suppose a data dissemination session consists of M
messages, then the session can be successfully decoded given
any M of the encoded messages are received by the vehicle.
As in [7], we focus on the message delivery for a single data
dissemination session when a vehicle visits the RS-WLANs
and do not consider vehicle to vehicle communications in
this work. For the wireless communications between the local
nodes and the vehicle, we consider the production phase where
the local nodes can transmit messages with its maximum
transmission rate according to the transmission technology
adopted by the RS-WLAN [3] [10]. The wireless transmission
during the production phase can be approximated as error free.
By utilizing the production phase, high resource utilization can
be guaranteed for each RS-WLAN.

The detailed system model is presented in the following
subsections. In Subsection II-A, the vehicle trajectory is de-
fined based on the set of RS-WLANSs to be visited. For each
RS-WLAN on the vehicle trajectory, the resource allocation
model for message scheduling is presented in Subsection II-B.
In Subsection II-C, the message pre-downloading profile is
described for each local node.

A. Vehicle Trajectory

The vehicle trajectory can be defined based on a set of
RS-WLANS to be visited by the vehicle and the entering and
leaving time of the vehicle to each RS-WLAN. Consider a
specific trajectory of a tagged vehicle where the number of
RS-WLANSs to be visited is K. Within the kth RS-WLAN,
the 4th local node (denoted by Lj;) can facilitate the data
dissemination session if and only if it has the pre-downloaded
messages and the vehicle can come into its transmission
range. Without loss of generality, we do not consider the
message delivery from an AP because of its buffer and wireline
bandwidth limitation. Denote the group of local nodes within
the kth RS-WLAN which can facilitate the data dissemination
session as V. Then we have

N = { LilLxi € Mo 3, i) < 7} M

where Nj, is the group of local nodes with pre-downloaded
messages in the kth RS-WLAN, while 7;(t) is the distance
between the vehicle and local node Lg; at time t. In (1), rg;
represents the wireless transmission range (of the production
phase) of local node Lg;. Note that, although the transmission
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Fig. 1: The visit of a vehicle to the kth RS-WLAN.

rate is the same for all local nodes within the same RS-
WLAN according to the transmission technology adopted, the
transmission range may be different because of the difference
in the transmission power of wireless devices.

Suppose the vehicle enters and leaves the transmission rage
of local node Ly; at time Iy; and Oy;, respectively, which are
given by

I =
O =

arg mtin {Fri(t) < rrit (2)
arg max {Fri(t) < et 3)

In this work, we assume that when a vehicle comes into the
coverage area of an RS-WLAN, the entering and leaving times
can be perfectly estimated based on the GPS information or
signal strength estimation, while evaluating the impact of the
estimation error is left for our further work. Then the entering
and leaving times of the vehicle with respect to the kth RS-
WLAN can be calculated as

I, = in {1, 4
& Lglelglvk{ ki } 4)
O, = Joax {Oki}. (5)

An illustration of the visit of a vehicle to the kth RS-
WLAN is given in Fig. 1, where vy is the velocity of the
vehicle when it visits the RS-WLAN and is assumed to be a
constant during the visiting period. The figure illustrates four
local nodes within the kth RS-WLAN, i.e., L1, Lio, L3, and
Lyj4. The transmission range of each local node is shown by
a circle. Local nodes Lo and Ly, cannot be used to facilitate
the data dissemination service since the transmission range of
local node Ljo cannot reach the visiting vehicle while local
node L4 has no pre-downloaded message. Therefore, we have
Ny, = {Ly1, Ly}, I = I3, and Oy = Op1.

B. Resource Allocation Model

For the resource sharing among the local nodes and the
vehicle, we assume a reservation based resource allocation for
the RS-WLAN [12], where time is partitioned into superframes
with equal durations and a fraction ¢, of time within each
superframe is assigned for the data dissemination service upon



a visit of the vehicle under consideration. The reservation
parameter ¢ depends on the agreement between the vehicle
and the RS-WLAN (e.g., the payment agreement [5]). Define
the transmission rate from the local nodes within the kth RS-
WLAN to the vehicle as R;,. Then the equivalent transmission
rate for the data dissemination service to the vehicle is
Ry = o R}

Denote the size of each encoded message as Z. Since the
duration of a superframe is much shorter than the sojourn
duration of a vehicle to an RS-WLAN, we model the message
scheduling by a slotted system. The duration of each time
slot (73) corresponds to the transmission time of a message
within the kth RS-WLAN, i.e., 7, = Z/Ry. Define S, =
{Sks,Sks+ 1, -+, Ske} as the set of time slots of the kth RS-
WLAN, where sy and si. are the starting and ending slots,
respectively, when the vehicle visits the kth RS-WLAN. Since
message delivery can only be established when the vehicle
comes into the coverage area of the local nodes, we have

1 ifk=1
she = 4 e (©6)
S(k—1)e +1, otherwise
Or—1
Ske = Sks Tt \‘kakJ (7)

where the values of I and Oy are given by (4) and (5),
respectively. Note that in (6) and (7), no time slot is assigned
when the vehicle is out of the coverage area all RS-WLANS.

C. Message Pre-Downloading Profile

Based on the definition of vehicle trajectory and resource
allocation model, the message pre-downloading profile can
be described by considering each local node within an RS-
WLAN on the vehicle trajectory. For a given local node
Ly;, the set of pre-downloaded messages is denoted by
My;. Then the set of pre-downloaded messages within the
kth RS-WLAN which can facilitate the data dissemination
session is given by My = U, cn, Mri. We further define
M = Uke{l,--- K} Mj, as the set of all encoded messages pre-
downloaded to the RS-WLANS on the vehicle trajectory which
can possibly be scheduled for transmission. Since network
coding based message pre-downloading is implemented, in
order for the data dissemination session to be delivered on
the vehicle trajectory, it should be guaranteed that |M| > M.

For each encoded message, a releasing time and a deadline
should be assigned according to the coverage area of each local
node. For a local node Ly; € Ni,let g;i(s) = Ii+75-(s—Sks)
denote the starting time of slot s, then the releasing time slot

(Sft,,) and deadline time slot (S{,,) of encoded message m
(m € Mjy,;) are given by
Skim = arg min {gri(s) > i} @®)
seSk
Skim = argmin {gri(s +1) + 7 > O} ©)
S k

III. PROBLEM FORMULATION

The objective of message scheduling for RS-WLANs with
pre-downloaded messages is to maximize the session delivery

probability and minimize the session delivery delay when a
vehicle goes through a specific trajectory. In this section, we
focus on the delay minimization problem and it will be shown
in Subsection IV-B that the delivery probability maximization
problem is inherently solved by solving the delay minimization
problem. According to the discussions in Subsection II-C, we
consider |M| > M and sufficient RS-WLANs are available
on the vehicle trajectory for session delivery.

Define the message scheduling scheme over the vehicle
trajectory as

A= {agmslk € {1,--- ,K},me M,s € S} (10)
where
1, if pre-downloaded message m is
P scheduled on time slot s (11

by the kth RS-WLAN
0, otherwise.

In (10), S = Uke{l,--- K} S}, is the set of all time slots over the
vehicle trajectory. Obviously, no more than M encoded mes-
sages should be delivered to the vehicle since the data dissemi-
nation session can be successfully decoded upon the reception
of M encoded messages. Therefore, for a feasible scheduling
scheme, we have 3, (1 . ey Doenr 2oses Whms = M.

Define T’y as the delivery delay of the data dissemination
session for a given scheduling scheme A. Since network cod-
ing is implemented for message dissemination, by considering
the delivery delay of M encoded messages, we have

Ta=1Ip, +Thy - (54 — Skys) (12)

where k; and s; represent the RS-WLAN and time slot,
respectively, at which the Mth encoded message is delivered,
and are given by

kg = =1 13
d arg ke{rfl,?‘-X,K}{ak } (13)
S¢ = arg meagf{ak’ms = 1} (14)

Then the session delivery delay minimization problem (Prob-
lem P1) can be formulated as

Problem P1:
rr%n Ty (15)
subject to Z Z Z Alms = M (16)

]{:E{l,“' ,K} 7nEM seS

Sﬁm <s< Slﬁm, Yagms = 1,m € My,
LkiENk,kE{l,---,K} a7
S tkms<1,¥meM (18)
ke{l,--- , K} s€eS
> Y wms<1,Vs€S (19)

ke{l, K} meM

where condition (17) holds since each message can only be
scheduled when a vehicle comes into the transmission range of
a local node where this message is pre-downloaded. Condition



(18) holds since each encoded message can be delivered at
most once, otherwise, a wireless transmission is established
to deliver a duplicated message and the radio resource is
underutilized. Condition (19) holds since for each time slot,
at most one encoded message can be delivered.

IV. THE OPTIMAL SCHEDULING ALGORITHM

We can observe that in problem P1, global information in
terms of the set of RS-WLANSs on the vehicle trajectory and
speed of the vehicle upon each visit is required. However, the
information is usually unavailable a priori for a vehicle, and
thus a problem transformation is indispensable to acquire an
optimal scheduling scheme. In this section, we first transform
problem P1 into a group of subproblems which only require
the local information upon each visit of a vehicle to an
RS-WLAN, and prove the optimality in Subsection IV-A.
Then an optimal scheduling algorithm is proposed in Sub-
section IV-B based on the theory of deterministic sequencing
and scheduling. In Subsection IV-C, the complexity of the
proposed algorithm is discussed, where we can also observe
that even if the global information can be fully predicted, the
computational complexity of solving problem P1 directly is
still prohibitive, which further confirms the necessity of the
problem transformation.

A. Problem Transformation

In order to avoid the requirement of the global information,
we transform problem P1 into a group of subproblems. Sup-
pose that by visiting a sequence of d (d > 2) RS-WLAN:Ss,
the pre-downloaded data dissemination session is delivered.
We define the RS-WLANSs in the set {1,---,(d — 1)} as
the intermediate RS-WLANs while the dth RS-WLAN as the
delivery RS-WLAN. The problem transformation is based on
the following theorem:

Theorem 1. With network coding based message pre-
downloading, when a vehicle visits an intermediate RS-WLAN,
maximizing the number of delivered messages upon its current
visit corresponds to a minimal session delivery delay.

The proof of Theorem 1 is given in the Appendix.

Based on Theorem 1, we can transform problem P1 into
subproblems P2 and P3 as follows:

Subproblem P2:  (for each intermediate RS-WLAN k)

max ms 2
max ), ) 0
m € My, meM;, s€Sk
s € 5
subject to Sk <s<SP . Vapms=1,m € My,
Li; € Ny 21
> tkms <1,Ym € My, (22)
SES)
Y ams SLVs €S, (23)
mGMk

where the intermediate RS-WLAN can be determined by
comparing the number of remaining messages in the data
dissemination session and the maximum number of messages

that can be delivered within the currently visited RS-WLAN.
Denote M, as the set of delivered messages at a previous
intermediate RS-WLAN ¢ (1 < ¢ < k — 1) according to the
optimal scheduling algorithm. We have

Mz* = {m|ai7ns =1,s€8;,m¢e€ Mﬁ} : 24

Then the kth RS-WLAN is an intermediate RS-WLAN if and
only if Zle |M7¥| < M, where M} can be calculated by
solving subproblem P2.

Next, consider the delivery RS-WLAN. The data dissemi-
nation session is delivered at the dth RS-WLAN if and only if
Zf:_ll M| < M < Zle |M;|. Obviously, minimizing the
session delivery delay is equivalent to minimizing the delivery
delay of (|M|— Zi;i |M}|) messages at the dth RS-WLAN.
Define S45 = {sq4s," - ,0} as the set of time slots in the dth
RS-WLAN ended with the time slot §. Then, the delivery delay
minimization problem within the dth RS-WLAN is given by

Subproblem P3:

min [Sas] (25)
T
s € Sq
subject to SE <5< SE . Vagms =1,m € My,
Lg € Ny (26)
d—1
meM, SE€ESa k=1
> tams < 1,Ym € My (28)
SESy
Y adms <1,Vs € Sa. (29)
mGMd

By solving subproblems P2 and P3, we can obtain the optimal
scheduling scheme A* with the minimun session delivery
delay T'4-. Note that upon the visit of a vehicle to the kth
RS-WLAN, only the related scheduling variables (axms, m €
My, s € Sy) are updated, while the other scheduling variables
are kept unchanged.

B. Optimal Scheduling Algorithm

Based on the definition of releasing time slot and deadline
time slot in (8) and (9), subproblems P2 can be classified
as a job scheduling problem with unit processing time and
integer releasing times and deadlines [13]. According to the
theory of deterministic sequencing and scheduling [14], the
optimal scheduling scheme which maximizes the number of
delivered messages is determined by the earliest-deadline-first
(EDF) algorithm. With the EDF algorithm, for each time
slot, the message with the earliest deadline is scheduled for
transmission. The detailed algorithm is omitted here because of
space limitation. For subproblem P3, it can be solved based on
an exhaustive search on §, while for each iteration, the optimal
scheduling scheme is still determined by the EDF algorithm.
The optimal scheduling scheme is given by Algorithm 1. In
line 2, the EDF algorithm is performed for the set of messages
My and the resulting scheduling scheme is A’ with the set of



delivered messages in the dth RS-WLAN being Af). In line 5,
the EDF algorithm is performed based on the updated deadline
slots given by line 4.

TABLE I: Values of system parameters used in simulation.

Value
5 km

Parameter
Road length

Algorithm 1 Optimal Scheduling Algorithm for the Delivery

RS-WLAN

Input: M, M; (1 <k<d-—1), My,

Sﬁm, S£m (m € Mdi’ Lg; € Ng)

Output: A*

Adms = 0, Vm € My, Vs € {sqs," -

: (A, M) — EDF(Md);

: fOI'(S:Sde—l,Sde—Q,'"
S,Zm «— min {S,Zm,é};
(A7 M) — EDF(My):
if (M7 < M — Y2571 [Mj;| = | M| then

Break;
end if
A — A", M) — M},

end for

AY — A

return A*;

asde};

, Sds do

R A A T ol S

_ = =
» o2

Note that although the optimal scheduling algorithm is
proposed for session delivery delay minimization, it also
maximize the session delivery probability when the number of
RS-WLAN:S is limited since the number of messages delivered
at each intermediate RS-WLAN is maximized.

C. Complexity Analysis

For the EDF algorithm, the complexity of calculating
the optimal scheduling scheme is O(aloga), where «
is the number of pre-downloaded messages [13] [14].
For problem P2, since there are (d — 1) intermediate
RS-WLANSs, the complexity of calculating the optimal
scheduling scheme is O (maxi<gp<a—1 {|My|log|My|}).
For problem P3, since each iterative search on J embeds
an EDF algorithm, the complexity of solving problem
P3 is  O(|Sq4]|Ma|log|My]). Therefore, the overall
complexity of the proposed scheduling algorithm is

O (max {maxlgkgd,l {|Mk| 10g |M}C‘} 5 |SdHMd| log |Md|})

For comparison, consider that the vehicle trajectory can be
fully predicted based on the route plan of the vehicle and the
traffic condition on each road. Then, problem P1 can be solved
directly by applying Algorithm 1. However, the complexity
is O (o 1Sk (s M) Tog(325_ | M) ) which is
prohibitive when the number of RS-WLANs on the vehicle
trajectory is large. This result indicates that the problem
transformation in Subsection IV-A is indispensable.

V. NUMERICAL RESULTS

In this section, numerical results are presented to evaluate
the proposed optimal scheduling algorithm. For the vehicle
trajectory, the deployment of the RS-WLANS is determined by
a set of parameters: the distance from the AP to the road, the
coverage distance of each RS-WLAN, the transmission range

Distance from the AP to the road
Coverage distance of an RS-WLAN
Transmission range of local nodes
(for the production phase)

Uniform|[10, 20] m
Uniform|[20, 30] m
Uniform[30, 60] m

Number of local nodes within Poisson|3]
each RS-WLAN

Vehicle speed (vy) 60 km/h
Size of encoded message (2) 100 kbytes

of the local nodes (for the production phase), and the number
of local nodes within each RS-WLAN. Note that the coverage
area of each RS-WLAN is considered to be a circle according
to the coverage distance with the AP located at the center.
The number of pre-downloaded messages at each local node
is Poisson distributed. The wireless communication capability
of each RS-WLAN follows the IEEE 802.11b standard [3]
[15]. The default values of system parameters used in the
simulations are shown in Table I.

The average session delivery delay and session delivery
probability versus the average number of pre-downloaded
messages at each local node are shown in Fig. 2 and Fig. 3,
respectively. For Fig. 3, we choose K = 2 as an example,
while for Fig. 2, we set K = 10 so that the session delivery
probability is close to 1 for different values of M. We can
see that, with the increase of the average number of pre-
downloaded messages, the average session delivery delay
decreases while the session delivery probability increases. The
reason is that, with more pre-downloaded messages, more
messages are available for scheduling and the probability for
the buffer of a local node to be empty is lower. For a longer
data dissemination session with more messages, the average
session delivery delay increases while the session delivery
probability decreases since a vehicle needs to visit more RS-
WLANSs in order achieve session delivery. Compared with
the legacy random access scheme, the proposed scheduling
scheme can improve both performance metrics since the
characteristics of the message pre-downloading are taken into
account. Moreover, the performance improvement is more
significant when the network resource is limited, i.e., for a
longer data dissemination session and less pre-downloaded
messages at each local node.

VI. CONCLUSION

In this paper, we investigate the problem of optimal schedul-
ing for RS-WLANSs with pre-downloaded messages. The op-
timal scheduling problem is mathematically formulated and
solved based on the theory of deterministic sequencing and
scheduling. Compared with the legacy random access scheme,
the proposed scheduling algorithm can achieve higher session
delivery probability while reducing the average session deliv-
ery delay.
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Fig. 2: Average session delivery delay versus the average
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In our further work, we will study the feasibility of message
scheduling during the non-production phase where the wire-
less transmission is highly unreliable. Moreover, the impact
of vehicle to vehicle communications on data dissemination
based on RS-WLANSs needs further investigation.

APPENDIX
PROOF OF THEOREM 1

Proof: Theorem 1 can be proved by contradiction. Obvi-
ously, there are two cases for the delivery of the Mth (M > 2)
message: 1) the (M — 1)th and Mth messages are delivered
on time slots sp;—1 and sps, respectively, when the vehicle
visits the dth RS-WLAN; 2) The Mth message is delivered
on time slot sp; when the vehicle visits the dth RS-WLAN
while the (M — 1)th message is delivered on time slot sy
when the vehicle visits the (d — 1)th RS-WLAN. For both
cases 1) and 2), we have sp;_1 < sjps since the transmission
of each message takes one time slot.

For case 1), suppose the optimal scheduling scheme is A*

while the number of delivered messages at an intermediate
RS-WLAN k (1 £ k < d —1) is not maximized. Obviously,

we have Tu~ = I4+7-(Sa —Sas)- Then we can design another
policy A’ based on A* by increasing the number of delivered
messages at intermediate RS-WLAN £ by one and removing
the message delivered on time slot sp;. Since network coding
based message pre-downloading is implemented with each
encoded messages being innovative, the data dissemination
session is delivered on time slot sp;_;, which results in
a session delivery delay T4 = Iy + 7 - (Spr—1 — Sds)-
Since sp;—1 < sy, we have Ty < T'4«. For case 2), the
proof is similar to that of case 1). However, by adopting the
new scheduling policy A’, the new session delivery delay is
Tar=1Ig-1+7(Sp—1— S(d—l)s)- Since Tar < Og_q1 < Iy
for the isolated RS-WLANSs considered in this work, we have
Ta» < T4~. Thus the scheduling policy which does not max-
imize the number of delivered messages at the intermediate
RS-WLAN:Ss is not optimal. |
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