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Abstract—For vehicular networks, dropboxes are very useful for assisting the data dissemination, as they can greatly increase the

contact probabilities between vehicles and reduce the data delivery delay. However, due to the costly deployment of dropboxes, it is

impractical to deploy dropboxes in a dense manner. In this paper, we investigate how to deploy the dropboxes optimally by considering

the tradeoff between the delivery delay and the cost of dropbox deployment. This is a very challenging issue due to the difficulty of

accurate delay estimation and the complexity of solving the optimization problem. To address this issue, we first provide a theoretical

framework to estimate the delivery delay accurately. Then, based on the idea of dimension enlargement and dynamic programming, we

design a novel optimal dropbox deployment algorithm (ODDA) to obtain the optimal deployment strategy. We prove that ODDA has a

fast convergence speed, which is less than k (k < n) iterations for convergence. We also prove that the computational complexity of

ODDA is Oðnkm logmÞ, i.e., ODDA has a polynomial computational complexity for a givenm, the number of dropboxes for deployment.

Performance evaluation by simulation demonstrates the superior performance of the proposed strategies compared with the

benchmark methods.

Index Terms—Vehicular networks, data forwarding, delay minimization, dropbox deployment
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1 INTRODUCTION

VEHICULAR communication networks have attracted
great attention in recent years thanks to the develop-

ment in both mobile communication technology and vehicle
technology. With the mobility, flexibility and other charac-
teristics of vehicular networks, many applications can be
launched to improve service quality and user experience in
daily lives, e.g., the road safety, travel comfort, and trip effi-
ciency, and facilitate commercial advertisements, interactive
entertainment, urban sensing, etc. [1]. Data dissemination is
a crucial and important issue, on which most of these vehic-
ular network applications depend. For example, in the
applications of commercial advertisements, the promotional
materials from hotels or shopping malls may be attractive to
the taxi or bus passengers around the airport. To realize
such kind of services cost-effectively, it is important to dis-
seminate the latest information to the targeted area within a
short delay by using the vehicle-to-vehicle communication,
which is the typical data dissemination problem. Extensive

research works have been done for data dissemination
problems in vehicular networks, e.g., [2], [3], [4]. However,
how to guarantee the highly effective and reliable data dis-
semination in large-scale vehicular networks is still an open
issue and worth further investigation.

1.1 Motivations

To guarantee the effective and reliable data dissemination in
large-scale vehicular networks, many existing works have
already used the infrastructures or dropboxes or throwboxes
to assist the data dissemination in vehicular ad hoc networks
(VANETs), and they have shown that using assisted infra-
structures can greatly increase the contact probabilities
between vehicles and reduce the delivery delay [3], [4], [5],
[6], [7], [8], [9]. For example, Banerjee et al. in [5] first exam-
ined the performance-cost trade-offs for VANETs by consid-
ering assisted infrastructures. It demonstrated that using a
small amount of infrastructures can significantly improve
the performance of a routing protocol. Wu et al. in [4]
pointed out that it is able to improve the data delivery ratio
and reduce the delivery delay in VANETs by deploying
infrastructures. He et al. in [3] introduced a store-and-for-
ward framework for VANETs with extra storage using
“dropboxes”, which functions similar to network routers, to
address the scalability and high-mobility issues for data dis-
semination in VANETs. However, deploying infrastruc-
tures/dropboxes is costly [5]. Although usually using more
dropboxes will bring more benefits on data dissemination, it
also incurs more cost, which implies a trade-off between the
performance of data dissemination and the cost of deploying
dropboxes. As the delivery delay is themajor concern in data
dissemination [17], [18], it is natural to consider the trade-off
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between the delivery delay and the deployment cost. Hence,
these works motivated us to consider the dropboxes as an
assistant of data dissemination and study the optimal
deployment problem.

The deployment problem in vehicular networks has been
widely studied in [15], [16], [30], [32], [33], [35]. Most of them
focused on the highway or straight road segment scenario
aiming atminimizing the delivery delay. However, due to the
lack of accurate modeling of the benefit of deploying drop-
boxes, the performance evaluation is limited, particularly in
two-dimensional road grid scenarios. Meanwhile, consider-
ing the complexity of solving the deployment problem, the
optimal solution is also very difficult to obtain.

Given the above observations, the objective of this paper is
to build a precise analytical framework and design an optimal
deployment strategy with low-computational complexity for
data dissemination in large-scale vehicular networks.

1.2 Challenges

There are two main challenges to solve the deployment
problem. First, how to obtain the accurate delay estimation
and model of the benefit of deploying a dropbox in two-
dimensional vehicular networks. Accurate delay estimation
has been recognized as a very challenging issue in vehicular
networks due to the dynamic of vehicles, especially in two-
dimensional vehicular networks [13], [15], [21]. Second, it is
difficult to obtain that how many dropboxes and where
they should be deployed. If we take all possible strategies
into consideration and compare them exhaustively, the
computational complexity will be exponentially increasing
with the number of intersections, which is impractical.
Hence, it needs to design a low-complexity algorithm to
solve this problem for large-scale vehicular networks.

1.3 Contributions

In this paper,we formulate a utility-basedmaximization prob-
lem to solve the above challenges. For the delay estimation, by
extending the framework in [36], we further quantify the
reduction of delay by deploying a dropbox at an intersection.
Then, we use the approach of information dimension enlarge-
ment and dynamic programming to design a low complexity
algorithm to solve the optimization problem. In summary, the
contributions of this paper are listed as follows. First, we pro-
vide a theoretical framework to estimate the delivery delay
and the benefit of deploying dropboxes in terms of delay
reduction. Second, we design a novel ODDA to solve the opti-
mal deployment problem. We also prove that ODDA obtains
the optimal solution and has a low-computational complexity
(i.e.,Oðnkm logmÞ). Finally, simulations have been conducted
to validate the correctness of the analysis results and the effec-
tiveness of the proposed algorithm.

1.4 Organization

The rest of this paper is organized as follows. Section 2 dis-
cusses the related work. In Section 3, we introduce the sys-
tem model and the proposed forwarding strategy. Section 4
provides some preliminaries. Section 5 introduces ODDA
algorithm. Performance evaluations by simulation are pre-
sented in Section 6, followed by the concluding remarks
and future research issues in Section 7.

2 RELATED WORK

Delay Analysis. Delay analysis for VANETs in sparse high-
way scenarios has been studied in the literature [10], [11],
[14], [19], [20], [22]. In [10], Wisitpongphan et al. proposed
a model to quantify the average packet-delivery delay
between disconnected vehicles based on their observation
of the vehicle inter-arrival time and inter-vehicle spacing.
Also, they suggested a store-carry-forward routing mecha-
nism for VANETs. In [11], Huang analyzed the accurate dis-
tribution of the information re-healing delay in a sparse
bidirectional highway scenario based on [10]. However, the
authors in [10], [11] only considered the information deliv-
ery delay in an infrastructure-less sparse highway scenario
without roadside units (RSUs). In [22], Khabbaz et al. pro-
posed several information release mechanisms to achieve a
delay-minimal information delivery in the context of an
intermittent roadside network. [19], [20] investigated the
delivery delay given the delivery distance and vehicle den-
sity, where a one-dimensional road with bidirectional traffic
is considered. [31] provided the accurate modeling and
analysis framework to estimate the information propagation
speed considering the one-dimensional road and bidirec-
tional traffic scenario. The previous delay analysis works
are mostly confined to one-dimensional roads only, and an
accurate analysis on delay statistics for two-dimensional
VANETs remains unsolved. Modeling and analysis of
carry-and-forward delay in VANETs are complicated due
to the intermittent connectivity, dynamic temporal motions,
and random forwarding process. As suggested in [14], how
to refine the existing models or to design new ones for accu-
rate delay estimation has been investigated in [36].

However, all of them considered how to send the informa-
tion to passing vehicles, rather than to infrastructures by pass-
ing vehicles. Based on [10], Reis et al. in [30] developed a
mathematical model to analyze the re-healing time, which is
the time required to deliver information between a couple of
source and destination nodes in a two-way highway scenario
in the presence of infrastructures acting as relays, both con-
nected and disconnected. The results show that the re-healing
time is significantly reduced in the presence of infrastruc-
tures, in particular for the case of connected infrastructures.

Deployment Problem. In [16], Abdrabou et al. presented a
mathematical model for calculating the message delivery
delay distribution on a two-lane road. The original packets
are carried by the generator until meeting an infrastructure,
and the copies of each packet are also sent to carrier vehicles
in the opposite direction which may leave the road ran-
domly. However, they considered a scenario where infra-
structures are connected through fiber or broadband
wireless links. [15] proposed a multi-hop packet delivery
delay analytical framework for RSU deployment satisfying
a probabilistic delay requirement in a road segment for a
low-density VANET. They focused on the vehicle-to-
infrastructure packet delivery analysis and obtained the
minimum number of RSUs required to cover a straight road
segment. [32] analyzed the average information delivery
delay for a message to be delivered to both neighbor RSUs
in order to obtain the proper deployment distance between
two neighbor RSUs under a specific delay constraint. Sun
et al. [33] presented an RSU deployment scheme for on-
board units (OBUs) to update their short-time certificates
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within the time constraint including the certain driving time
(DT) and the extra overhead time. [35] proposed a cluster-
based RSU deployment scheme with distributed power con-
trol aiming at maximizing the propagation performance and
minimizing the power consumption in highway.

In the above works, they took the vehicle speed, the vehi-
cle density, the distance between infrastructures and other
randomness in vehicular network message delivery into
account for infrastructure deployment. However, they
focused on the straight road segment or one-dimensional
deployment problem where the two-dimensional delivery
path from the source to the destination is not considered.
Considering the high cost of the deployment, deploying
infrastructures on each road segment may be too expensive.
Moreover, with limited deployment resources, how to maxi-
mize the utility of the deployment cannot be addressed
using existing methods, either. Thus, an analytical frame-
work for deployment from the global, two-dimensional net-
work point of view is needed. [34] developed an Internet
gateway deployment technique and a packet routing
scheme to guarantee in-vehicle Internet access via multi-
hop communications. The objective of the paper is to mini-
mize the deployment cost subject to the required probability
of the vehicle connecting to the Internet. The total utility of
the deployment is not considered in [34].

In our work, the accurate delay analysis with dropboxes
is provided along with the optimal deployment strategy
considering both the utility and the cost.

3 SYSTEM MODEL AND FORWARDING STRATEGY

3.1 Scenario and Assumptions

Scenario. In this paper, we consider a data dissemination
problem in vehicular networks (e.g., the advertisement of a
hotel being delivered to the vehicles near the airport). Sup-
pose there are dropboxes (we use dropboxes for represent-
ing of the assisted infrastructure) deployed at the road
intersections to help the data dissemination. Given the
source region and the destination region, we use the carry-
and-forward mechanism for the data dissemination, which
is widely used in [3]. When the data is forwarded to an
intersection and there is a dropbox at the intersection,
the vehicle carrying the message will forward the data to
the dropbox first, and then the dropbox will find an appro-
priate next-hop vehicle for data dissemination based on the
designed delivery strategy. It is preferable for data dissemi-
nation in vehicular networks when the dropbox has Internet

access. However, note that Internet access for dropboxes is
highly costly and may not be possible when the Internet
connection is damaged [17]. Some application messages are
effective only in given areas, e.g., advertisements, and they
do not require Internet access. Hence, the dropboxes in our
scenario are adopted as the relays, and the Internet is not
available for the dropboxes. Then, the objective of this paper
is to select the intersections to deploy the dropboxes and the
path for data forwarding, to achieve an optimal trade-off
between delivery delay and cost. Fig. 1 shows an example
of the scenario.1

Assumptions. We assume that vehicles can discover
others within their communication range (denoted by R)
through periodic beacon messages. Assume that a vehicle
knows its location through GPS or other localization serv-
ices, and each vehicle encloses its location, speed, and direc-
tion information in its periodic beacon messages [17].
Vehicles are also assumed to be pre-loaded with digital map
(e.g., MapMechanics [23]), which provides the off-line
street-level map. The message delivery information, e.g.,
the locations of the source and destination, message expira-
tion time, etc., are assumed to be specified by the source
and placed in the packet header. We assume that each drop-
box can communicate with a vehicle when the distance
between them is not larger than Rd.

3.2 Traffic Model and Communication Model

Traffic Model.We abstract a vehicular network to a weighted
directed graph G ¼ ðV; E;WÞ where V is the set of nodes
denoting the road intersections, and E is the set of links
(edges) denoting road segments between two intersections,
and W is the set of weights denoting the average vehicle
arrival rate in each link (per second). The value of each ele-
ment in W ¼ f�ijgn�n can be estimated from the traces in
history [25], [27]. By referring to [17], [25], [26], the vehicles
traveling from one intersection to the other can be approxi-
mated by a Poisson process, with the average arrival rate
�ij � 0 for hi; ji 2 E. Thus, the inter-vehicle arrival times
have an i.i.d. Exponential distribution. We assume that the
vehicles have the same speed, denoted by vij, in the same
direction of a road segment ij

!
. The vehicle density (the

number of vehicles per meter) is �ij=vij. This traffic model
can be used to describe the characteristics of urban vehicu-
lar networks [25], [28].

V2V Communication. Suppose that two vehicles can com-
municate with each other through a short-range wireless
channel. A cluster is defined as the maximal set of vehicles
moving in the same direction of a road segment in which
every pair of vehicles is connected by at least one single/
multi-hop path. The foremost vehicle in a cluster is the clus-
ter head, denoted by H, see Fig. 2a as an example for illus-
tration. The vehicles in the same direction and within each
other’s communication range will self-organize to become a

Fig. 1. Scenario.

1. There are many available communication systems that can sup-
port vehicular communications, e.g., WiFi, cellular communication
technologies, etc. Due to the various service requirements from emerg-
ing applications in vehicular networks, the existing communication
infrastructure may not always have sufficient coverage, capacity, ser-
vice guarantee, and/or reasonable cost [24]. In this work, we mainly
focus on the dropbox deployment algorithm design in hybrid V2V/V2I
networks, which do not specify the communication technologies.
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cluster, while it should be pointed out that the opposite-
direction vehicles will not be included in the same cluster.
The cluster information is shared by all vehicles in the clus-
ter. Since all vehicles in the same direction of a road seg-
ment are assumed to have the same speed, the clusters
remain unchanged until they reach an intersection (the
work [29] studied how to maintain or reorganize the cluster
considering the network dynamics which is beyond the
scope of this work). Assume that the message exchange
time by wireless communications between vehicles in the
same cluster is negligible.

V2I Communication. Suppose that when vehicles come
into the communication range of a dropbox at an intersec-
tion, they can forward the data to the dropbox or receive
the data packet transmitted from the dropbox. The commu-
nication between vehicles and dropboxes is named V2I
communication.

Table 1 summarizes a few important notations in this
paper for easy reference.

3.3 Forwarding Strategy

There are two parts of the forwarding: how the message is
forwarded along a road segment, named the link forward-
ing strategy, and how the message arriving at an intersec-
tion is forwarded to a vehicle traveling in a given direction,
named the intersection forwarding strategy.

Link Forwarding Strategy. For the link forwarding strat-
egy, we use the same as that in [36]. Specifically, we assume
that the connectivity information is shared within each clus-
ter. The cluster head, H, will broadcast beacon messages
(which include the cluster size) periodically to probe for
communication opportunities with other Hs in the opposite
direction. When these two cluster heads are within the
range of R, they can communicate and exchange message
within a time interval of d which depends on the beacon
interval, message size, and transmission rate, etc. As shown
in Fig. 2b, cluster 1 and cluster 2 are two disconnected clus-
ters traveling in the same direction. Cluster 3 is another

vehicle cluster traveling in the opposite direction. When the
head of cluster 3 encounters the head of cluster 2, they can
learn each other’s connectivity information. After traveling
for a period of time, as illustrated in Fig. 2c, when the head
of cluster 3 encounters the head of cluster 1, they exchange
their connectivity information, and find out that cluster 3
can connect with cluster 1 and cluster 2 simultaneously.
Using this strategy, data can be forwarded from cluster 1 to
cluster 2 with the assistance of cluster 3 during the con-
nected period.

Intersection Forwarding Strategy Without Dropboxes. When
an H carrying the message arrives at a tagged intersection
(i.e., the intersection is within the communication range of the
H), it begins to search for the vehicle traveling to the direction
following the selected path and then forwards the message to
it. If the data carrier failed to find an appropriate vehicle
before it leaves the intersection, it will forward the message to
the vehicle behind it in the cluster, and this procedure repeats.
If the last vehicle in the cluster still cannot find an appropriate
next-hop carrier when it passes the intersection, it will carry
the message and forward it to the next vehicle encountered
which is traveling back to the tagged intersection. In this way,
the message can be carried back to the selected path. This
whole process repeats until the message eventually is for-
warded to the selected direction at the tagged intersection, so
the message can follow the selected path until reaching the
destination.

Intersection Forwarding Strategy with Dropboxes. When H
carrying the message arrives at a tagged intersection where
a dropbox is deployed, it forwards the message to the drop-
box when it is within the communication range of the drop-
box. After the dropbox receives the message, it begins to
search for the vehicle traveling to the direction following
the selected path and then forwards the message to it.

3.4 Problem of Interest

Define V to be the directed path set from a source node s to
the destination node d, i.e.,

V ¼ fpksdjk ¼ 1; 2; . . . ;Mg;

Fig. 2. Vehicle cluster and message forward process.

TABLE 1
Important Notations

Symbol Definition

R the communication range of vehicles
R0 the effective communication range of two clusters

being connected
Rd the communication range of dropboxes
�ij the arrival rate from intersection i to j

�sn the arrival rate from south to north at an intersection
Tsd the delivery delay from s to d

cs the cluster size
vij the vehicle speed in link hi; ji
Xij the link propagation delay of hi; ji
Zwn the link transfer delay from west to north
k the maximum hops among all the paths from s to d

E the expectation of random variables
d the required minimum time of two clusters to exchange

the message
fcðxÞ the probability distribution function of cluster size

ij
!

the direction from intersection i to j
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where pksd
2 is one path and M the total number of possible

paths. Define Q to be the dropbox deployment strategy set,
which is given by

Q ¼ fsjsi ¼ 0 or 1; si 2 s; s 2 R1�ng; (1)

where si ¼ 1 or si ¼ 0 means that the intersection i has a
dropbox or not.

We introduce a utility function,UðtÞ, to describe the benefit
of reducing the delivery delay. Assume that UðtÞ is a continu-
ous and differentiable convex function, and is decreasing
with t which means that a longer delay yields a lower utility.
Let Cd be the cost of deploying a dropbox. Considering the
trade-off between delivery delay and the cost, we formulate a
utility-based optimization problem as follows,

max
s2Q;pk

sd
2V

U EfTsdðkÞgð Þ �
Xn
i¼1

siCd; (2)

where TsdðkÞ is the delivery delay from s to d under path pksd,
which aims to find an optimal path and an optimal dropbox
deployment strategy such that the total utility of delivery
delay minus the cost of dropboxes is maximized.

To solve problem (2), there are two key issues: i) how to
select the path for data dissemination, i.e., the routing prob-
lem, and ii) which intersections should deploy the dropboxes,
i.e., the deployment strategy. These two issues are coupled
with each other since the deployment strategy will affect the
optimal routing and also the optimal deployment depends on
the optimal routing, which makes the problem challenging.
Specifically, when the deployment strategy is fixed, problem
(2) is simplified to a routing problem. In this case, the main
challenge is how to estimate the delay EfTsdðkÞg accurately,
since the traditional shortest path-based approach can be
used to solve this routing problem when EfTsdðkÞg is given.
Then, we consider the possible deployment strategies. Note
that each si could be 0 and 1, which means that there are 2n

deploy strategies. Hence, it is hard to solve the problem (2) by
comparing the value of the total utility under the optimal
routing and the different deployment strategies.

Therefore, there are two interesting while challenging
problems to solve problem (2). First, how to estimate the
delivery delay EfTsdðkÞg. Second, how to design an algo-
rithm with low-computational complexity (e.g., solve in
polynomial time) to solve the problem. Note that if we can
solve problem (2) in polynomial time when the number of
the dropboxes,m, is fixed, then problem (2) can be solved in
polynomial time due to m 2 ½0; n�. Hence, in the remaining
of this paper, we will consider the following simplified opti-
mization problem, with a knownm

max
s2Q;pk

sd
2V

U EfTsdðkÞgð Þ �mCd

s:t:
Xn
i¼1

si ¼ m:
(3)

Clearly, in the above problem, the number of dropboxes is
fixed. Thus, the number of the possible strategies is reduced
to Cm

n , still with a high complexity.

4 PRELIMINARIES

In this section, we provide the preliminaries, including the
cluster size estimation, link propagation delay estimation
and link transfer delay (without and with dropbox cases)
estimation. It should be pointed out that when the dropbox
is not considered, there are many works, e.g., [19], [20], [21],
[22], [31], can be used to estimate the link propagation delay
approximately. In [36], both the link propagation delay and
link transfer delay without dropboxes have been estimated
accurately and the detailed analysis is provided. Thus, we
refer to it and only give the main results of them to make
the paper self-contained. Then, we will focus on the detailed
analysis of the delivery delay with dropboxes.

4.1 Existing Results

Cluster Size. Let cs denote the cluster size, which is a random
variable. The following lemma is used to estimate the
expected cluster size and its probability distribution func-
tion (PDF), and its proof is referred to [10], [26].

Lemma 4.1. Suppose that the vehicle density in a link hi; ji is
~�ij ¼ �ij

vij
and the inter-vehicle distance follows an i.i.d. expo-

nential distribution. Then, we have

Efcsg ¼ ½1� ð~�ijRþ 1Þe� ~�ijR�=ð~�ije
�~�ijRÞ; (4)

and the PDF of cs can be approximated as

fcðxÞ ¼ ðxk�1e�
x
uÞ=ðukGðkÞÞ; x > 0; (5)

where k ¼ Efcsg2
Efc2sg�Efcsg2

, u ¼ Efc2sg�Efcsg2
Efcsg , Gð�Þ is the gamma

function, and Efc2sg is given by (5) in [26].

Link Propagation Delay Estimation [36]. Link propagation
delay measures the time duration for a message passing
through a road segment (between two neighbor intersec-
tions). It mainly depends on the time for a message to move
from one H to the other H or to the end of the link. Define
Xt

c the time needed for a message being held by an H until
it reaches the head of its front neighbor cluster with the
help of the cluster in the opposite direction. The message
propagation process (moving from one H to the next) along
a link (road segment) is thus a Markov renewal process. Xt

c

and the physical distance that the message travels through
during Xt

c can be used to estimate the message propagation
speed and link propagation delay, so we give their expected
values first

EfXt
cg ¼ 2

�jie
��ij

R
vij

"Z 2R0
vij

R
vij

�ije
��ijtP1ðtvijÞdt

þ
Z 1

2R0
vij

�ije
��ijtP2ðtvijÞdt

Z 1

vijt�2R0
fcðxÞdx

#
;

where P1ðx1Þ ¼ e
��ji

2R0�x1
vji , R0 is the effective communication

range of two clusters being connected, and

P2ðx1Þ ¼ 1�
Z R

vij

0

�jie
��jitdt

Z 1

x1�R�tvij

fcðxÞdx:
2. It usually does not have any direct cycles in each path pksd.
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Then, the delivery speed, denoted by vd
ij
!, is estimated by

Efvd
ij
!g ¼ vij þ ðRþ vij=�ijÞ þ Eijfcsg

EfXt
cg þ 2d

: (6)

Finally, we obtain the following theorem to estimate the link
propagation delay.

Theorem 4.2. Let dij be the link propagation distance from inter-
section i to its neighbor intersection j and Xij be the corre-
sponding propagation delay

EfXijg ¼ max
dij � Eijfcsg

Efvd
ij
!g ; 0

8><
>:

9>=
>;; (7)

where Efvd
ij
!g can be obtained from (6).

Link Transfer Delay Estimation Without Dropboxes [36]. Link
transfer delay measures the time duration from the moment
a message carrier enters the intersection (distance R away
from the intersection) to the moment that the message
reaches a vehicle moving towards the target direction.
Define �n

es ¼ �en þ �sn, where �en and �sn are the arrival rate
from east and south direction to the north direction, respec-
tively. The following theorem is given to estimate the aver-
age link transfer delay.

Theorem 4.3. Let Zwn, Zen and Zsn be the link transfer delay
from the west, east and south direction to the north direction,
respectively, at an intersection. Their average values can be esti-
mated by the following equation set:

EfZwng
EfZeng
EfZsng

2
4

3
5 ¼

1 �Be
wn �Bs

wn

�Bw
en 1 �Bs

en

�Bw
sn �Be

sn 1

2
4

3
5
�1

Cwn

Cen

Csn

2
4

3
5; (8)

where w; s; e; n denote directions, and how to obtain the values
of the parameters in the right-hand side is given [36].

To prove the above theorem, we first suppose that
EfZeng and EfZsng are given. We then analyze the relation-
ship among EfZwng, EfZeng and EfZsng, and obtain

EfZwng �Be
wnEfZeng �Bs

wnEfZsng ¼ Cwn:

Then, changing the direction variable, we can obtain all the
relationships among EfZwng, EfZeng and EfZsng, which
form a linear matrix equation. Solving this matrix equation,
we can obtain (8).

4.2 Link Transfer Delay Estimation with Dropboxes

With the help of a dropbox, the vehicle carrying the message
can forward the message to the dropbox directly when the
vehicle is within the communication range of the dropbox.
Then, the dropbox will search for a suitable vehicle for the
next-hop message carrier. We investigate how long the drop-
box can find the vehicle traveling to the direction following
the selected path, i.e., the link transfer delay with a dropbox.
There are two cases for the link transfer delay with a dropbox.
First, there are one or more vehicles traveling in the desired
direction and within the communication range of Rd when
the dropbox receives the message, and then the dropbox will
forward the message to the vehicle which is in front of them

directly. In this case, the link transfer delay is 0 since the mes-
sage is directly forwarded to the vehicle traveling to the direc-
tion following the selected path without any waiting time.
The probability of this case occurring equals the probability
that there is a vehicle traveling to the given direction and
within the communication range of the dropbox. Hence, we
have (herewe use the north direction as an example)

Z Rd
vn

0

�n
eswe

��neswtdt ¼ 1� e��nesw
Rd
vn ; (9)

where �n
esw ¼ �en þ �sn þ �wn and vn is the vehicle speed in

the north direction. Second, if there are no vehicles traveling
to the given direction and within the communication range
of Rd, then the dropbox needs to wait and search for the first
vehicle coming to this direction for the next-hop data car-
rier. In this case, the link transfer delay should be equal to
the waiting time. Then, the corresponding PDF of the wait-
ing time should satisfy �n

eswe
��neswt. Hence, the expectation of

the link transfer delay under this case is 1
�nesw

. Combining

two cases together, we have that the expectation of the link
transfer delay with a dropbox, denoted by Ef ~Zwng, satisfies

Ef ~Zwng ¼ 0� ð1� e��nesw
Rd
vn Þ þ e��nesw

Rd
vn � 1

�n
esw

¼ 1

�n
esw

e��nesw
Rd
vn :

(10)

Clearly, Ef ~Zwng is a decreasing function of
�nesw
vn

and Rd,
which means that both a larger vehicle density and a larger
communication range of the dropbox benefit the link trans-
fer of the message dissemination.

5 OPTIMAL DROPBOX DEPLOYMENT ALGORITHM

In this section, we will design a low-complexity optimal
dropbox deployment algorithm (ODDA) to solve problem
(3). We first analyze the benefit of the dropbox (i.e., saving
the link transfer time), and then present the details of
ODDA. Lastly, we provide the detailed performance analy-
sis of ODDA to show the convergence and the complexity
of the proposed algorithm.

5.1 Delay Reduction of the Dropbox

In this section, we investigate the benefit of using a dropbox
at an intersection in terms of delay reduction. Note that
with a dropbox, not only the link transfer delay will be
decreased, but also the link propagation delay can be
decreased. See Fig. 3 as an example for illustration. If there
is a dropbox deployed at an intersection, it is observed from
Figs. 3a and 3b that the link propagation distance following
the direction of the message is decreased due to Rd � R,
and also observed from Figs. 3a and 3c that the link propa-
gation distance of the next-hop of the message would be
reduced since the dropbox can forward the message to the
vehicle traveling to the given direction and within the com-
munication range of it instantly. Hence, we give the follow-
ing theorem to estimate the average reduction on link
transfer delay of using a dropbox.

Without loss of generality, we consider the message is
meant to be transferred from west to north. When the
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directions are changed, the corresponding results can be
easily obtained by changing direction indexes.

Theorem 5.1. Suppose that a message is needed to be forwarded
from direction w to direction n at an intersection. Let Bwn be the
reduction on link transfer delay of using a dropbox. Then, we have

EfBwng ¼ ð1� e��nesw
Rd
vn Þ

vdn

� ð1� e��nesw
Rd
vn ÞðRd � vn

�n
esw

Þ þ Rde
��nesw

Rd
vn

� �

þ EfZwng � Ef ~Zwng
� �þ Rd �R

vdw
;

(11)

where vdw and vdn are the delivery speed in the west direction
and north direction, respectively.

Proof. There are two cases for the whole link transfer pro-
cess when we consider the benefit Bwn.

First, the dropbox cannot find a suitable vehicle
instantly when it receives the message. The probability

of this case happens is e��nesw
Rd
vn . In this case, the message

delivery process at the intersection is that the dropbox
receives the message from a vehicle in the message
arrival direction, which will save a part of the link propa-
gation delay. Then, the dropbox waits and forwards the
message to the first vehicle which will travel to the north,
so reducing the link transfer delay. Hence, the expected
total link transfer time reduction (equals the link propa-
gation delay reduction plus the link transfer delay reduc-
tion) in this case satisfies

�Rd �R

vdw
þ 1

�n
esw

; (12)

where � Rd�R

vdw
is the reduced link propagation delay fol-

lowing the message direction.

Second, the dropbox can find a suitable vehicle
directly when it receives the message. The probability of

this case is 1� e��nesw
Rd
vn . In this case, the link transfer

delay is 0, while in both the in and out direction of the
message reducing the link propagation delays. Then, the
expected total link transfer time reduction in this case
satisfies

�Rd �R

vdw
�
R Rd

vn
0 �n

eswe
��neswtðRd � vntÞdt

vdn
: (13)

By combining the above two cases, the expectation of
the Bwn can be calculated by

EfBwng ¼ EfZwng � e��nesw
Rd
vn �Rd �R

vdw
þ 1

�n
esw

� �

þ ð1� e��nesw
Rd
vn Þ

R Rd
vn
0 �n

eswe
��neswtðRd � vntÞdt

vdn

þ ð1� e��nesw
Rd
vn ÞRd �R

vdw
:

Note that Ef ~Zwng ¼ 1
�nesw

e��nesw
Rd
vn , we have

EfBwng ¼ EfZwng � Ef ~Zwng þRd �R

vdw

þ ð1� e��nesw
Rd
vn Þ

R Rd
vn
0 �n

eswe
��neswtðRd � vntÞdt

vdn

¼ Rd �R

vdw
þ EfZwng � Ef ~Zwng þ ð1� e��nesw

Rd
vn Þ

vdn

� ð1� e��nesw
Rd
vn ÞðRd � vn

�n
esw

Þ þRde
��nesw

Rd
vn

� �
;

which completes the proof. tu
To validate the above analysis, the simulation of compar-

ing the message delivery performance with or without
dropboxes is conducted, where the parameters are given in
Section 6. In the simulation, the message is carried by a vehi-
cle traveling towards the intersection and the vehicles on
the road segments are randomly generated according to dif-
ferent densities. The message is meant to be transmitted to a
targeted direction with or without the help of dropboxes.
The successful transfers within three delay bounds are
recorded. Besides, the comparisons of different dropbox
communication ranges and vehicle densities are provided.
Fig. 4 shows the benefit of deploying dropboxes at the inter-
sections. In Fig. 4a, the ratios of successful transfers without
dropbox to successful transfers with a dropbox using three
different delay bounds are provided. The curves demon-
strate that the deployment of dropboxes can effectively help
the message transfer when the vehicle arrival rate is rather
low or the delay bound is low. Figs. 4b and 4c show the ana-
lytical and simulation results of the benefit variation trends
with the increment of the communication range and the
arrival rate of the vehicles, respectively. As shown in
Fig. 4b, the benefit increases with the increment of the

Fig. 3. Delivery delay with and without dropboxes.
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communication range of the dropbox because the dropbox
can search in a larger area and forward the message to a fur-
ther away vehicle. Fig. 4c shows when the arrival rate of the
vehicles is low, the benefit is significant. The analytical and
simulation results in Figs. 4b and 4c are close to each other
which validate the analysis.

5.2 Algorithm Design

In this section, we introduce ODDA in details. There are
three facts used to design ODDA. The first fact is that if we
deploy m dropboxes at the intersections (or nodes thereaf-
ter) along with a given path, the optimal strategy is that the
m nodes which can get the largest benefit should be chosen
for the deployment. The second fact is that if node i is a
node in the optimal path p�sd and there are ~m dropboxes
deployed in the path segment from i and d, then these ~m
dropboxes deployment should be the optimal deployment
considering node i as the source node and ~m as the number
of the dropbox deployment. Both of these two facts are easy
to be proved by contradiction, and thus is omitted here. The
last fact is that the benefit of deploying dropboxes in nodes
are independent due to the Poisson vehicle arrival process
at each intersection.3 It means that the delivery delay from
each node i to destination node d will not be affected by the
previous forwarding and deployment strategies from nodes
s to i. Based on these three facts, we employ the idea of
dimension enlargement and dynamic programming to
design ODDA.

Before giving the details of ODDA, we provide some
important notations. Define the information set for each
node i by

Fi ¼

Y m
i i�m Imi

Y m�1
i i�m�1 Im�1

i

� � � � � � � � �
Y 0
i i�0 I0i

2
6664

3
7775; (14)

where for ‘ ¼ m;m� 1; . . . ; 0, Y ‘
i denote the minimum

delay from i to the destination using ‘ dropboxes, and i�m is

the optimal next-hop node corresponding to Y ‘
i , and I‘i is

the multi-dimensional index vector. I‘i is given by

I‘i ¼ ½I‘i ð1Þ; . . . ; I‘i ð‘Þ� ¼
S‘
i

�B‘
i

" #

¼ i1‘ i2‘ . . . i‘‘

EfBi1
‘ g EfBi2

‘ g . . . EfBi‘
‘g

" #
;

(15)

where S‘
i ¼ ½i1‘ ; i2‘ ; . . . ; i‘‘� is the strategy set, denoting the

nodes which have deployed the dropboxes, and �B‘
i ¼

½EfBi1
‘ g;EfBi2

‘ g; . . . ;EfBi‘
‘g� is the expected benefit set,

denoting the benefit obtained from using dropboxes.
Given ‘ ¼ 0; 1; . . . ;m, we define three important nota-

tions to calculate the delivery delay under different ‘ drop-
box deployment strategies by considering the message
forwarded from node i to node j and then to node d. Let

E‘
ijð0Þ ¼ EfXijg þ EfZ

ijj�‘
��!gþ EfY ‘

j g; (16)

where Z
ijj�‘
��! is the link transfer delay from direction ij

!
to

direction jj�‘
�!

, be the delivery delay under the strategy that
there is no dropbox deployed at node j and node j uses the
strategy S‘

j . Let

E‘
ijð1Þ ¼ EfXijg þ EfZ

ijj�‘
��!gþ EfY ‘

j g

� EfB
ijj�‘
��!gþminfEfBjl

‘gjBjl
‘ 2 I‘jg;

(17)

where B
ijj�‘
��! is the link transfer delay reduction from

direction ij
!

to direction jj�‘
�!

, be the delivery delay under the

strategy that a dropbox is deployed at node j and removed

one dropbox from the strategy S‘
j . Let

E‘
ijð2Þ ¼ EfXijg þ EfZ

ijj�‘�1

���!gþ EfY ‘�1
j g � EfB

ijj�‘�1

���!g; (18)

be the delivery delay under the strategy that a dropbox is

deployed at node j and node j uses the strategy S‘�1
j . For

the above three notations, EfXijg, EfZ
ijj�‘
��!g and EfB

ijj�‘
��!g

can be calculated by (7), (8) and (11), respectively.

Remark 1.When the next hop of node j is switched, the val-
ues of (16), (17), and (18) will change. Then, we can obtain
the minimum delay and the corresponding next hop of
node j by comparing their values. For simplicity, we sup-
pose that j�‘ (or j�‘�1) is the updated optimal next hop
according to the strategy used in (16), (17), and (18) in the
remainder of this paper.

Fig. 4. The advantages of using a dropbox.

3. Although the benefits are independent, the minimum delay from
s to d depends on both the path selection and deployment strategy
which are coupled with each other. Thus, simply choosing the nodes
with the largest delay reduction to deploy the dropboxes may not be
able to obtain the optimal solution. We have included this approach in
the performance comparison in Section 6.
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Then, we describe ODDA in Algorithm 1, and its detailed
analysis will be given in the following section.

Algorithm 1: Optimal Dropbox Deployment Algorithm

1: Input: Given the nodes s and d and graph G ¼ ðV; E;WÞ.
Let the initial information set satisfy

Fdð0Þ ¼
? ? ?

? ? ?

� � � � � � � � �
0 ? ?

2
664

3
775 (19)

and set Fið0Þ ¼ ? (all elements are ? ) for i 2 V and i 6¼ d.
2: Loop
3: At each iteration, each node sends its information set to

its neighbor nodes.
4: If node i receives the information set from its neighbors,

for ‘ ¼ m;m� 1; . . . ; 0, it calculates

EfY ‘
i g ¼ minfE‘

ijð0Þ;E‘
ijð1Þ;E‘

ijð2Þjj 2 Nig; (20)

where Ni is the neighbor set of node i, and then finds the
optimal next-hop node i�‘ by

i�‘ ¼ argminfE‘
ijð0Þ;E‘

ijð1Þ;E‘
ijð2Þjj 2 Nig:

5: If E‘
ii�
‘
ð0Þ ¼ EfY ‘

i g,

I‘i ¼ I‘i�
‘
;

and if E‘
ii�
‘
ð1Þ ¼ EfY ‘

i g, let

I‘i ¼ I‘i�
‘
; I‘i ðlÞ ¼

i�‘
EfB

ii�‘ ½i�‘ ��‘
����!g

" #
;

otherwise,

I‘i ðlÞ ¼ I‘�1
i�
‘

ðlÞ;
i�‘

EfB
ii�‘ ½i�‘ ��‘�1

�����!g
" #" #

6: Node i updates its information set Fi.
7: If the iteration time t 	 n� 1, go to step 2.
8: End Loop
9: Output: Y m

s and Ims . Then, the nodes in the strategy set Sm
s

are where them dropboxes should be deployed.

5.3 Convergence and Complexity of ODDA

In this section, we will prove the convergence of ODDA,
and also analyze the computational complexity of the pro-
posed algorithm.

Let k ¼ maxpk
sd
2Vjpksdj be the maximum number of hops

among all the paths from nodes s to d. Then, we give the fol-
lowing theorem, which guarantees that ODDA can con-
verge in less than k (	 n� 1) iterations and obtain the
optimal solution of problem (3).

Theorem 5.2. Given m dropboxes for deployment, ODDA
obtains the optimal deployment strategy Sm

s ðkÞ and the corre-
sponding delay is Y m

s ðkÞ, where k 	 n� 1 is the iteration
index, i.e., ODDA solves the problem (3).

Proof. Suppose that pksd (denoting s ¼ i0 ! i1 ! � � � !
in ! d) is one of the paths in V. Let Nl

i be the l-hop neigh-
bor set of node i.

At iteration t ¼ 1, each 1-hop neighbor i of node d will
update its information set to Fið1Þ based on the received
information set Fdð0Þ. From the step 4 in Algorithm 1,
we have Y 0

i ð1Þ ¼ EfXidg. Clearly, we have that

EfXindg � Y 0
in
ð1Þ;

which means that the expected delay from in to d is not
smaller than Y 0

in
ð1Þ.

At iteration t ¼ 2, each 2-hop neighbor node, named
node j, of node d will update its information set and
obtain Y 1

j ð2Þ. From the step 4 in Algorithm 1, Y 1
j ð2Þ sat-

isfies

Y 1
j ð2Þ ¼ min E1

jið0Þ;E1
jið1Þ;E1

jið2Þjj 2 N1
i

n o
:

Hence, we infer that

EfX1
in�1d

g � Y 1
in�1

ð2Þ;

where X1
in�1d

denotes the delivery delay under the path
in�1 ! in ! d and one dropbox is deployed along this
path. We thus conclude that the expected delivery delay
under the path in�1 ! in ! d and when one dropbox is
deployed along the path is not smaller than Y 1

in�1
ð2Þ.

By a similar analysis, we can obtain that

EfXm
in�mdg � Y m

in�m
ðmþ 1Þ;

where X1
in�md denotes the delivery delay using the path

in�m ! in ! d with m dropbox along this path. It means
that the expected delivery delay using the path
in�m ! � � � ! in ! d with m dropboxes along this path
is no smaller than Y m

in�m
ðmþ 1Þ obtained by node in�m at

iteration mþ 1.
At iteration t ¼ mþ 2, according to the information

set updating, node in�m�1 will obtain Y m
in�m�1

ðmþ 2Þ.
From step 4 in Algorithm 1, Y m

in�m�1
ðmþ 2Þ satisfies

Y m
in�m�1

ðmþ 2Þ ¼ minfEm
in�m�1in�m

ð0Þ;Em
in�m�1in�m

ð1Þ;
Em
in�m�1in�m

ð2Þjj 2 Nm
i g:

Based on the definitions of En
ijð0Þ, En

ijð1Þ, and En
ijð2Þ, one

infers that

EfXm
in�m�1d

g � Y m
in�m�1

ðmþ 2Þ;
where X1

in�1d
denotes the delivery delay using the path

in�1 ! in ! d and optimally deploying m dropbox along
this path. Hence, the expected delay using the path
in�m ! � � � ! in ! d and optimally deploying m drop-
boxes along the path is no smaller than Y m

in�m�1
ðmþ 2Þ.

Similarly, one can infer that

EfXm
i0d

g � Y m
i0
ðnþ 1Þ;

i.e., the expected delay under using the path
i0 ! � � � ! in ! d and deploying m dropboxes along the
path is not smaller than Y m

i0
ðnþ 1Þ which is obtained by

node i0 at iteration nþ 1.
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Since pksd could be any path in V, we have

EfXm
ik
0
d
g � Y m

i0
ðjpksdjÞ; (21)

holds for k ¼ 1; 2; . . . ;M, where jpksdj is the length of pksd.
Let the minimum delivery delay under the optimal
deployment of m dropboxes, be EfXm�

sd g. Then, EfXm�
sd g

should satisfy

E Xm�
sd

� � ¼ min EfXm
ik
0
d
gjk ¼ 1; 2; . . . ;M

	 

:

From the definition of Y m
s ,

Y m
s ðkÞ ¼ min Y m

i0
ðjpksdjÞ j k ¼ 1; 2; . . . ;M

n o
;

is the delivery delay corresponding to the optimal
deployment ofm dropboxes along a given path.

Therefore, on the one hand, we have Y m
s ðkÞ � E Xm�

sd

� �
since E Xm�

sd

� �
is the minimum delay under the optimal

deployment. On the other hand, from (21), one infers that

min EfXm
ik
0
d
gjk ¼ 1; 2; . . . ;M

	 


� min Y m
i0
ðjpksdjÞ j k ¼ 1; 2; . . . ;M

n o
;

(22)

which means that E Xm�
sd

� � � Y m
s ðkÞ. Hence, we have

Y m
s ðkÞ � E Xm�

sd

� � � Y m
s ðkÞ;

i.e.,

Y m
s ðkÞ ¼ E Xm�

sd

� �
:

Thus, we have completed the proof. tu tu
Theorem 5.3. Suppose that the number of neighbors of each node

is no more than a constant, which means that the number of
the paths in each intersection is no more than a constant. Then,
the computational complexity of ODDA is Oðnkm logmÞ
for the convergence of the algorithm.

Proof. From Theorem 5.2, we know that after jpsdjmax itera-
tions, ODDA will converge. Meanwhile, note that at each
iteration, each node needs to calculate the value of E‘

ijð0Þ,
E‘
ijð1Þ and E‘

ijð2Þ for j 2 Ni, and the minimum value of

them. For each E‘
ijð0Þ and each E‘

ijð2Þ, the computational

complexity is 1. For each E‘
ijð1Þ, the computational com-

plexity is Oðlog ‘Þ since it needs to calculate the minimum

value minfEfBjl
‘gjBjl

‘ 2 �B‘
jg. Since the number of neigh-

bors of each node is no more than a constant, the compu-
tational complexity is Oð1Þ to obtain the minimum value
among E‘

ijð0Þ, E‘
ijð1Þ and E‘

ijð2Þ for j 2 Ni. Hence, combin-
ing all cases of them, the computational complexity for
each node at each iteration is

Xm
‘¼0

2þOðlog ‘Þ þOð1Þ ¼ OðmÞ þOðlogm!Þ ¼ Oðlogm!Þ:

Note that the total number of the network nodes is n
and it needs k iterations for ODDA to converge, the total
computational complexity satisfies

nkOðlogm!Þ ¼ Oðnkm logmÞ;

which has completed the proof. tu

6 PERFORMANCE EVALUATION

To validate the analysis and compare the proposed solution
with the benchmark solutions, extensive simulation is con-
ducted in this section.

6.1 Parameter Setting

In the simulation, all intersections are four-way, and the road
topology is shown in Fig. 5. The length of each road segment
is 2 km. The vehicles traveling on the road with a given speed
20 m/s. The vehicle densities of different roads are randomly
selected (from 2.5 vehicles/km to 20 vehicles/km) while
reflecting the reality [9], [10], [12], [19]. We assume that the
message source is at the northeast corner of these intersections
and the destination is at the southwest corner, e.g., #4 and #9
in Fig. 5, respectively. From the real-world traffic trace analy-
sis, it follows that the inter-vehicle spacing is exponentially
distributed [10]. Thus, the vehicle inter-arrival process follows
the Poisson process as assumed in the analysis. The simula-
tion is conducted by Matlab. The message size and data rate
are set as constants. For tractability, the delay of eachmessage
handover is set to 50 ms, which is typically sufficient for
vehicles to handle channel access, data packet transmission,
andMAC-layer retransmission operations.

6.2 Deployment Method Comparison

Different deployment methods are compared in this section
using the example shown in Fig. 5. The densities of the
roads are marked with different colors. The message is gen-
erated at #4 intersection and is meant to be delivered to #9
intersection.M is the number of the deployed dropboxes.

As shown in Table 2, we compare the performance of the
exhaustive search method, ODDA, shortest path deploy-
ment strategy (SP), greedy-based strategy (Greedy) and the
highest benefit deployment strategy (H-benefit). For
exhaustive search method, we try all possible paths and
deployment strategies to obtain the optimal solution. For
the shortest path deployment, we first find the path with
minimum expected delay ignoring dropboxes. Then the
dropboxes with highest benefits are deployed at the inter-
sections of this path. For the greedy-based scheme, the path
from the source to the destination is chosen based on a
greedy selection principle, i.e., when the message carrier

Fig. 5. An example of the two-dimensional road scenario.
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arrives at the intersection, it first searches all the directions
towards the destination, and then chooses the direction
with a larger vehicle density. For the highest benefit deploy-
ment method, we first exhaustively search all the paths and
deploy dropboxes in order to achieve the highest benefit on
each path. Then the path with the minimum expected delay
among those paths with the highest benefit is chosen as the
highest benefit deployment solution.

As shown in Table 2, ODDA and the exhaustive search
method can achieve the optimal deployment strategy while
the shortest path, greedy-based and highest benefit scheme
may not be optimal due to the lack of global information
and comparison. For the shortest path and greedy-based
scheme, the path is selected before deploying dropboxes
while the highest benefit scheme only focuses on the benefit
of deployed dropboxes. Thus, all these three sub-optimal
schemes cannot achieve the globally optimized solution
although they may obtain the same output as the optimal
solution occasionally. It is worthy to note that the optimal
deployment for different number of dropboxes may lead to
different delivery paths. In addition to the optimal choice,
ODDA can also obtain the solution in a short computation
time which is significantly reduced compared with the
exhaustive search method.

In addition to the exponential distribution-based inter-
vehicle distance as assumed in the analytical framework,

we also examine the deployment performance by generat-
ing the inter-vehicle distance with log-normal distributions
and adjusting the vehicle speed based on the traffic flow
model in [40], and conduct 5,000 times Monte Carlo simula-
tions for each setting. This is because the log-normal model
and traffic flow model better reflect vehicle interactions in
urban scenarios [37], [38], [39], [40]. The mean and the stan-
dard deviation of the log-normal distribution is the same as
the corresponding exponential distribution. The free-flow
speed vf and traffic jam density ~�m used in the traffic flow
model (i.e., v ¼ vfð1� ~�=~�mÞ) are 20 m/s and 135 vehicles/
km, respectively. As shown in the Delay (Log) and Delay
(Flow) columns in Table 2, based on the dropbox deploy-
ment strategy of the listed methods, ODDA still achieves
the smallest average delivery delay compared with other
methods.

Since the vehicle density estimationmay be inaccurate and
the vehicle velocity may change in reality, comparative simu-
lations are conducted to examine the impacts of the varying
vehicle density and the varying velocity. In each road seg-
ment, the actual vehicle density is a uniformly distributed
random variable ranging from 
10% of its mean value, and
the results are given under “Exp (~�)” and “Log (~�)” in
Table 3. The vehicle velocity varies according to a uniformly
distributed random variable ranging from 
10% of its mean
value in each time slot (“Exp (~v)” and “Log (~v)”). As

TABLE 2
Comparison of Deployment Methods

Method M = 0 M = 1

Path Dep. Delay (Exp) Delay (Log) Delay (Flow) Path Dep. Delay (Exp) Delay (Log) Delay (Flow)

Optimal 4-3-7-6-2-1-5-9 n/a 52.5 48.9 53.5 4-3-7-6-10-9 10 40.1 36.7 40.5
ODDA 4-3-7-6-2-1-5-9 n/a 52.5 48.9 53.5 4-3-7-6-10-9 10 40.1 36.7 40.5
SP 4-3-7-6-2-1-5-9 n/a 52.5 48.9 53.5 4-3-7-6-2-1-5-9 7 42.6 40.4 45.2
Greedy 4-3-7-11-10-9 n/a 58 55.2 61.0 4-3-7-11-10-9 10 43.1 43.2 48.0
H-benefit n/a n/a n/a n/a n/a 4-3-2-1-5-9 3 80.6 69.3 82.5

Method M = 2 M = 3

Path Dep. Delay (Exp) Delay (Log) Delay (Flow) Path Dep. Delay (Exp) Delay (Log) Delay (Flow)

Optimal 4-3-7-11-10-9 10,11 28.2 30.1 35.7 4-3-7-11-10-9 3,10,11 22.3 26.2 30.6
ODDA 4-3-7-11-10-9 10,11 28.2 30.1 35.7 4-3-7-11-10-9 3,10,11 22.3 26.2 30.6
SP 4-3-7-6-2-1-5-9 5,7 32.7 32.2 36.7 4-3-7-6-2-1-5-9 3,5,7 26.8 28.4 31.7
Greedy 4-3-7-11-10-9 10,11 28.2 30.1 35.7 4-3-7-11-10-9 10,11,3 22.3 26.2 30.6
H-benefit 4-3-2-6-5-9 3,6 95.2 80.4 97.0 4-3-2-1-5-6-10-9 3,5,10 99.8 87.5 103.6

TABLE 3
Comparison of Relaxed-Assumption Cases

Method M = 0 M = 1

Exp (~�) Exp (~v) Log (~�) Log (~v) T-L Exp (~�) Exp (~v) Log (~�) Log (~v) T-L

ODDA 45.1 48.9 49.3 48.8 46.5 34.3 38.1 36.9 37.3 37.0
SP 45.1 48.9 49.3 48.8 46.5 36.7 41.1 40.5 41.1 38.5
Greedy 52.3 55.7 55.4 55.8 54.0 40.9 43.8 42.9 43.0 40.0
H-benefit n/a n/a n/a n/a n/a 70.5 63.7 69.4 64.2 77.5

Method M = 2 M = 3
Exp (~�) Exp (~v) Log (~�) Log (~v) T-L Exp (~�) Exp (~v) Log (~�) Log (~v) T-L

ODDA 28.4 30.2 30.0 30.8 26.0 24.7 26.4 26.0 26.4 21.0
SP 29.4 33.3 31.8 32.8 28.5 25.4 28.2 28.3 28.6 23.5
Greedy 28.4 30.2 30.0 30.8 26.0 24.7 26.4 26.0 26.4 21.0
H-benefit 84.3 74.4 81.5 75.3 93.0 91.5 82.4 87.6 81.9 96.5
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shown in Table 3, the delivery delays of different relaxed-
assumption cases are slightly different but the proposed
deployment strategy still guarantees the best delivery perfor-
mance in terms of the delay given different inter-distance dis-
tributions, the varying vehicle density and velocity.

Furthermore, in [36], the impact of independent traffic
light control on VANET delay performance has been stud-
ied, where at each intersection, traffic light control switches
between the green light and the red light periodically. From
[36], on average, deploying traffic lights at intersections can
slightly reduce the end-to-end delay. This is because,
although the message carrier may be delayed at an intersec-
tion by the traffic light, it meanwhile may have a better
chance to encounter a suitable next-hop carrier or a cluster
to forward the message. The negative and positive impacts
offset each other and result in a small change in end-to-end
delay. The simulation results considering the impact of traf-
fic lights are given under “T-L” in Table 3.

Remark 2. The critical density studied in the percolation
theory tells when there exists an infinite-sized cluster in
the network, which does not mean that all the vehicles in
the network are connected. Whether the vehicle density is
above or below the critical density does not change the
delay performance derivation. In our simulation, the
vehicle density is set in the range from 2.5 to 20.0 vehicles
per km, covering the cases that the density is above or
below the critical density (12.4 vehicles per km) for perco-
lation, and the simulation results validate that our analy-
sis is accurate in this wide range.

6.3 Delay Evaluation

Fig. 6a shows the delay of messages delivered from the north-
east intersection to the southwest intersection in different
road network scales. The number of intersections varies from
3*3 to 9*9 and the vehicle density of each road segment is ran-
domly chosen as specified in Section 6.1. For each network
scale, we randomly generate 100 different vehicle density dis-
tributions and calculate the average message delivery delay
from the source to the destination. With the increment of the
network scale, the delivery delaywithout dropboxes increases
while deploying dropboxes (using 3 dropboxes for each net-
work scale) can significantly reduce the delivery delay.

The distributions of the delivery delay using different
deployment methods, i.e., ODDA and shortest path with/
without dropboxes are compared. Based on a fixed road topol-
ogy, in each simulation, the vehicles are randomly generated
based on the densities of different road segments while the
message is delivered along the path selected by each method.
We repeat the simulation for 300 times and collect the delivery

delay from the source to the destination using the above
deployment methods. The collected statistics are divided into
30 intervals as shown in Fig. 6b. It shows that ODDA can
achieve a smaller delivery delay compared with the other
methodswhile their distributions have similar trends.

6.4 Improvement with Dropboxes

In this part, the delivery delays with three different deploy-
ment methods are compared with the delay along the shortest
path without any dropbox, i.e., ODDA, shortest path with
dropbox and greedy-based scheme. Fig. 7 shows the delay
reduction using these methods in the 3*4 and 5*6 road net-
work, respectively. With the increment of the number of
deployed dropboxes, the delivery delay is significantly
reduced. The greedy-based method takes the shortest compu-
tation time to obtain its solution but the performance is not as
good as the other two methods. As shown in Fig. 7b, the
greedy-based deployment delay is even larger than the short-
est path without any dropbox when the number of the
deployed dropboxes is relatively small. This is because some-
times the greedy-based deployment scheme may come up
with a path where the delivery delay is much larger than the
shortest delivery delay path. ODDA achieves a higher reduc-
tion in delay than the shortest path with dropbox strategy
while the time complexities are similar. Fig. 7 demonstrates
that the proposed ODDA can effectively reduce the delivery
delay comparedwith other sub-optimal deploymentmethods.

6.5 Utility Evaluation

We choose Gaussian function UðT Þ ¼ ae
ð�ðT�bÞ2

2c2
Þ
and qua-

dratic function UðT Þ ¼ �dT 2 þ e as the utility function in
(2), respectively, where a, b, c, d and e are constants (we set
a ¼ 2, b ¼ �0:1, c ¼ 40, d ¼ 0:022 and e ¼ 1:6). The parame-
ter Cd is set as a constant (we set Cd ¼ 0:14). The simulation
results of the total utility with different numbers of drop-
boxes are shown in Figs. 8a and 8b. When the first dropbox
is deployed, the total utility raises rapidly. With the incre-
ment of the number of the deployed dropboxes, the total
utility gradually reaches an upper bound and finally
decreases slowly. This is because with the reduction of the
delivery delay, the increment of utility function is becoming
less obvious/significant while the deployment cost is
always increasing linearly. Thus, the total utility first
increases and then goes down. From Fig. 8, it is easy to
obtain the optimal number of the deployed dropboxes cor-
responding to the total utility. In addition to that, the total
utility of ODDA is always better than other sub-optimal
deployment strategies when deploying the same number of
dropboxes since the utility function is a decreasing function.

Fig. 6. Delay performance comparison. Fig. 7. Delay reduction ratio comparison.
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7 CONCLUSION

This paper investigated the optimal dropbox deployment
in large-scale vehicular networks considering the trade-off
between the benefit and the cost of dropbox deployment. We
formulate a utility-based optimization problem to model the
problem. To solve this problem, we first provided a complete
framework to estimate the delivery delay and calculate the
benefit of deploying a dropbox at an intersection. Then, we
proposed ODDA to solve the problem. We proved the con-
vergence (optimality) of ODDA and provided the complex-
ity analysis of ODDA. The simulation demonstrated the
superior performance of the proposed algorithm compared
with the benchmarkmethods.

Note that the messages would be transmitted between
more than one pair of source and destination. In this paper,
we focus on the case of a single pair of source and destination
andpropose an optimal deployment algorithmwith a polyno-
mial computational complexity. Obviously, the proposed sin-
gle-pair solution can be applied when the dropboxes can be
incrementally added to support new pairs of sources and des-
tinations, and it can also be extended as a heuristic method to
find suitable locations to deploy dropboxes for multi-pair sce-
narios. However, in this way, the optimality for themulti-pair
problem cannot be guaranteed. The global optimal solution
for multi-pair scenarios should consider the correlation
between each dropbox and the optimal paths corresponding
to different pairs of the sources and destinations. How to
obtain the optimal deployment strategy for multi-pair sce-
nario requesting further investigation. Furthermore, the
impact of vehicle mobility and density on the handover of the
message using differentMACprotocols andmessage delivery
strategies is an important problem for future research.
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