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Abstract

Moving vehicles have been sensing all kinds of data on the road in which multimedia data possesses a large portion.
These data is often forwarded to vehicles in a region of interest or the monitoring center in an opportunistic manner.
With respect to the large volume content, the storage space of relay vehicles is becoming the bottleneck of achieving
higher performance, e.g., a data chunkmay be rejected or dropped due to insufficient storage of intermediate vehicles.
Thus, previous work that only focuses on the delivery metric without considering the data size is not likely to work
efficiently in the proposed scenario. As deploying stationary infrastructures is of very large cost and not feasible
everywhere, in this paper, we focus on the inter-vehicle data forwarding problem with storage and communication
capacity constraints. First, we considered the situation when the vehicles are distributed sparsely. The multi-copy
routing challenge is modeled as a multiple knapsack problem. Then, it is extended to a dense scenario. An optimization
to the broadcast data forwarding is investigated. With the real data trace, the experiments show that our scheme
achieves better performance than the competitors in terms of delay and delivery ratio. A better balance between
duplication and performance is also achieved by the multi-copy algorithm.
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1 Introduction
Vehicles have been proved to be very useful in sensing
traffic data, road accidents, and surrounding information
with their high mobility and wide coverage. Camera-
enabled devices, such as car dash cameras and smart
phones, are popular nowadays in vehicles. In addition
to reporting real-time road information, many accidents
are also witnessed by vehicles, such as the air crash in
Taiwan, 2015. A car dash camera records the process
when the plane hit the viaduct and fell into Keelung River
[1]. Therefore, these moving vehicles have formed a new
type of sensor network, i.e., vehicular sensor network.
The data collected by vehicles is expected to be deliv-
ered to the vehicles moving in a region of interest or to
the monitoring server (a sink vehicle, in general), in a
timely manner.
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With the strong support of the backbone network, such
as abundant connected road side units and 4G cellular
network, the multimedia content can be delivered to any-
where at anytime. However, to build such a network or
to use it will incur a large cost [2]. Furthermore, some-
times the backbone network will not be available, such
as in an undeveloped area, or a disaster site. To this end,
the vehicle-to-vehicle communication will be a desirable
substitute choice. Regarding the large volume of video
content, the short encountering duration and limited stor-
age buffer have become the crucial bottleneck in the
opportunistic transmission, which is seldomly considered
by previous work.
According to traditional research assumptions, data size

is omitted so that each relay can response to infinite num-
ber of requestors. Therefore, a routing algorithm that
works on a single pair of source-destination vehicles also
works onmultiple pairs. Themain concern is to justify the
ability of reaching the destination when the data carrier
meets another vehicle, such as contact frequency, contact
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duration, social relationship, and network topology. How-
ever, in terms of large data chunks, when there are a lot
of source vehicles doing transmission simultaneously, the
storage of an intermediate vehicle may be filled up and
cannot respond to a new request. As shown in Fig. 1a,
assume each relay vehicle can only accommodate just one
large data chunk. According to their planned trajectories,
vehicle R2 has better opportunity to meet both D1 and D2
while vehicle R1 has some possibilities to meet D1. There-
fore, when R1 encounters R2, it should forward the audio
clip p1 to R2. However, the storage limitation would not let
it happen. A substitute solution is that R1 and R2 exchange
their carried data as shown in Fig. 1b. They finally deliver
data to destinations. Thus, according to the figure, vehicle
R1 carries p2 and R2 carries p1 is better than the situation
that vehicle R1 carries p1 and R2 carries p2, but not as good
as p1 and p2 are both with R2. Taking the variety of data
size and delivery metrics into consideration, the decision
of data exchange or forwarding will be more complicated
when multiple copies are involved. According to [3], the
probability of successful delivery exponentially decreases
when the data size increases.
Although road side units (RSUs) have been widely

deployed in many vehicular ad hoc networks (VANETs),
it is still with large cost to coordinate data forwarding in a
centralized way. In this paper, we seek to improve the for-
warding efficiency with the algorithms executed on indi-
vidual vehicles in a distributedmanner, whichwill work no
matter there are RSUs or not . First, we consider the sparse
distribution case andmodel the forwarding decision prob-
lem as a multiple knapsack problem. Each vehicle makes
the forwarding decision based on three parameters, i.e.,
data size, forwarding metric per each data, and forward-
ing capacity window. Then, in the dense situation, vehicles
forward their data chunks in a broadcast manner. How-
ever, due to the mobility of vehicles, a vehicle will have
dynamic neighboring vehicles. Therefore, how to arrange
the data chunks in the limited communication capacity

becomes a vital problem. Finally, we model it as a bipartite
matching problem and propose an algorithm to solve it.
The main contributions of this paper are threefold:

• To the best of our knowledge, this is the first work
that models multi-copy routing of large data chunks
as a multiple knapsack problem and gives a greedy
solution which has the overhead under control.

• We further consider the limited communication
bandwidth during encountering of vehicles and apply
a selection mechanism based on 0-1 knapsack
algorithm for vehicles to choose the most priority
data chunks on top of the results of the above
multiple knapsack solution.

• We are the first to consider the multiple different
data chunks forwarding optimization in the broadcast
manner, an algorithm solving the bipartite matching
with communication and storage capacity for data
chunk, and relay vehicle assignment is proposed.

The rest of the paper is organized as follows: Section 2
gives the overview of related work. Then, we discuss
the problem formulation and preliminaries in Section 3.
Then, we give details of our method implementation in
sparse case in Section 4. Section 5 further introduces the
solution for dense case. The effectiveness and improve-
ment of our method are shown with the experimental
results on the real data trace in Section 6. Section 7
concludes this paper and gives the future perspective.

2 Related work
Although there are many studies on vehicular networks,
the vehicular sensor network is quite different with the
previous work. We consider it more like a mobile oppor-
tunistic network but with more trajectory restrictions.
Data forwarding is one of the hot research areas in mobile
opportunistic networks (MONs). The key challenge is
how to select appropriate relays such that data can be

a b

Fig. 1 An example to show the challenge in proposed scenario. The relay vehicle R1 holds an audio clip p1 to the destination vehicle D1 while the
relay vehicle R2 tries to send a video clip p2 to the destination vehicle D2. Each vehicle can only hold one data content due to storage limitation. The
arrows show their moving directions. a First, R1 meets R2. b Then, relays meet their destinations
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forwarded to destinations with short latency and forward-
ing cost, where mobile nodes carry and forward messages
upon intermittent contacts. Most routing methods are
based on prior information such as the contact history
[4], contact quality [5], and social-awareness [6, 7]. To fur-
ther improve the efficiency of routings, network coding
[8], multicast [9], multi path [10], UP-N-DOWN [11], and
time-sensitive [12] methods are proposed. However, all
these methods are based on the assumption that there is
no limitation of storage space in nodes and data can finish
transmission during a short period of contact. When con-
sidering the multimedia data which is very large in volume
compared with small messages, the storage constraint will
bring a lot of unexpected problems, especially worsens the
end-to-end delay [13].
Large file dissemination is a prospective trend in vehic-

ular networks. For example, in [14], the authors study
querying multimedia data such as video and voice clips
in hybrid vehicular networks which consist of vehicles
that are capable of both infrastructure-less short-range
communication and infrastructure communication. Also,
in [15], the authors study querying binary large objects
(blobs) such as video and voice clips in a network of vehi-
cles communicating wirelessly. They focus on the efficient
query of the content while none of them considered the
data dissemination problem. Ref. [16] uses dynamic net-
work topology graph to model the content downloading
problem in vehicular networks. However, it needs the
preemptive knowledge of vehicular trajectories and per-
fect scheduling of data transmissions, which is impractical
in highly dynamical VANET since DNTG will become
very complicated. Ref. [17, 18] prove that vehicle mobil-
ity follows certain patterns and can be used to predict the
encountering of vehicles. One way to support large data
chunk is to split, such as SADF [19], it is an automatic
data packet dividing algorithm. To improve the delivery
ratio, it cuts the large file into small segments accord-
ing to the network quality and duration of contacts. In
[20], large files are divided into data chunks. However, the
relay-to-relay transmission is not considered. The carrier
vehicle can only deliver the data chunk to the downloader
directly. Another way is to add more storage, METhoD
[21] implements a platform for distributing multimedia
contents in delay-tolerant networks. It does not give solu-
tion on how to prevent memory overflow but adding a lot
of external storage to help the big data application. Abdel-
moumen et al. [22] analyze the adverse effect brought by
the insufficiency of nodes’ storage. By adding some fixed
nodes with large storage space, the problem can be solve
to some extent. However, in many cases, the data file is
not allowed to be portioned and additional infrastructure
is costly. Again, improving the data exchange efficiency
would be another option. Zhao et al. [23] turn the prob-
lem of global optimizing of forwarding utility into the local

optimizing of forwarding utility upon nodes’ encounter.
The proposed cooperative forwarding is modeled as a
0−1 knapsack problem and solved by a greedy algorithm.
In [24], the authors propose a dynamic segmented net-
work coding scheme to efficiently exploit the transmis-
sion opportunity that is scarce in DTNs. In particular,
they adopt a dynamic segment size control mechanism,
which makes the segmentation adapt to the dynamics of
the network.
In [25], the authors consider the challenge of dissem-

inating large volume content in VANETs. The proposed
Lifetime-aware Beacon-less Routing Protocol (LBRP) is
built on the lifetime of the link and tries to obtain a durable
path with less number of links. In their model, a source
vehicle is one of the neighboring vehicles of the subscrib-
ing vehicle, which means they are not far from each other.
However, in our model, the source and the destination
are far from each other so that it is not possible to main-
tain a static routing path between them. The data must be
forwarded in an opportunistic manner. Many real-world
network applications can be modeled as knapsack prob-
lems and solved by approximate algorithms. In this paper,
a multiple knapsack [26] problem is modeled extended
from 0-1 knapsack problem. Generally speaking, a set of
n items and m bins are given (knapsacks) such that each
item i has a profit p(i) and a size s(i), and each bin j has
a capacity c(j). The goal is to find an allocation of items
such that they have a maximum profit packing in the bins.
Gao et al. model the access point assignment problem
as a multiple knapsack problem in MONs [27]. However,
they did not consider the dynamic value of each item in
different bins.

3 System preliminaries andmodel
In this section, we introduce the system preliminaries and
the model. To focus on the forwarding decision scheme,
we omit the detail on the communication side, i.e., it is
assumed that every inter-vehicle transmission is success-
ful without data loss. Also, none of the vehicle is selfish.
Each multimedia data generated by a source vehicle only
has one destination. To decrease delivery latency and
improve possibility of successful data delivery, in MONs,
data replication is often adopted. However, apparently,
it will bring more storage overhead and severe burden
to the whole network, which may worsen the situation
and increase the cost. Therefore, to make full use of the
buffers of intermediate vehicles, we develop a duplica-
tion friendly strategy which is under data replication and
drop control. In some work, data is fragmented into small
pieces and sent via multiple path for a better possibility to
reach the destinations. But in vehicular sensor networks,
since the topology of the network is highly dynamic, to
ensure the quality of service and guaranteed delay, a data
file should be sent without split during vehicle-to-vehicle
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transmission. All notations in this paper can be found in
Table 1.

3.1 Objectives
The objective of this paper is to develop an efficient multi-
copy unicast forwarding scheme for large data chunks in
vehicular sensor networks. The first performance metric
is the total amount of data bits that have been successfully
delivered. The second performance metric is the delivery
delay which is the average delivery latency of all source-
destination pairs. The third performance metric is the
overhead of data duplication.

3.2 Systemmodel
We consider a vehicular sensor network with N vehi-
cles, where they move on roads and opportunistically
encounter each other. Some of them raise requests of
delivering sensed data chunks to other vehicles. Each
source has only one destination, and we call a set of source
vehicle and destination vehicle a source-destination pair.
A vehicle could be acting dual roles at the same time.
Each vehicle vi is associated with a quality vector(
q1i , q2i , . . . , qNi

)
, where qji indicates the contact quality

between vehicle vi and vj. In this paper, we adopt the
total number of contacts during a period T as the met-
ric of contact quality. The metric is widely used in MONs
[4, 5] and has been proved very efficient. If vj is the

Table 1 Notations

qji Contact quality between vehicle vi and vj

TTL Remaining time a data chunk can survive in the network

FCC Forwarding communication capacity

Prio(dk) Priority of a data chunk dk

sdk Size of data chunk dk

ci Storage capacity of vehicle vi

cFTW Length of selected contact duration in the dense case

X Data chunk set X = {d1, d2, d3, · · · }
Y Candidate vehicle set Y = {N1,N2,N3, · · · }
w(x, y) Delivery utility for x ∈ X to execute y ∈ Y

Bipartite matching between x ∈ X and y ∈ Y where 1

m(x, y) denotes an assignment, 0 denotes no assignment,

and “−” indicates an initial or inexecutable status

L(v) Labeling function of Hungarian algorithm [34], v ∈ X ∪ Y

L′(v) Previous record of L for any given v ∈ X ∪ Y

S Data chunk set in the current consideration of allocation, ⊆ X

Relay vehicles (⊆ Y) that are reachable by data chunks ∈ S,

N(S) i.e., {j | ∃m(i, j) = 0or1, j ∈ N(S), i ∈ S}
T Set of vehicles that have been saturated (assigned)

E∗
x An alternating tree starting from x

destination, then the higher the qji, the more possibility
that vi can encounter the destination. Therefore, we have
the following definition.

Definition 1 The delivery possibility is defined as the
possibility of reaching a particular destination without fur-
ther forwarding. For delivery possibility of a data chunk on
vehicle vi to the destination vehicle vj, it is the same as qji
since the better the contact quality, the more opportunities
to deliver the data.

The challenge lies in the limitation of storage of inter-
mediate vehicles. For example, the decision of forward-
ing a data chunk to or not to the relay vehicle will
affect not only the delivery possibility of the current data
chunk, but also the other data chunks which may also
potentially use the vehicle as a relay. In a word, the for-
warding of a data chunk is not an independent event
anymore. Each data chunk delivering will compete the
storage space with other ones of the current forward-
ing as well as the ones of future forwarding. Since it
is of large cost to build a central controller which can
schedule all the forwardings optimally, we will develop
the distributed forwarding algorithm based on the
local knowledge.

Definition 2 The time to live, TTL, is defined as the
remaining time a data chunk can survive in the network.

Multi-copy data packet disseminating can shorten the
average delay, but it also incurs additional cost [18, 28]. To
control the overhead of data duplication, each copy will be
set with a timer called TTL as indicated in Def. 2. The data
chunk will be dropped form the network when the TTL
is decreased to ZERO. The length of the TTL should be
carefully designed. If it is too short, most replications will
be dropped before they have a chance reaching the des-
tination vehicle, which wastes a lot of storage resources
during the dissemination. If it is too large, after a copy
reaches the destination, there still remain many replica-
tions and possess the storage resources. It is not possible
to calculate the optimal value of the TTL since it relies on
many factors, such as the number of source-destination
pairs, the size of the data file, the storage availability in
relay vehicles, and encounter interval of vehicles. The rec-
ommendation value of the TTL is the average delivery
latency of the single-copy algorithm. Then, the value could
be slightly adjusted according to the dynamic feedback
of the results. The copy of the data will also be dropped
due to other reasons stated in the following section. Com-
pared with the existing multi-copy-based work, our meth-
ods can achieve less requirements in communication and
computing resources.
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3.3 Priority of data chunks
When there arises the need of dropping data and denial-
of-relaying due to insufficient storage, especially in the
multi-copy scenario, the priority of the data must be
considered. The priority scheme should keep the fair-
ness and efficiency of the data chunks. The priority
could be based on many aspects such as the priority of
the sender and the receiver, the significance of the data
itself, and the elapsed time of the data file. However,
many of the schemes could be very complex and hard
to manage.
Since the main goal is to maximize the amount of suc-

cessfully transmitted data bits, we assign the priority of
a data chunk dk as its data size (indicated as Prio(dk)),
i.e., the larger the size is, the higher the priority is. Since
forwarding decisions are only made between encountered
vehicles, there is no need to maintain the global priority,
so as to reduce the overhead. No further priority informa-
tion is necessary to be kept. Priority only exists between
encountering vehicles in a distributed and real-time man-
ner. However, the replicate data copy will always have
lower priority than those original ones without consider-
ing their size. Finally, we give the definition of the delivery
utility DU as shown in Def. 3 for data chunk dk from
vehicle vi to vj.

Definition 3 The delivery utility, DU, for a data chunk
dk from vehicle vi to vj is defined as the product of its
priority and delivery possibility, i.e., qji(dk) × Prio(dk).

3.4 Basic idea
When two or more vehicles encounter, each of them may
contain several large data chunks. A data chunk has a
different possibility of being delivered to the destination
in different vehicles which depends on the contact qual-
ity between the data carrying vehicle and the destination
vehicle. We cannot simply allocate the data chunk to the
vehicle where it has the best possibility since there are
storage bound. Therefore, we consider a joint allocation of
data chunks in the buffer of both vehicles to maximize the
entire delivery possibility of all data without storage over-
flow. Therefore, it is like there are two knapsacks and we
try to put items in them to achieve maximal value under
the constraint of storage. Besides that, the duration of each
encountering is limited so that not all desired data chunks
can be exchanged but also we need consider the commu-
nication constraint. In this paper, we model data chunk
assignment problem as a multiple knapsack problem [26]
where we try to achieve themaximal delivery possibility of
all data chunks. When two vehicles meet, the first step is
to exchange necessary information. Then, the second step
is that all the data chunks are re-arranged according to
their delivery possibility in different vehicles as a multiple
knapsack problem. When the re-arrangement is applied,

the spare space may not be enough for the movement of
these data chunks. Another limitation is the capacity of
the channel, due to the bandwidth and the contact dura-
tion, there exists a bound of maximal amount of data that
could be transmitted, which also applies in the dense case.
In the multi-copy scenario, since the data copy with lower
priority can be dropped, therefore, the storage allowance
is not only the free space in the buffer but also data chunks
to be dropped.

4 Large data forwarding with capacity
constraints in sparse case

4.1 Multiple knapsack-based problem formulation
In sparse case, most communication will take place
between two vehicles. Suppose the capacity of two
encountered vehicle vi and vj is ci and cj respec-
tively. The size of data chunk dk is sdk . The deliv-
ery possibility of dk on vehicle vi is qdesti (dk). Assume
two encountered vehicles have n data chunks in
total. Then, the multiple knapsack problem can be
formulated as:

max
∑n

k=1 qdestm (dk) × Prio(dk), m =
{
i, dk on vi
j, dk on vj

s.t.
∑n

k=1 sdk ≤ ci where dk is on vi (i)
∑n

k=1 sdk ≤ cj where dk is on vj (ii)

Definition 4 Generalized assignment problem, GAP
INSTANCE: A pair (B,D) where B is a set of m knap-

sacks and D is a set of n items. Each knapsack i ∈ B has
a capacity ci, and for each item dk, it has a size sdk and a
profit (delivery possibility) qdesti (dk).
OBJECTIVE: Find a subset U ⊆ D that has a feasible

packing in B and maximizes the profit of the packing.

The conditions (i) and (ii) are the constraints of the
storage limitation on vehicle vi and vj respectively. We
can convert it into a generalized assignment problem
(GAP) (Def. 4) and apply the algorithm in ref. [29]
to get the result. In [29], Shmoys and Tardos give a
(1,2) bi-criteria approximation for Min GAP. A para-
phrased statement of their precise result is shown as
Theorem 1 [26].

Theorem 1 Given a feasible instance for the cost assign-
ment problem, there is a polynomial time algorithm that
produces an integral assignment such that

• cost of solution is (1 − ε) OPT.
• each item k assigned to a knapsack i satisfies sk ≤ ci,

and
• if a knapsack’s capacity is violated then there exists a

single item that is assigned to the knapsack whose
removal ensures feasibility.
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4.2 Further consideration of communication capacity
The duration of encountering between two vehicles
varies from time to time. Therefore, during each contact
duration, only limited data can be transferred. In many
cases, it is even smaller than the storage capacity
allowance. Like in [27], data chunks are assumed to be
indivisible, only those data chunks can be transmitted
within the contact duration will be forwarded. To make it
simple, we use term forwarding communication capacity
(FCC) as defined in Def. 5 to represent the capacity of
the contact. Note that the channel is a bidirectional one
so that FCC only stands for one way capacity. Because
of the constraint of FCC, vehicles may not have enough
time to finish exchanging data chunks. Therefore, wemust
then achieve the optimal forwarding exchange under the
additional FCC constraint. The FCC can be calculated if
the mobility model of vehicles is known [30]. However,
each contact would be quite unique so that we propose to
compute FCC during information exchange, by using the
transmission rate and the time that the vehicle stay in the
other’s communication range [27].

Definition 5 The forwarding communication capacity,
FCC, stands for the maximal amount of data bits that
can be transferred one way during a contact. It depends
on many factors such as communication bandwidth and
contact duration. It can be calculated during information
exchange as stated above.

Suppose the capacity of FCC is noted as cFTW , we have
the new formulation of the problem.

max
∑n

k=1 qdestm (dk) × Prio(dk), m =
{
i, dk on vi
j, dk on vj

s.t.
∑n

k=1 sdk ≤ ci where dk is on vi (i)
∑n

k=1 sdk ≤ cj where dk is on vj (ii)
max

∑n
k=1 sdk ≤ cFTW where dk is forwarded

from vi to vj or viceverse (iii)

Equation 3) guarantees the exchanged data will not
exceed the communication capacity between two vehicles.
We use Algorithm 1 to solve the multiple knap-

sack problem with the FCC constraint and a dynamic
programming-based algorithm as illustrated in Algo-
rithm 2. Finally, the problem will be solved by solving
subproblems in a dimensionality reduction manner.

4.3 Multi-copy scenario
To get fast delivery, flooding-based schemes can achieve
very short routing latency. However, taking data size into
consideration, some data and their replications will soon
occupy most of storage space and prevent other data from
being relayed. In this section, we aim to reduce the cost
of forwarding while retaining high routing performance

Algorithm 1 Large data chunk forwarding with FCC
constraint based on Multiple Knapsack
Require: Data chunk list from both vehicles (including

size, destination information),
capacity size of two vehicles,
size of the FCC

Ensure: an arrangement of data chunks in both vehicles
1: FOR the two encountering vehicles vi and vj DO
2: IF vi or vj is a destination to any current data chunks

THEN
3: forward the data chunk to vi and vj;
4: ELSE
5: get the list of the remaining data chunks
6: solve the arrangement as a multiple knapsacks

problem;
7: FOR the data chunks in each direction DO
8: model the problem as a 0- 1 knapsack problem

where the one way data chunks are the items and the
capacity of the FCC is the knapsack;

9: END FOR
10: exchange the data chunks according to above result;

11: END IF
12: END FOR

Algorithm 2 find solution matrix of Multiple Knapsacks
problem
Require: Size set θ = θ1, θ2, . . . θμ, delivery possibility set

γ = γ1, γ2, . . . γμ, capacity space C1 and C2
Ensure: Output solution matrixm
1: n = length[�]
2: FOR j = 0 to unit length of C1 + C2 DO
3: m[ 0, j]← 0
4: END FOR
5: FOR μ = 1 to n DO
6: m[μ, 0]← 0
7: FOR j = 1 to unit length of C1 + C2 DO
8: m[μ, j]← m[μ − 1, j]
9: IF θμ ≤ j THEN

10: IF γμ + m[μ − 1, j − θμ]> m[μ − 1, j] THEN
11: m[μ, j]← γμ + m[μ − 1, j − θμ]
12: END IF
13: END IF
14: END FOR
15: returnm

by controlling the number and threshold of replications.
In previous work, the STOP condition could be a fixed
number of copies, a given time-to-live [31], or a dynamic
threshold [32]. Different from previous work, we do not
give any fixed number of copies since it is allowed to
drop data replications in the forwarding process. Also
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with the replication threshold, there will generate less
copies in the network. Thus, the overhead is under con-
trol while performance is greatly improved. There are two
main operations in themulti-copy scenario: one is the data
replicating, and the other is data dropping.
As shown in Fig. 2, the solid line with arrow stands

for data replication between vehicles. The dashed line
with arrow stands for data forwarding between vehicles.
The other line means there is no action between two
encountered vehicles. There are many reasons that cause
no action, such as no storage space, lower threshold, and
lower delivery possibility. The source vehicle S meets R1
and R2 sequentially; they satisfy the replication condition
so that S gives duplications of the data to both vehicles.
Then, R1 replicates the data to R3 and forwards its data
chunk to R4. Finally, the data chunk is delivered to des-
tination vehicle D by R4. Other data duplications will be
dropped when TTL decreases to 0 as seen in Fig. 2.

4.3.1 Data replicating
When two vehicles encounter, some data chunks may
be replicated under given conditions. These conditions
ensure the number of copies will not exceed the cost bud-
get for performance improvement. Suppose when vehicle
vi meets vehicle vj and vi has the data chunk dk while vj
does not have it. We describe these conditions as follows:
Rule 1: the vehicle without the data chunk can pro-

vide better possibility to reach the destination, i.e.,
qdesti (dk) ≤ qdestj (dk).
Even with the rule 1, vi may encounter many vehicles

that have better delivery possibilities. Therefore, the high-
est delivery possibility among all the vehicles vi met will be
recorded, say h(dk). If vehicle vj is the first vehicle that has

better delivery possibility than vi, then h(dk) = qdestj (dk).
The next vehiclemust have higher delivery possibility than
h(dk) before it gets a duplication.
Rule 2: the vehicle without the data chunk must have

room to accommodate the duplication.
Here, the room can be a current free space, or a free

space going to be released after data dropping. Data drop-
ping happens when its TTL is 0 or it has lower delivery
possibility than the prospective duplication.
Rule 3: the FCC has enough capacity for replicated data

transmission.
Same as rule 2, there must be enough spare capacity

for duplication data transmission before the data chunk
can be replicated. The FCC must ensure it first serves the
original data.
Rule 4: the original data chunk always stays in the vehicle

with better delivery possibility.
The data replication operation must acquire entire

information of all data chunks on both vehicles and follow
above rules.

4.3.2 Data dropping
Since data can be replicated, other copy may reach the
destination prior to it. Then, it should not possess the net-
work resource anymore. In another aspect, the current
data copy should be able to be removed when another data
copy with higher delivery possibility appears. Therefore,
data can be dropped under following rules:
Rule 5: original data chunk cannot be dropped unless it

reaches the destination or has a 0 value TTL.
This rule is to make sure, for each data chunk, there at

least exists one copy being carried in the network so that
the delivery ratio can be guaranteed.

Fig. 2 An example to show multi-copy forwarding in the vehicular sensor network
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Rule 6: when the TTL of a data copy decreases to zero,
it will be dropped immediately.
This rule is kind of garbage collecting rule. Network

resource will be released by those useless data chunks in
the end.
Rule 7: combined with data replication rules, if data

copies have to be dropped to give space to better data
chunks, those with lowest delivery possibility will be firstly
considered of removal. When delivery possibility is equal,
the data copy with smaller TTL will be dropped.
Rule 8: overhead control should be adopted if there is an

upper bound for the budget of replicated copies. Assume
there is a threshold of the maximal number of replications
in the network for a period of time of TTL, denoted by �

(not including the original copy), and the average number
of contacts between any vehicles is η. When a data chunk
dk meets all the rules from 1 to 7, we apply a probability
pdk to replicate the data chunk, where pdk = �

∑
⌈
TTL
T

⌉

i=1 ηi
.

In a long-term view, the total number of replicated data
chunks will not exceed the upper bound.

5 Large data forwarding with capacity
constraints in dense case

In a VANET, vehicles move following the road planning.
Therefore, in many cases, vehicles are moving in platoons
[33] or in a dense manner, such as along a highway or
main roads in a city. Sometimes, the ad hoc networking of
vehicles are very stable. Due to the nature of wireless com-
munication, data transmission is more like a broadcast
rather than a node-to-node communication in the sparse
case. It is not possible for a relay vehicle talking to its
neighboring vehicles in turn. Therefore, to achieve better
delivery performance, the data chunks to be broadcasted
must be carefully arranged. We assume that there are lim-
ited vehicles doing broadcasting simultaneously, as the
data chunk replicating is limited in our unicast scenario. If
two or more broadcasting vehicles have interference with
others, we adopt a first-come-first-serve-based scheme.

That is, before a vehicle broadcasts the control signal, if it
received one from another vehicle or an ongoing broad-
casting process, it will wait until the other one finishes
broadcasting or moves out of the range of interference.
Small overlap is allowed since it will have little impact on
the interest of majority of other vehicles.
Hence, in this section, we focus on improving data for-

warding efficiency based on a single vehicle broadcast
model, which is, forwarding data chunks in the relay to
its neighboring vehicles such that the total delivery utility
DU is maximized. As shown in Fig. 3, in a road segment
(highway), there are many vehicles moving in two oppo-
site directions. A vehicle R is trying to forward its data
chunks to the neighboring vehicle. In its communication
range, seven vehicles are involved, in which five of them
are moving in the same direction as R, two are moving
in the opposite direction. Due to the dynamic nature of
the moving vehicles, the duration of each vehicle stay-
ing in the communication range of R varies. Therefore,
one of the constraints is the limited forwarding commu-
nication capacity just the same as in the sparse case. The
second constraint is that each neighboring vehicle has dif-
ferent available capacity. Under these two conditions, we
will make arrangement of data chunks in the broadcast-
ing. For simplicity, we will adjust and define parameters so
that the problem is solvable. The solution is composed of
two steps.
Step 1: FCC selection. As can be seen in Fig. 3, the dura-

tion of each neighboring vehicles of R from N1 to N7
staying in the communication range of R is quite different.
Some may be too short for data forwarding, such as N5
(leaving due to opposite direction) and N7 (leaving due to
faster speed). However, most vehicles will stay for a rela-
tive similar duration. Thus, we select the shortest duration
among neighboring vehicles which have similar FCCs and
name it cFTW . Note that, it is possible to estimate the
contact duration [30].
Step 2: Data chunk assignment. Note that in the pre-

vious section, as stated in rule 1, for any data chunk dk ,

Fig. 3 Utilizing broadcast as a forwarding strategy in dense situation
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although there may exist more than one neighbors in N1
to N7 which have better delivery possibility than R, only
one neighbor will be selected for dk to be forwarded.
Therefore, there will be no replication of data chunks in
the broadcast scenario. Each data chunk will be assigned
no more than one vehicle, and multiple data chunks can
be assigned to one vehicle.

5.1 Systemmodel
Here, we summarize the system model. In the network,
there is a relay vehicle R which would find next relays
for its data chunks. In its wireless communication range,
there are a few candidate vehicles that have similar con-
tact duration with R denoted as (N1,N2, . . . ,Nm). The
length of selected contact duration is marked as cFTW
which can be estimated using the same method in [30].
The data chunks that the vehicle R holds are represented
as (d1, d2, . . . , dn). Each candidate vehicle has an available
capacity denoted as (c1, c2, . . . , cm). If a candidate vehicle
Ni has better deliver possibility for data chunk dk than R,
at the same time Ni has enough space to hold dk , we say
it is a possible assignment. For this assignment, we could
achieve the delivery utility DU as Prio(dk) × qdestNi (dk). The
goal is to seek assignments for all data chunks that the
sum of DU is maximized while the constraints of FCC and
individual storage capacity are satisfied.
We use the scenario of Fig. 3 as an example. After FCC

selection, we get a figure as shown in Fig. 4a. In vehicle
R, there are four data chunks which have different data
sizes as shown to the left of the data chunk icon. Five
out of seven candidate vehicles are selected, which also
have different available capacity as shown to the right of
the vehicle icon. If a data chunk can be accommodated
by a neighboring vehicle that has better delivery possi-
bility, we connect them using a dashed line. The delivery
utility is marked beside the line. Finally, we have the
figure with all possible assignments. Now, we can turn it

into a bipartite matching problem, with communication
capacity and storage capacity.
In the broadcast scenario, we use the bipartite graph

G = (X,Y ,E) to model the assignment optimization
problem of n data chunks and m candidate vehicles,
where X = {d1, d2, d3, . . . , dn} denotes data chunk set,
Y = {N1,N2,N3, . . . ,Nm} denotes candidate vehicles set,
and E = {w(x, y)|x ∈ X, y ∈ Y , } denotes set of delivery
utility w(x, y) when data chunk x is assigned with candi-
date vehicle y. w(x, y) = Prio(x) × qdesty (x). Each candidate
vehicle has limited storage capacity so that data chunks
assigned to it should not exceed the capacity. A feasible
assignment (not optimal) could be seen in Fig. 4b. If each
data chunk has only one possible assignment, it is simply
a knapsack problem. However, each assignment will pos-
sibly affect other assignments. We use m(x, y) to indicate
if there is an assignment between x and y. “0” means no
assignment. “1” means assignment is chosen.“−” indicates
an initial or inexecutable status.
The objective of the solution is to find a data chunk

allocation that maximizes the delivery utility of all data
chunks. Therefore, the problem is a weighted bipar-
tite perfect matching which can be formalized in the
following:

max
∑

x∈X
∑

y∈Y w(x, y)m(x, y)
s.t. everym(x, y) = 0, 1, or “−” (i)

∑
y∈Y m(x, y) = 1for every x ∈ X (ii)

∑
x∈X sxm(x, y) ≤ cyfor every y ∈ Y (iii)

∑
x∈X,y∈Y sxm(x, y) ≤ cFTW (iv)

Constraint (i) ensures the data chunk assignment as a
bipartite matching. Constraint (ii) guarantees each data
chunk is only assigned to one vehicle. Constraint (iii)
asserts data chunks assigned to a vehicle cannot exceed
its available capacity. Constraint (iv) ensures that the total

a b

Fig. 4 A demonstration of data chunk assignments. a Possible assignments. b A feasible assignments
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data chunks transmitted will not exceed communication
capacity.

5.2 Method to solve assignment problemwith two
constraints

5.2.1 Cost matrix build-up
In this paper, we extend the Hungarian algorithm-based
K-M algorithm [34] to solve the problem. The first step of
using bipartite matching is the build-up of cost matrix. In
our scenario, the main weight is the delivery utility DU. A
sample cost matrix is shown in Eq. 1 as derived from the
scenario from Fig. 3.

CostMatrix =

⎛

⎜⎜
⎝

N1 N2 N3 N4 N6
d1 1 0 0 4 3
d2 5 2 3 0 0
d3 0 0 6 0 5
d4 0 0 5 0 3

⎞

⎟⎟
⎠ (1)

5.2.2 Assignment algorithm
First, we have following definitions and equations [35].

Definition 6 Any x ∈ X that has not seized the reserva-
tion is called unsaturated, and it has m(x, y) 
= 1 for every
y ∈ Y . Any y ∈ Y still available for allocation is called
available, and it has

∑
x∈X sxm(x, y) < cy.

α = minx∈S,y∈Y\T {L(x) + L(y) − R(x, y)} (2)

L(v) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

L′(v) − α, if v ∈ S
L′(v) + α, if v ∈ Y has been considered

before for S, i.e., {y ∈ Y |
∃m(x, y) = 1 where x ∈ X}

L′(v), otherwise

(3)

m(x, y) =
⎧
⎨

⎩

0 L(x) + L(y) = R(x, y)
1 if x is located to y
“ − " otherwise

(4)

The major difference from K-M algorithm is that in
the table construction phase, the proposed algorithm will
check the two capacity constrains accordingly.

6 Simulation
6.1 Simulation settings
Our simulation is carried out on the real vehicle trace
umass/diesel [36]. The parameters are shown in Table 2.
The source-destination pairs are randomly picked in the
node set. Each sender will initiate a data file with the size
around 3 to 10 GB. Also, each node will be assigned a
storage space between 25 and 75 GB. Three sets of experi-

Table 2 Simulation parameters

Parameter Value Unit

Total nodes 23 Number

Number of contacts 1706 Number

Experiment duration 29 Day(s)

Range of data file size 3 10 GB

Range of storage space 25 75 GB

ment are conducted to observe the effect of three metrics,
which is closely related to the large data file transmission.
First is the number of concurrent forwardings, second is
the storage capacity of vehicles, and the last is the size of
data files.

Algorithm 3 Broadcast assignment based on Hungarian
algorithm with communication and storage capacity
Require: X, Y,W, cFTW , and cy for each y ∈ Y
Ensure: a bipartite matching in Y for each x ∈ X
1: Initialization (i.e., w(i,j), m(i,j), and L(v) with Eq.(3)).
2: Completion check:

For any unsaturated (Def. 6) data chunk x ∈ X, pre-
pare S, T and E∗

x to start the matching process in
the following; otherwise, successfully end the entire
process.

3: Label update for new opportunities for x to match with
y in m:
IF N(S) 
= T GOTO phase 4 ELSE
Update reaching opportunities of data chunks by (first
α with Eq.(2), and then L with Eq.(3), in order to reset
m with Eq.(4).

4: Table construction (E∗
x ,m,T and S):

Find any y ∈ N(S)\T ; IF y is available (Def. 6) and
total data size does not exceed cFTW , an alternating
path from x (root of the tree E∗

x ) to y exists, apply
augment matching along this path as the Hungarian
algorithm, decrease capacity of y by sx, GOTO phase
2. ELSE find all z that are matched with y, update E∗

x
with (z, y) respectively, S = S∪{z},T = T∪{y},GOTO
phase 3.

Three algorithms were applied on this data trace.
MultiKnap-Single represents the single-copy version
of multiple knapsack-based forwarding algorithm.
MultiKnap-MC is the proposed multi-copy strategy. The
third algorithm (called GreedyKnap-MC) is a combina-
tion of [4] and [23]. When two vehicles meet, each of
them will evaluate the other’s forwarding metric and
make duplication if possible. To achieve the maximal
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incremental benefit, they model it as a 0-1 knapsack prob-
lem and solve it using a greedy algorithm. Each simulation
is repeated for 100 times and record the average value.

6.2 Simulation result
6.2.1 Number of concurrent forwardings
We set the criterion of source-destination pairs as 15;
therefore, most of nodes are included in the process of for-
warding data files. Then, we slightly decrease and increase
the number of source-destination pairs to see how it will
affect the performance.
As shown in Fig. 5a, the proposed MultiKnap-MC

method achieves the least delay where there is a 20%
improvement compared with the runner-up GreedyKnap-
MC method. The GreedyKnap-Single method gets the
worst delay, about 25% more than that of the MultiKnap-
MC method. All three algorithms will have worse
performance when the number of source-destination
pairs increases. GreedyKnap-MC is more sensitive to
the increase since it does not have a data drop-
ping strategy nor does it consider the communication
capacity.
As shown in Fig. 5b, we evaluate the delivery ratio

by how many bits have been received by the destina-
tions. The total amount of bits comes form the files
that have been successfully received. The reason for not
using the number of data files is because our methods
are designed to maintain the balance of both large and
small files. With the increasing of the number of source-
destination pairs, the delivery ratio of all three methods
drops. However, our proposed method can achieve better
ratio than the greedy methods since the solution to mul-
tiple knapsacks can optimize the total value (size) of the
data files.

6.2.2 Storage capacity of nodes
We then fix the number of source-destination pairs and
adjust the storage capacity of nodes. As shown in Fig. 6a,

when the storage space is very limited, all three meth-
ods surfer from a very large delay. As the storage space
increases from 50 to 100%, our proposed MultiKnap-MC
method reduces the delay quickly. Although the other
three methods also reduce the delay, but the rate is slower
than theMultiKnap-MC method. When the storage space
is large enough such that a single node can accom-
modate the forwarding requests from multiple senders,
each method gets approaching to others. Although the
MultiKnap-MC method still achieves the best, the result
of using multiple knapsack algorithm is not apparent
any more.
It is with no doubt that the delivery ratio goes up when

the capacity increases. In the end, they will be very close
as can be seen in Fig. 6b.

6.2.3 Size of data files
Figure 7a demonstrates the result when the size of data
file increases from 50 to 150%. The larger the size of
the data file, the less the number of data files a single
vehicle can hold. Therefore, without the optimal arrange-
ment of the forwarding selection, the GreedyKnap-MC
and MultiKnap-Single methods will soon decrease to a
bad performance. The multiple knapsack-based method
can slow down this process so that it is 15% better than
the greedy knapsack method when the ratio of data file
is 100%. However, when the size of data files is too large
to make any schedulings, all methods turn to get a worse
delay. Figure 7b is similar to that of Fig. 5b; theMultiKnap-
MC method achieves better delivery rate than the other
methods.

6.2.4 Number of forwardings
We then evaluate how the data dropping rule can balance
the cost and the performance so that the total number of
forwardings of each strategy is considered.
As shown in Fig. 8, the number of forwardings of multi-

copy scheme exceeds that of the single-copy scheme.
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Fig. 6 Results of different scales of capacity size. a Delivery delay. b Delivery ratio

However, it achieves much better performance than the
single-copy scheme. Compared with GreedyKnap-MC, it
fairly controls the cost brought by data replication in the
multi-copy algorithm.

6.3 Summary of simulation
After investigating into the real trace data, we draw a
conclusion that the proposed MultiKnap-MC method
can achieve not only the best delay performance under
all simulation settings, but also a better delivery ratio.
Since the storage occupancy rate of the network is almost
50%, the number of forwarding of MultiKnap-MC will
not exceed the bound of two times of the single copy.
If the storage occupancy is low throughout the net-
work, MultiKnap-MC can have more forwardings than
the single-copy scheme. When the number of replicated
data chunks is doubled in the multi-copy algorithm, it
is not necessary, meaning that the performance can be
doubled too. Besides that the replicated data may be
dropped during dissemination, the results also depend
on the profile of the data trace, e.g., the average con-
tact strength between any two nodes. Hence, we must
consider the trade-off between the overhead and the per-
formance. In most cases, there will be an upper bound

of the overhead. We then use rule 8 to control the
overhead.

7 Conclusions
To solve the contradiction between the limited storage
capacity and the large data size in the bulk-data dissemi-
nation, we propose the multiple knapsack-based solution
which can achieve the local optimal in a distributed man-
ner. In the sparse case, it first solves full arrangement of
large data chunks when two vehicles meet as a multi-
ple knapsack problem. Then, the communication capacity
is considered. The proposed multi-copy algorithm can
make full use the available storage resources in the net-
work. In the dense case, data forwarding is implemented
as a broadcast-like style. An optimization for the data
chunk selection and assignment is proposed. Simulation
is conducted using real trace data. The results show that
our schemes achieve better performance both in delivery
delay and ratio than the greedy knapsack-based competi-
tor. In the future, to further improve the data dissemina-
tion efficiency, we will consider possible coding of data
chunks during broadcasting, so that multiple data chunks
can be transmitted to surrounding vehicles in the same
time slot.
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