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Abstract— This paper proposes an ITS system that uses not
only integrated cellular and ad hoc relaying technologies, but
also users’ mobility profiles. It focuses on a subsystem where
cellular bandwidth is used mostly for control signals, and an
ad hoc distribution network (ADN) is used for file downloading
and video streaming. The paper formulates an optimization
problem with the objective being to maximize the amount of
data to be delivered to a moving vehicles via the ADN, and
thereby minimizing the usage of the costly cellular bandwidth
for data transfer. Three approaches based on non-linear and
linear programs are described and compared, and simulation
results indicate that a satisfying performance for file download
applications can be achieved.

I. INTRODUCTION

We envision an architecture for ITS in metropolitan areas
that integrates the cellular and ad hoc relaying technologies.
The proposed architecture, called iCAR-MOPA 1, will provide
various services to vehicles, which include file downloading,
stored or real-time video streaming, and customized traffic
alert as well as adaptive navigation.

In this work, we focus on a subsystem for the file download
services, but the concepts and techniques discussed can be
adapted for other types of applications such as video stream-
ing. In addition to exploiting the integrated cellular and ad hoc
relaying technologies, another unique feature of the proposed
architecture is that it incorporates knowledge of mobility
profiles of vehicles. Hereafter, we refer to the subsystem under
consideration as mobility profile aided downloading systems or
iCAR-MOPADS.

In the envisioned iCAR-MOPADS (and iCAR-MOPA), ve-
hicles are equipped with both cellular (e.g., 3G WCDMA)
and ad hoc relaying (e.g., 802.11) interfaces as well as GPS.
One or more server stations (SS) at distributed locations have
connections to a high-bandwidth and relatively low-cost-per-
bit backbone (e.g., a wireline network). The cellular network
is also integrated with the backbone so the files on the SS are
accessible through the cellular channel.

In addition, many access points based on low-cost wireless
technologies (e.g. 802.11) equipped with storage, which are
similar to the infostations in [1], [2], are placed at strategic
locations such as major intersections throughout the metropoli-
tan areas. Unlike most of the proposed system, these APs
are not directly connected to the same wireline backbone as

1where iCAR and MOPA stand for Integrated Cellular and Ad Hoc Relaying
Systems and Mobility Profiled Assistance respectively
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Fig. 1. An Ad hoc Distribution Network

the SS to avoid the expected high cost. Instead, some of the
APs can be connected with each other (and also with the
SS) via a wireless mesh network. Other APs may form a
part of an intermittently connected mobile ad hoc network
(ICMAN [3]) where data from one AP (or SS) to another AP
must be carried by vehicles moving from the former toward
the latter. Furthermore, with mobility profile information of
the subscriber, a vehicle can also download data for another
vehicle by acting as a mobile ”AP” delivering the data at
their encounter. In either case, delivering data through such
a network, hereafter referred to as the ad hoc distribution
network or ADN, is expected to provide a higher bandwidth
at a lower cost per bit than using a cellular channels. Fig. 1
shows an example of an ADN where a vehicle downloads data
via and/or the cellular channel.

A basic idea behind the envisioned iCAR-MOPADS is
that vehicles (or in general other mobiles) can download
a file stored on the SS or cached at some APs when the
vehicle passes by an AP using the ad hoc (e.g., 802.11 based)
interface, instead of the cellular interface. Vehicles can also
download a file using their cellular interfaces but the cost per
bit using a cellular channel is expected to be much higher and
thus the usage of the cellular channel for file downloading is
to be minimized. Nevertheless, the APs and vehicles will use
cellular channels for the transmission and reception of control
signals which require a relatively low bandwidth.

When a iCAR-MOPADS service subscriber starts a trip,
he/she may request via a cellular channel for a file (a new piece
of software or a video for example). Ideally, iCAR-MOPADS
can learn, based on direct input or mobility profile of the user,



the route to be taken by the user and calculate its estimated
time to arrival (ETA) at each and every major intersection
along the route2. iCAR-MOPADS determines the appropriate
amount of data to be “pushed” from one or more SS to the
APs at those intersections so that the vehicle can download
the data when it arrives (and passes by).

For a given AP i and a vehicle that passes by the AP, the SS
determines the optimal amount of data, denoted by xi, to be
pushed so that the expected amount of data downloaded by the
vehicle is maximized. The expected amount of data that the
vehicle could download at the AP depends on the probability
of the vehicle passing by the corresponding intersection, the
expected duration of “AP association time” and the expected
download rate of the AP. Since the data has to arrive at an
AP before the vehicle does, xi also depends on the status of
the ADN, including its link transmission speed and latency,
current queuing delays and information about other vehicles
(including their requests for file download and routes).

If the vehicle fails to download all the data of a file from
an AP originally planned by iCAR-MOPADS, the cellular
channel bandwidth (in addition to that devoted to control
signals) is used to deliver the rest of the data as needed.

To simplify our presentation in this paper, we will focus
on the problem of delivering a maximum amount of data to
a vehicle via the ADN (wireless mesh networks of APs and
ICMAN), thereby minimizing the cost associated with the use
of cellular channel for data. Moreover, we will only consider
a simple routing strategy in ADN where SS uses a fixed, pre-
computed path to route data to each AP, obviously leaving
many open problems related to routing in a wireless mesh
network or via relaying by other vehicles (as needed in an
ICMAN network) for future works. The simplified version
of the problem is thus essentially analogous to the problem
of shooting a moving vehicle to maximize the number of
“bullets” hitting it. We believe that this is the first time that
such a problem is being investigated.

The rest of the paper is organized as follows. We first
formally describe the problem in Section II. We then propose
three approaches to formulate the optimization problem in
Section III. Section IV presents our simulation results, and
Sections V and VI discuss related studies and concludes the
paper respectively.

II. PROBLEM DESCRIPTION

Consider a vehicle whose route includes APs v1, v2, . . . , vm

in that order which can be estimated from the mobility profile
of the vehicle. Assume that, at time t=0, the vehicle makes a
request for a file of size F bytes stored at SS via a cellular
channel. Let Ti be the (estimated) time that the vehicle will be
at vi. Note that in practice the number of bytes the vehicle can
download from an AP varies, and has a certain upper-bound
say bi. The basic idea of the envisioned iCAR-MOPADS is
to partition the file into several parts, xi <= bi, where i =

2This is straightforward if the iCAR-MOPA also provides an adaptive
navigation service that the user subscribes to.

1, 2 · · · ,m and
∑m

i=1 xi ≤ F , and try to push xi bytes from
SS to vi before the vehicle arrives at Ti.

Problem 1 (Shooting a Moving Vehicle – SMV). Find file
segmentation and transmission schedule at SS that maximizes
the expected amount of data that a vehicle will receive on its
trip.

Let Xi be the random variable denoting the time (starting
from 0) at which AP vi receives the xi bytes sent from SS.
Note that Xi not only is a function of x1, · · · , xm, but also
depends on the order in which SS sends these messages out
(since the routes these messages take may overlap). Note also
that depending on various practical conditions (e.g. traffic
light, driving speed in the AP coverage zone including the
likelyhood that the vehicle will stop at a red-light), a vehicle
may only be able to download data available for it from vi

with probability pi. Let B (a random variable) be the total
number of bytes the vehicle receives on this trip, then our
objective function is

E[B] =
m∑

i=1

xipi Prob[Xi ≤ Ti], (1)

subject to 0 ≤ xi ≤ bi for all i, and
∑m

i=1 xi ≤ F .

III. APPROACHES

We present three approaches for formulating the aforemen-
tioned SMV problem with non-linear and linear programs
(NLP and LP). To simplify the problem, we assume that there
is only one server station SS which has the data requested by
users and routes data to each of the n APs using a fixed path.
The union of the routing paths forms a directed tree T rooted
at SS. In addition, in all three approaches, we will assume
that the transmissions of messages from SS are in the order
x1, . . . , xm (though this assumption may not lead to optimal
solutions).

Approach 1. Solve (1) directly with an NLP optimization
software. In order to realize this approach, an explicit formula
for Prob[Xi ≤ Ti] has to be derived.

As a first approximation, we assume that each AP operates
as an M/M/1 queue whose service time is exponential with
mean 1/µ. In addition, data generated at SS in response to
downloading requests from vehicles is Poissonian with rate λ.
At equilibrium, we assume that a file segment coming into a
node v has equal probabilities of going out on any outgoing
edge of v. The entire network is thus an open Jackson network.
The data arrival rate on each edge is thus Poissonian and can
be recursively computed using flow conservation equations. In
particular, if the incoming data to node v (through edge ev) is
Poissonian with rate λv , then the flow through each outgoing
edge of v is also Poissonian with rate λv/out-deg(v).

Let Pi be the path in the routing tree from SS to vi. Let
ki be Pi’s length. Denote the nodes (i.e. APs) on this path as
follows: SS = ai

0, a
i
1, . . . , a

i
ki

= vi. For each node ai
j along

Pi, let λi
j be the mean incoming flow rate for its queue, and

ρi
j = λi

j/µ be the traffic intensity, both of which depend on



xi; also let W i
j be the random variable denoting the queuing

time at the node. Then, it is standard that

Prob[W i
j ≤ t] = 1− ρi

je
−(µ−λi

j)t, t ≥ 0, (2)

E[W i
j ] =

ρi
j

µ− λi
j

, (3)

Var
[
W i

j

]
=

(2− ρi
j)ρ

i
j

(µ− λi
j)2

. (4)

Also, for 1 ≤ j ≤ ki, let di
j be the propagation delay from

ai
j−1 to ai

j . Obviously, we must have
∑ki

j=1 di
j < Ti in order

for the data to have any chance to arrive at vi in time. When∑ki

j=1 di
j >= Ti, iCAR-MOPADS will simply set xi = 0,

namely no data will be sent to vi for this request. Let r be
the average transmission speed of links along Pi. Then,

Xi =
xiki

r
+

ki∑

j=1

di
j +

ki∑

j=0

W i
j (5)

Note that the first term xiki

r is simply the sum of the transmis-
sion times of all nodes before vi. However, Xi will be longer
if there are other data to some other node vj sent earlier by
the SS which also use the first few hops along Pi (i.e. when
Pi and Pj share a prefix).

Even if one finds a way to take into account the effect of
previously transmitted data xj (j < i) on Xi, in order to
compute Prob[Xi ≤ Ti], we need to compute the distribution
of the sum

∑ki

j=0 W i
j . This is computable in closed form, but

the formula is fairly complex, involving the sum of various
exponential functions on the xi. Accordingly, the problem has
an NLP formulation. Since solving this problem may be costly
in time, we present two other simpler approaches as follows.

Approach 2. To avoid the costly computation needed to opti-
mize the complicated, non-linear objective function in (1), in
this approach we try to approximate the optimization problem
by putting a threshold δ on each failure probability Prob[Xi >
Ti], and then optimize the expected number of bytes received
by the vehicle. This approach is quite conservative. We expect
it to work better when the delays fluctuate widely. In this case,
the optimization problem becomes

max
k∑

i=1

pixi

subject to Prob[Xi > Ti] ≤ δ, ∀i 1 ≤ i ≤ m (6)
0 ≤ xi ≤ bi, ∀i 1 ≤ i ≤ m
m∑

i=1

xi ≤ F.

This is not yet a linear program since Prob[Xi > Ti] is non
linear on the xi. To “turn” it into an LP, we can upperbound
Prob[Xi > Ti] using the one-sided Chebyshev’s inequality,
and then enforce the threshold δ indirectly on the upperbound
instead of directly on Prob[Xi > Ti]. This is doable since
Xi is a linear function of the waiting times in the queue
along the path to vi, and since our queueing network is an

acyclic open Jackson network [4]–[6], implying the waiting
times are independent. Thus we can easily compute both
E[Xi] and Var [Xi] using (2), (3), and (4). The upperbound
of Prob[Xi > Ti] will then be a linear combination of the
variables x1, . . . , xm.

As an example of how to find an upperbound for Prob[Xi >
Ti], consider a path Pi which shares no prefix with any other
Pj , implying Xi can be expressed as in (5). We have,

νi := Var




ki∑

j=0

W i
j


 =

ki∑

j=0

(2− ρi
j)ρ

i
j

(µ− λi
j)2

µi := E




ki∑

j=0

W i
j


 =

ki∑

j=0

ρi
j

µ− λi
j

We will only consider the case when Ti ≥ µi +
∑ki

j=1 di
j ,

otherwise we set xi = 0. By Chebyshev’s inequality, we have

Prob[Xi > Ti] = Prob




ki∑

j=0

W i
j > Ti − xiki

r
−

ki∑

j=1

di
j




≤ νi

νi +
(
Ti − xiki

r −∑ki

j=1 di
j − µi

)2

Consequently, Prob[Xi > Ti] ≤ δ will hold if

xi ≤ r

ki


Ti −

ki∑

j=1

di
j − µi −

√
νi(

1
δ
− 1)


 (7)

This constraint can then be used to substitute the constraint in
(6) (as an approximation), which results in an LP formulation
(whose detailed description is omitted due to space limitation).

Approach 3. A potential problem with Approach 2 is that
the Chebyshev inequality used to upper bound Prob[Xi > Ti]
makes it quite conservative. In this Approach 3, we think of
the waiting times at all queues as constants. More specifically,
we assume that each node ai

j along the fixed routing path
from SS to AP vi periodically sends its queuing delay to the
SS using a cellular channel. The SS uses the mean qi

j of the
reported queuing delays for node ai

j to approximate the actual
queuing delay that packets will experience. This way, the SS
can estimate the approximate value of Xi as a linear function



of the xi. Then, we can formulate a linear program as follows:

max
m∑

i=1

pixi

subject to
ki∑

j=1

(di
j + qi

j−1 +
xi

r
) + (8)

ki−1∑

j=0

i−1∑
u=0

xu

r
I(j, i, u) ≤ Ti − δ, 1 ≤ i ≤ m (9)

I(j, i, u) =
{

1 if ai
j = au

j ;
0 otherwise

(10)

0 ≤ xi ≤ bi, 1 ≤ i ≤ m (11)
m∑

i=0

xi ≤ F (12)

where δ is a system parameter which provides a safety margin
to ensure data arrives earlier than the vehicle, and F is total
amount of data requested by a user.

In the constraints of the linear program formulation, con-
straint (9) states that the data xi should be delivered to vi

before the estimated arrival time of the vehicle at the AP
minus the safety margin δ. Note that if the actual delay time
distributions are highly concentrated with a small tail, a small
value of δ is sufficient to mimic the threshold constraint in (6)
without having to become conservative as in Approach 2. The
first term of (9), i.e. term (8), is the sum of the propagation,
transmission, and queueing delay along the path to vi. The
next term of (9) approximates the total additional queueing
delay for xi caused by the previous transmission of data,
{x1, · · · , xi−1}. Note that, I(j, i, u) in (9) and (10) indicates
whether or not Pi and Pu share an AP. The constraint (11)
keeps the SS from transmitting data more than the maximum
amount of data a vehicle can download at vi. Also, the sum
of xi can not exceed the total amount of data requested as
represented in (12). One may be able to send more data than
requested (with some sort of coding/replication algorithm such
as erasure codes) to increase the expected amount of delivered
data. This approach is an open research direction.

IV. NUMERICAL RESULTS

In this section, we evaluate Approach 3 (selected mainly
for its feasibility) using simulation. The basic idea is that for
each request, we solve the LP in Approach 3 to determine the
optimal xi (1 ≤ i ≤ m). The resulting x1, . . . , xm are then fed
into a simulator, along with other input parameters, to obtain
performance results. The basic simulation set-up is as follows.
A total of 25 APs are deployed forming a 5-by-5 grid with a
distance of 750m between horizontally and vertically adjacent
APs to mimic a 3km ×3km section of central Manhattan. They
are connected to the SS located at the center of the region
with a tree topology (different tree topologies are simulated),
and in each of such tree topologies, only two geographically
neighboring APs in the grid may be connected with a tree
branch. In all the tree topologies simulated, SS is connected
to four close-by APs with one transmitter (and queue) per
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Fig. 2. Percentage of the requested file sent to and received by v1 · · · v5

AP. Each AP may be connected to 0 to 3 other downstream
APs but has only one transmitter. We assume that an AP can
receive (from upstream) and transmit (to downstream) data
simultaneously using two separate channels.

Note that although the simulation set-up models the ADN
mainly with a wireless mesh (with directional antenna), it
can also be adapted, by changing the assumptions on the
propagation delay and link transmission speed, to simulate
other ADNs, e.g., an ICMAN where data from one AP
can be relayed to another AP in a multi-hop fashion using
other vehicles. In this study, the time-varying transmission
rate (in Mbps) of each AP ranges from high, medium and
low, modeled using a normal distribution with (µ, σ) =
{(30, 5), (20, 3.4), (10, 1.7)} respectively. The propagation de-
lay of each link ranges from low (∼ 0ms representing the time
for a signal to travel between two APs at light speed), medium
(10ms on average, taking into consideration the delay caused
by 5-hop store-and-forward relay among vehicles between two
APs that are located 750m apart, assuming each store-and-
forward delay is 2ms) and high (25ms on average, taking
into consideration about 12-hop relay).

Within a total simulation time of 20 minutes, a number of
requests (up to 800), one from each vehicle, were generated
at random intervals. Each vehicle travels along a shortest
path that includes exactly 5 APs (v1, . . . , v5), where v1 and
v5 are selected arbitrarily, and making a random decision
at each possible intersection (e.g., a vehicle going North-
East diagonally will randomly choose North or East at an
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Fig. 3. Simulation Results

intersection as long as it will get closer to the destination).
The moving speed between two APs (in meters per second)
follows a normal distribution with (µ, σ) = (10, 3), and the
sojourn time of a vehicle at an AP (in seconds) also follows a
normal distribution with (µ, σ) = (30, 3). This means that
on average, a trip will take 525 seconds. We also assume
that each vehicle requests for a file whose size is exactly
F = 40Mbytes, and that, for each request, SS will send at
most bi = 20Mbytes to each AP (vi) to be visited by the
vehicle in an attempt to avoid overloading certain links and
APs in the ADN. As for performance metrics, we are interested
in knowing the following values averaged over all vehicles and
all simulation runs: (a) the percentage of each requested file
sent by SS to each vi (according to the LP solver), which
is xi over 40Mbytes; (b) the percentage of each requested
file received by each vi; (c) the percentage of each requested
file delivered to all the five APs in time and delivered to a
vehicle via the ADN; (d) the effective delivery rate and the
total number of bytes downloaded to a vehicle via ADN.

Fig. 2 shows the results obtained under high transmission
rate (30Mbps) and low link propagation delay (1.6 × 10−6

seconds). From Fig. 2(a), we can see that at a low load (e.g., 50
requests within 20 minutes), SS evenly distributes the amount
of data (xi) to APs, because SS has enough time to transmit
data to all APs including APs close to the current location of
the vehicle. Also, almost all data seems to get delivered by the
time a vehicle reaches its fifth AP. These results have positive
implications for video streaming applications (as a reference
point, 40Mbytes of video data can be played for 640 seconds
at the playing speed of 500kbps which gives a decent picture
quality/size).

As the load increases (e.g. 400 requests), however, SS is
forced to send more data to the APs farther along the path
to be taken by a vehicle due to the increased delivery delay
(mainly resulted by the high queuing delay). At a very high
load (800 requests), SS sends most data to the last AP of the
vehicle’s journey. Also note that if SS is not restricted to send
data in the order of x1, . . . , x5, more data may be delivered to
the fifth and fourth APs along a vehicle’s paths, and the total
amount of data delivered may also increase.

As shown in Fig 2 (b), the distribution of the received data

by v1 · · · v5 is almost same as that of sent data from SS.
This indicates that most data sent by SS arrive at APs before
vehicles do, which enables the vehicles to download the data.

Fig. 3 compares the performance of ADN with different
combinations of the propagation delay and transmission rate
of the links. As shown in Fig. 3, the system has acceptable
performance with less than 400 requests within 20 minutes
at a low to medium load, high to medium transmission rate,
and low to medium propagation delay. For example, Fig. 3(a)
shows more than 80% of each requested file can be delivered
through the ADN when the load is low to medium and the
propagation delay and transmission rate are 10ms and 20Mbps
respectively. As the load increases, the percent decreases due
to a longer queuing delay within the ADN from the network
congestion.

As shown in Fig. 3(b), the file delivery rate via ADN is
more than 500 kbits/sec up to 400 users when (propagation
delay, transmission rate) = (10ms, 20Mbps) or better, which
is enough for most Internet video streaming services.

Fig. 3(c) shows that the total number of bytes vehicles
receive via ADN. At a low to medium load, the number of
bytes a vehicle can download during a 525 seconds trip is
more than 30 MBytes on average when transmission rate and
propagation delay are 20Mbps and 10ms or better. However,
as the load grows, the total number of bytes decreases due to
the congestion.

V. RELATED WORKS

Existing architectures for ITS can roughly be categorized
into three kinds: purely infrastructure-based, purely ad hoc,
or heterogeneous. The first kind is mainly for vehicle-to-
Infra-structure or infra-structure-to-vehicle communications,
and typically involves cellular towers or base stations (BS), or
Access Points (APs) that are connected to the Internet. Vehi-
cles communicate indirectly with servers or other vehicles via
BSs using medium-to-long range wireless cellular interfaces
(e.g., 3G or WiMAX), or via APs using short-range wireless
interfaces (e.g., 802.11 based). [7]–[9]

In the second kind of architectures, which are mainly
for vehicle-to-vehicle communications, vehicles are typically
equipped with various sensors and communicate mainly with



each other using short-range wireless interfaces [10]–[13].
Communications between two remote vehicles may be via re-
lays by other vehicles and road-side access points (APs). (Note
that unlike the BSs or APs in the first kind of architectures,
these APs, when used in this context, are not connected to the
Internet.)

In the third kind of architectures, heterogeneous wireless
technologies such as cellular, WiMAX, 802.11 and DSRC [14]
are used. There are various approaches with different research
foci. For example, each vehicle may download a small piece of
the same file from a road-side AP (connected to the Internet)
during the limited period of AP association time, and then
share with other vehicles [15]. The research focus here is to
emulate the Bit-Torrent in a vehicular environment. In another
approach, a vehicle in an area covered by multiple BS and
APs may choose one of several possible connections with
different costs and QoS performance characteristics [16]. The
research focus here is to minimize the cost subject to certain
QoS constraint. Yet another approach is to enable a vehicle, far
from any BS or AP, to use an ad hoc interface to communicate
with another vehicle acting as a relay or gateway to a BS/AP
(and then the Internet).

The proposed iCAR-MOPA architecture is somewhat simi-
lar to those heterogeneous architectures (i.e., the third kind),
especially the work in [16], but with significant differences
from the existing approaches. For instance, the subsystem
iCAR-MOPADS described in this paper allows a vehicle to
download most data via the Ad hoc Distribution Network
(ADN) and use the cellular channels to send and receive
control signals and a minimal amount of data only if it is
necessary. This is to address high cost and low bandwidth
issues associated with cellular based architecture (the first
kind) and the limited scalability issues associated with the
purely ad hoc architecture (the second kind), and allow iCAR-
MOPADS to provide quality and scalable services (to large
number of potential subscribers) at affordable price. In iCAR-
MOPADS, unlike in [16] and other existing approaches, the
content server(s) is (are) a part of the ADN, instead of residing
in the backbone. Accordingly, our research focus is on how to
partition a requested file into different segments and route them
through the multi-hop ADN to different APs to be visited by
a vehicle under certain delay and bandwidth constraints such
that a maximum amount of data can be delivered via the ADN.

VI. CONCLUDING REMARKS

In this work, we have proposed a new architecture
called iCAR-MOPA that integrates these heterogeneous wire-
less/mobile technologies by utilizing both a cellular system
and an ad hoc distribution network (ADN), and in addition,
takes advantage of users’ mobility profiles in order to provide
good scalability, QoS support, and cost-efficiency. We have
investigated a subsystem that provides file download services
called iCAR-MOPADS, formulated an optimization problem
called SMV (Shooting a Moving Vehicle) using NLP and LP,
evaluated a simple LP approach via simulations, and obtained
encouraging results. The work will be extended to developing

other subsystems providing services such as video streaming,
customized real-time traffic alerts, and adaptive navigation
under the proposed architecture.
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