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Abstract—Optimizing vehicle-centered mobility experience re-
quires leveraging the heterogeneous wireless connectivities (e.g.,
cellular, WiFi, and VANET) between vehicles and the Inter-
net. Towards a foundation for heterogeneous vehicular wireless
networking, we investigate the mathematical formulation of the
problem, and we analyze the impact of bandwidth aggregation on
the problem formulation as well as the computational complexity
of the problem. Our analysis shows that the problem can be
solved in polynomial time if bandwidth aggregation is employed,
but the problem becomes NP-complete and cannot be solved op-
timally in general if bandwidth aggregation is not employed. Our
analysis is constructive such that it suggests efficient approaches
to solving the problem in an optimal manner when bandwidth
aggregation is employed, and it suggests both optimal and
approximate approaches to solving the problem when bandwidth
aggregation is not employed. The above analytical insight serves
as a guidance on choosing the system architecture and algorithms
for heterogeneous vehicular wireless networking.

I. INTRODUCTION

Americans alone spend more than 500 million commute-
hours per week in their automobiles, and this number keeps
increasing. Thus vehicles have become an important part
of people’s mobile experience. To enable vehicle-centered
seamless mobility, wireless networking is expected to play
a central role in the next-generation vehicle systems. With
the proliferation of wireless technologies and their pervasive
deployments, it is expected that vehicles can leverage het-
erogeneous wireless networks at the same time [1], [2]. For
instance, vehicles can be connected to the Internet through
cellular networks, public WiFi networks, or vehicular ad hoc
networks (VANETS). Optimal usage of heterogeneous vehic-
ular wireless networks can reduce cost through free WiFi and
VANETS, can enable high-throughput telematics applications
through bandwidth aggregation, and can improve networking
performance in the presence of dynamics and uncertainties in
wireless communication.

Nonetheless, existing vehicular network applications are
mostly developed using a single wireless network technology
(e.g., cellular networks), and there exist major challenges in
optimally utilizing multiple, heterogeneous wireless networks
at the same time. Firstly, vehicular network applications differ
in their requirements on network services, and it is non-
trivial to optimally share heterogeneous wireless network re-
sources among these heterogeneous applications. For instance,
video streaming to vehicles requires high-throughput, real-
time communication, whereas location-aware weather forecast
can tolerate delay and low bandwidth in communication.
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Secondly, different wireless networks tend to have different
properties (e.g., in throughput, delay, and reliability), and it
is non-trivial to integrate them into a single system with a
unified application interface. For instance, cellular links tend to
have lower bandwidth but better service continuity; free WiFi
links tend to have higher bandwidth but suffer from service
discontinuity; VANET links/paths can have high bandwidth
but is susceptible to vehicle mobility and assume complex
dynamics and uncertainties.

Towards a foundation for addressing the aforementioned
challenges, we focus on the theoretical aspect of heterogeneous
vehicular wireless networking in this study. In particular, we
mathematically formulate heterogeneous vehicular wireless
networking as an optimization problem, and we analyze the
impact of bandwidth aggregation on the problem formulation
as well as the computational complexity of the problem. Our
analysis shows that the problem is tractable and can be solved
in polynomial time if bandwidth aggregation is employed,
but the problem becomes NP-complete and cannot be solved
optimally in general if bandwidth aggregation is not employed.
On the other hand, the use of bandwidth aggregation requires
deploying a proxy server between vehicles and content servers,
thus introducing a different operation model than the case
when bandwidth aggregation is not used. Besides understand-
ing the impact of bandwidth aggregation on the tractability
of the problem, our analysis suggests efficient approaches to
solving the problem in an optimal manner when bandwidth
aggregation is employed, and our analysis suggests both opti-
mal and approximate approaches to solving the problem when
bandwidth aggregation is not employed. To the best of our
knowledge, this is the first work investigating the theoretical
aspect of heterogeneous vehicular wireless networking as well
as the associated tradeoffs between the ease of deployment,
computational tractability, and optimality.

The rest of this article is organized as follows. We introduce
the concept of bandwidth aggregation in Section II, then
we study heterogeneous vehicular wireless networking with
and without bandwidth aggregation in Sections III and IV
respectively. We discuss related work in Section V, and we
make concluding remarks in Section VI.

II. BANDWIDTH AGGREGATION

When a vehicle is connected to the Internet via mul-
tiple wireless networks, an application can simultaneously
use the multiple wireless networks to leverage the aggregate
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Fig. 1. System architecture: with bandwidth aggregation

bandwidths of all the wireless networks. For convenience,
we regard this as bandwidth aggregation [3], and Figure 1
shows the system architecture for heterogeneous vehicular
wireless networking when bandwidth aggregation is used.
In the architecture, each vehicle has a vehicle proxy that
communicates with content servers via a network proxy.
The vehicle proxy and network proxy execute the bandwidth
aggregation [3] algorithm to make the bandwidth of all the
wireless networks available to the application. The vehicle
proxy and the network proxy provide a unified, standard
transport-layer socket interface (e.g., TCP interface) to the in-
vehicle applications and content servers respectively so that
the operation of bandwidth aggregation is transparent to them
and the multiple wireless networks are represented as a single
communication pipe/socket between the in-vehicle applica-
tions and content servers; this way, the in-vehicle applications
and content servers can be developed without being aware of
the underlying heterogeneity of wireless communication, and
legacy applications and content servers can also be supported
without any revision.

As we will present in Section III, bandwidth aggregation
makes the optimal allocation of heterogeneous wireless net-
work resources computationally tractable. On the other hand,
bandwidth aggregation requires deploying not only a vehicle
proxy at each vehicle but also network proxies in the network,
and the requirement for deploying network proxies may slow
down the adoption of heterogeneous networking since network
proxies introduce additional cost that need to be addressed
by innovative business models. An alternative approach to
bandwidth aggregation is for each in-vehicle application to
use one and only one of the wireless networks available. This
way, we only need a vehicle proxy at the vehicle to assign
applications to the individual wireless networks, and we do
not need network proxies any more. Accordingly, the system
architecture is as shown in Figure 2. Without network proxies,
it is relatively easier to deploy the system shown in Figure 2
since only vehicle proxies need to be installed, as software
packages, in vehicles by individual vehicle owners; on the
other hand, the problem of optimal heterogeneous vehicular
wireless networking becomes computationally intractable in
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Fig. 2. System architecture: without bandwidth aggregation

general as we will show in Section IV. Therefore, there
are tradeoffs between the ease of deployment, computational
tractability, and optimality in different architectures of hetero-
geneous vehicular wireless networking, and a major objective
of this study is to elucidate such tradeoffs.

III. HETEROGENEOUS VEHICULAR WIRELESS
NETWORKING WITH BANDWIDTH AGGREGATION

In what follows, we first mathematically formulate the
problem of heterogeneous vehicular wireless networking with
bandwidth aggregation, then we propose efficient approaches
to solving the problem in an optimal manner.

A. Problem formulation

Given a set of applications to be supported by the multiple
wireless networks available to a vehicle, the problem is to
allocate the network bandwidth to the individual applications
such that the overall application utility is maximized subject
to the total available bandwidth. Given that the cost of using
different wireless networks are different, we also consider the
objective of minimizing cost.

Given a vehicle, each available wireless network provides a
communication pipe connecting the vehicle to the Internet.
If there are P wireless networks available, there are P
communication pipes each of which has its own capacity
and cost. For mathematically formulating the problem of
optimal heterogeneous vehicular wireless networking, we use
the notation shown in Table I. As used in most studies and

A: total number of applications;
d;: bandwidth requirement (in Mbps) of the i-th
application, ¢ = 1... A;

U;(.):  the utility function of the i-th application;

P: total number of pipes;

cj: capacity of the j-th pipe in Mbps, j =1... P;

fi: cost of per-unit capacity of the j-th pipe,
j=1...P;

5 the amount of traffic (in Mbps) from the i-th

application that are carried by the j-th pipe,
i=1...A,j=1...P.

TABLE I
NOTATION



also reflecting the decreasing utility margin as the provided
bandwidth to an application increases, the utility function U;(.)
is assumed to be concave [4].

Then the problem can be modeled as the following opti-
mization problem:

A P P A
maxrimize Z Ui(z Tij) — € Z(fJ Z Tij)
7 =1 j=1 j=1 =1
P
subject to Zrij <d;,i=1...A 0
j=1

A

Zf‘ijSCj,jzl...P

i=1

rij >0,i=1...4,j=1...P

where € is a very small number such that the optimal solution
maximizes application utility while minimizing cost as a
secondary objective. In the formulation, the first constraint en-
sures that the total bandwidth allocated to the i-th application
is no more than its demand, the second constraint ensures that
the total amount of traffic sent to the j-th pipe is no more than
its capacity, and the third constraint ensures the validity of the
decision variables 7;;. Note that the utility functions U;(.)’s
can be chosen to prioritize certain applications by making their
utility functions greater than others’.

Problem (1) can be extended to model, as follows, the case
where there exists an upper bound Fj on the total cost per
second that a user can afford.

A P P A
maximize Z Ui(» rij)—€ Z(fj Z Tij)
Tid i=1 =1 =1 =1
P
subject to ZTU <d;,i=1...A
j=1
A (2

ZT‘ijSCj7j=1...P

i=1
P A
Z(szrij) < I
j=1  i=1

where the third constraint ensures that the total cost is no
more than the maximum affordable. Complexity analysis and
algorithms for Problem (1) are readily extendable to Prob-
lem (2). For conciseness of presentation, therefore, the rest of
this Section focuses on Problem (1) alone.

B. Optimal solutions

We solve Problem (1) using different approaches depending
on the operation regimes of the system as follows.
Overprovisioning. When the total bandwidth required by
the applications are no more than the total bandwidth provided
by all the communication pipes, Zle ri; =d; (t=1...A)
holds in the optimal solution to Problem (1), and bandwidth
aggregation makes Problem (1) the problem of choosing

the least-cost set of pipes that can satisfy the application
bandwidth requirements. In this case, Problem (1) becomes
the following problem:

P A
minimize Z(fj Z Tij)

Tij

j=1  i=1
P
subject to Zn—j =d;,i=1...A
< ©

A
ZT’Z'J'SCJ',j:]....P
i=1
rij>0i=1...Aj=1...P

This problem can be solved in an optimal manner using
Algorithm 1.

Algorithm 1 Heterogeneous vehicular wireless networking
with bandwidth aggregation and overprovisioning

Input: a set A of applications, with the i-th application A;
having bandwidth requirement d;; a set P of communica-
tion pipes, with the j-th pipe P; having capacity c; and
per-unit-capacity cost f;.

Output: the set of pipes selected to carry application traf-
fic, and the application traffic assignment specifying the
amount of traffic, denoted by r;;, from the -th application
that are carried by the j-thpipe (i =1...A,j=1...P).

/* Selecting the least-cost set of pipes satisfying the
application bandwidth requirements */
1: S= @;
2: Order the elements of P in the non-decreasing order of
their per-unit-capacity cost such that f < fr if &k <k/;
: kil;S:{Pl};
: while Y ¢; < 14 d; do
k = k+1;
S=SU{P};
: end while
/* Assigning application traffic to the selected pipes */
: if [S| =1 then
Assign all application traffic to pipe P;; generate the
corresponding 7;;’s;
10: else
11:  Arbitrarily assign Z‘ﬂ;l c¢; amount of application traf-
fic to pipes P1,...,Pgj—1 so that each pipe’s band-
width is fully utilized; generate the corresponding 7;;’s;
12:  Assign the remaining ZL§1 d; — Z‘js:‘f ¢j amount of
application traffic to pipe Ps|; generate the correspond-
ing r;;’s;
13: end if
14: Return Sand r; (¢ =1...4,j=1...P).

K=

In the algorithm, pipes are added to the selected set S in
the non-decreasing order of their per-unit-capacity cost until
the overall bandwidth provided by the pipes of S is no less
than the total bandwidth requirements of all the applications.



Then the set S of the selected pipes are filled with application
traffic in the non-decreasing order of their per-unit-capacity
cost, with pipes of lower per-unit-capacity cost filled to the
full before filling (potentially in a partial manner) the pipe of
the largest per-unit-capacity cost.

It is easy to see that the time complexity of Algorithm 1 is
O(P + A). For the optimality of Algorithm 1, we have

Theorem 1: Algorithm 1 solves Problem (3) in an optimal
manner.

Proof: We prove the theorem through contradiction.

Assuming that Algorithm 1 did not solve Problem (3) in
an optimal manner, then one or both of the following cases
would hold for an optimal solution:

« There exists a pipe Py ¢ S that should be included in the
set of the selected pipes for carrying application traffic
and the per-unit-capacity cost of pipe Py is different
from those of the selected pipes in S.

e |S| > 1, and the bandwidth of a pipe P;(j € {1,...,|S|—
1}) is not fully utilized, where the per-unit-capacity cost
of P; is different from that of pipe Pg).

In the first case, since the per-unit-capacity costs of the pipes
in S are the lowest among all the pipes in P, the per-unit-
capacity cost of pipe Py is higher than those of the selected
pipes in S. Thus the cost of carrying the application traffic
carried by pipe Py can be reduced using a pipe in S, and any
solution using a pipe whose per-unit-capacity cost is greater
than those of the pipes in S leads to higher cost than the
solution generated by Algorithm 1. Thus the first case does
not exist in practice.

In the second case, the cost of vehicular Internet access
can be reduced by moving traffic carried by pipe Pjs to fully
fill pipe P;; this is because the per-unit-capacity cost of Pyg
is greater than P;. Thus, the second case does not exist in
practice either.

|
Underprovisioning. = When the total bandwidth required
by the applications exceeds the total bandwidth provided by
all the communication pipes, Z;‘:l rij =c¢ (j=1...P)
holds in the optimal solution to Problem (1), and Problem (1)
becomes the problem of controlling the traffic load of indi-
vidual applications so that the total application-level utility is
maximized. In this case, Problem (1) becomes the following
problem:

A P
maximize Z U; (Z Tij)
"ii i=1 =1
P
ZTZ'J' S d“Z: 1...A
j=1

A
Z’I"ij:Cj,jil...P
i=1

ri; >0,i=1...4,j=1...P

subject to

“4)

Problem (4) is a convex optimization problem and can be
solved in O((AP)?) time using the interior point method [4],

IV. HETEROGENEOUS VEHICULAR WIRELESS
NETWORKING WITHOUT BANDWIDTH AGGREGATION

In what follows, we first mathematically formulate the prob-
lem of heterogeneous vehicular wireless networking without
bandwidth aggregation, then we prove the NP-completeness
of the problem and suggests potential approaches to solving
the problem in an approximate manner.

A. Problem formulation

Without bandwidth aggregation, each application on a vehi-
cle can use at most one and only one of the available wireless
networks. To reflect this constraint, we introduce the indicator
variable d;; to denote whether the i-th application uses the
j-th pipe i =1...A,5 = 1...P). We reuse the notations
presented in Table I. Then the problem of heterogeneous
vehicular wireless networking without bandwidth aggregation
can be modeled as the following optimization problem:

A P P A
maximize ZUl(Z dijrij) - GZ(fj Zdijrij)
digoris =1 =1 =1 =1
P
subject to Zdij <l,i=1...A
j=1

T‘,’jde‘Cj,iZl...A,jZl...P

L o)
Z’I“ij Sdi,iZI...A
j=1
A
Zdijﬁ‘j SCj,j: 1...P
i=1
dij S {0,1},7"1‘3‘ >0,i=1...A4,

j=1...P

where € is a very small number such that the optimal solution
maximizes application utility while minimizing cost as a
secondary objective. In the formulation, the first constraint
ensures that an application uses no more than one pipe. The
second constraint relates 7;; to d;; such that they are consistent
and that r;; is O if d;; is 0. The other constraints are similar
to the ones on Problem (1) for the case when bandwidth
aggregation is employed.

With the constraint of r;; < d;jc;, Problem (5) can be
reformulated in a simpler form as follows where all the
nonlinear terms d;;r;; are replaced with the linear terms 7;;
so that the formulation is more amenable to the complexity



analysis and algorithm discussion in Section IV-B:

A P P A
maximize > Uiy ris) =€) (f5 D ris)
i35Tis i=1 =1 =1 =1
P
subject to Zdij <l,i=1...A
j=1

T‘Z'jSdqu,iZl...A,jZl...P

P (6)
ZTU Sdz,’L:].A
j=1

A
Z?”ijSCj,j:]....P
i=1

dij G{O,l},’l“ij >0,i=1...4,
j=1...P

Problem 6 can be extended to model the case where there
exists an upper bound F{, on the total cost per second that a
user can afford, so can the complexity analysis and algorithm
discussion in Section IV-B; for conciseness of presentation,
however, here we only focus on Problem (6).

B. NP-completeness

First, we analyze the computational complexity of solving
Problem (6) as follows:

Theorem 2: It is NP-complete to solve the pipe assignment
problem (6).

Proof: Let’s consider a special case of (6) where

otherwise

P . P
Ui(Y rij) = { ([)]l if D=1 7ij 2 di
j=1

That is, the bandwidth requirement is stringent such that the
utility of an application is zero if its bandwidth requirement
is not satisfied. This case applies to mission-critical applica-
tions such as active vehicle safety control through vehicle-
to-infrastructure communication; this case may well apply
to vehicle infotainment applications too since not satisfying
application requirements causes undesirable application per-
formance (e.g., garbled online music) which annoys/distracts
drivers’ attention and indirectly causes driving safety concerns.

For this special case, the optimal solution should be such
that, if an application ¢ is assigned to a data pipe j, then the
pipe j should allocate d; of its communication capacity to
application i, i.e., r;; = d;. Therefore, the optimal solution
to Problem (6) is the same as that to the following multiple

knapsack problem:

A P P A
DU diy =€) (5D )
i=1  j=1 j=1 =1

maximize
dij,Tij
P
subject to Zdij <l,i=1...A
j=1

Tij:didij,i:1...A,j:1...P (7)

A
ZTijSCj,j:]....P
i=1

dij € {0,1},75; > 0,i=1.. A,
j=1...P

Since the multiple knapsack problem (7) is NP-complete [6],
the general problem (6) is NP-complete.
|

Since Problem (6) is NP-complete and it is a nonlinear
mixed-integer programming problem, one approach to solving
it is the branch-and-bound method [7] if optimality is desired.
In the standard branch-and-bound method framework [7], we
can explore the feasible region by examining sub-regions as
defined by the integer decision variables d;; (i =1... 4,5 =
1...P), and, given a sub-region defined by a specific config-
uration of the variables d;;, Problem (6) becomes a convex
optimization problem and can be solved through efficient
methods such as the interior point method [5].

When we can tradeoff optimality for shorter execution time,
we can use approximation algorithms. For instance, Prob-
lem (6) is a type of nonlinear generalized assignment problem,
and a greedy algorithm similar to that for nonlinear generalized
assignment problems [8] can be used to solve Problem (6).
Detailed study and implementation of such algorithms is an
interesting topic worth pursuing in future work, but it is
beyond the scope of this paper.

V. RELATED WORK

For improved bandwidth and reliability in data communica-
tion, both transport and network layer approaches have been
proposed for enabling an application to leverage the com-
munication capability from multiple networks [3], [9], [10],
[11], [12]. Those work focused on the systems architecture
and algorithmic issues for bandwidth aggregation, but they did
not study the problem of how to optimally allocate bandwidth
of heterogeneous wireless networks to different applications,
nor did they examine the impact of bandwidth aggregation
on the computational complexity of the problem. Koga et al.
[13] and Higgins et al. [14] have studied the system architec-
tures and programming abstractions for assigning the traffic
of multiple applications to different networks. Focusing on
systems architecture and implementation, however, those work
did not investigate the optimization aspect of the problem, nor
did they study the impact of bandwidth aggregation on the
computational complexity of the optimization problem.

Handoff mechanisms have been extensively studied for ve-
hicular wireless networks [15], [16] and cellular networks [17].



Those work mostly focused on how to enable an application
to smoothly switch from one network to another network,
and they did not study the problem of optimally allocating
the traffic of multiple applications to multiple concurrent
networks.

Many work have studied the problem of simultaneously
leveraging different types of wireless networks (e.g., cellular
networks and WiFi networks) for improved data dissemination,
for instance, by optimally design the network topology of
different types of networks and by optimally deciding which
network to use during different phases of data communication
[18], [19], [20], [21], [22]. Bhargava et al. [23] also examined
the approach of using cellular networks for communicating
control information (e.g., those for routing and localization)
needed for effective data communication in mobile ad hoc
networks. Those work did not consider the problem of op-
timally allocating the bandwidth of concurrently-operating
wireless networks to multiple applications, nor did they study
the impact of bandwidth aggregation on the computational
complexity of the optimization.

VI. CONCLUDING REMARKS

Towards a foundation for heterogeneous vehicular wireless
networking, we have proposed the mathematical formulation
of heterogeneous vehicular wireless networking, and we have
analyzed the impact of bandwidth aggregation on the prob-
lem formulation as well as the computational complexity of
the problem. Our analysis has shown that, with bandwidth
aggregation, the problem can be solved in polynomial time
and, without bandwidth aggregation, the problem becomes
NP-complete and cannot be solved optimally in general. Our
analysis is constructive such that it has suggested efficient
approaches to solving the problem in an optimal manner when
bandwidth aggregation is employed, and it has suggested both
optimal and approximate approaches to solving the problem
when bandwidth aggregation is not employed. The above
analytical insight serves as a guidance on choosing the system
architectures and algorithms for heterogeneous vehicular wire-
less networking, and a future direction is to implement and ex-
perimentally evaluate the different architectures and algorithms
in real-world settings and understand the associated tradeoffs
between the ease of deployment, computational tractability,
and optimality. Our analysis in this paper focuses on the
impact of throughput on application utility; an interesting
future direction worth pursuing is to consider applications’
delay requirements too, which are important for applications
such as real-time multimedia streaming and networked vehicle
control.
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