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Abstract

In vehicular networking, contacts have short duration and may seldom occur.

Hence, maximizing the amount of data transferred per contact opportunity

is of utmost importance. In this work, we propose TraC which combines net-

work nodes caching, typically used in Content-Centric Networks (CCNs), and

users’ trajectory knowledge. The idea is to improve data delivery by proac-

tively caching the content requested by users over the access points along

their trajectories to destination. To accomplish this, we use the network

formed by access points to forward individual interests containing informa-

tion regarding users’ destination. In addition, we develop two forwarding

strategies consistent with the content oriented paradigm, and a neighbor-

hood discovery protocol, required for the operation of the proposed forward-

ing strategies. The results obtained through simulations in highway, urban,

and rush-hour scenarios show that TraC can increase the fraction of interests
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satisfied as well as accelerates content delivery compared with a typical CCN

implementations for wireless environments.

Keywords: vehicular networks, content distribution, content centric

networks.

1. Introduction

Today, permanent and ubiquitous connectivity is a fundamental require-

ment for most users. Mobile communications can typically fulfill such needs

at the cost of a monthly subscription fee for telecommunication services.

Nevertheless, depending on the number of users and the amount of data

transferred, mobile operators struggle to avoid network congestion. In this

case, a well-known strategy to alleviate the mobile network is the utilization

of traffic offloading. Indeed, statistics from 2014 confirm this trend, showing

that 46% of the global mobile data traffic was offloaded, and that 54% is

expected to be offloaded in 2019 [1].

A preferable technology for traffic offloading is IEEE 802.11, given the

network availability and low cost. IEEE 802.11 networks, however, must

deal with the limited range of access points, which leads the network to

islands of connectivity [2]. In mobile scenarios, e.g., vehicular networks,

these coverage gaps represent an obstacle for nodes moving at high speeds

since contacts become shorter and less often. Even though mission-critical

and security applications are not suitable for such conditions, infotainement

applications can still have a high profit from contact opportunities. The

issue then becomes how could it be possible to maximize the amount of data

transferred via multiple access points?
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Taking into account the current TCP/IP model, improving data transfers

per contact opportunity opens venue for new Internet architectures since

the original one was not designed for mobility. Content-Centric Networks

(CCN) [3, 4] are an alternative architecture for the Internet which can also be

used for content retrieval in vehicular networks. Users request a given content

and the CCN takes care of finding and sending it back to the requesting

node [5, 3]. The objective of CCN is to abstract the notion of IP addressing,

since users are more and more interested on content, no matter where it

comes from [5, 6, 7]. To avoid network flooding per content request, one

key feature of the CCN architecture is content persistence in all network

nodes and not only at the network edges. Such persistence can leverage data

offloading in vehicular networks as a possibility to increase the number of

content sources [8]. For instance, combining vehicular and content centric

networks, we can think of storing content at each access point along a vehicle

trajectory. This approach can potentially improve the efficiency of content

retrieval at every contact opportunity between a vehicle and an AP, further

maximizing users’ interest satisfaction.

The main idea of TraC is to use CCN persistence to build proactive caches

in all vehicular nodes based on users’ trajectory. This can, at the same time,

improve content delivery and circumvent vehicular mobility issues as CCN

does not rely on host-oriented approaches. Previous CCN-based strategies

neither rely on content caching in APs nor on users’ trajectory information.

Hence, the whole strategy has not been explored yet in the literature to the

best of our knowledge. We rewrite the fourth paragraph of the Introduction

to emphasize our paper contribution.
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In this work, we propose TraC, a Trajectory-aware Content distribution

strategy, which couples vehicular networking to the content-centric paradigm.

Our main idea is to use CCN persistence to build proactive caches in all ve-

hicular nodes based on users’ trajectory. This can, at the same time, improve

content delivery and circumvent vehicular mobility issues as CCN is not host

oriented [2]. Previous CCN-based strategies, to the best of our knowledge,

neither rely on content caching in APs nor on users’ trajectory information.

In TraC, we assume previous knowledge of users’ geographical destination

to forward interests toward APs that will probably be crossed along their

trajectories to destination. These APs can, as a consequence, proactively

download the content requested from the Internet even before the vehicle ar-

rives. As a result, when the user associates to an AP along her trajectory, the

content requested will be already available. The time needed then to request

and transfer the content from the Internet to the connected AP is saved and

the content can be immediately retrieved. To permit such proactive caching,

we propose two strategies for vehicular interest forwarding between APs,

Triangular Area Forwarding (TAF) and Distance Minimization Forwarding

(DMF), and a neighborhood discovery protocol. Using TAF and DMF, re-

ceived interests are only forwarded to APs along users’ trajectories. To this

end, APs need to be aware of users and neighbor APs position, which are

obtained, respectively, with modifications to interest packets and with the

proposed neighborhood discovery protocol. The performance of TraC is eval-

uated via simulations in three vehicular scenarios: urban, highway, and a

realistic rush-hour scenario using the Cologne dataset [9]. In all experiments,

we compute the fraction of users’ interests satisfied, the content delivery ra-
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tio, and the network responsiveness in terms of how fast users’ interests are

satisfied. Compared with a typical implementation of CCN for wireless net-

works, results show that TraC satisfies more interests more quickly, reaching

gains up to 50% in the fraction of interests satisfied.

This work is organized as follows. Section 2 introduces the CCN archi-

tecture and its utilization in the vehicular scenario. Section 3 proposes the

Trajectory-aware Content Distribution (TraC) strategy. Section 4 describes

TraC operation, providing more details concerning the proposed trajectory-

aware strategies for content request and the Neighborhood Discovery pro-

tocol. In Section 5, we describe the simulation scenarios, parameters, and

configurations. The obtained results are shown in Section 6. Section 7 lists

related work. Finally, Section 8 concludes this work and discusses future

directions.

2. Content-Centric Networks (CCN)

In this section, we overview the traditional CCN architecture and, in the

following, we draw arguments for CCN deployment in vehicular network-

ing. At the end, we briefly compare CCNs to Delay-Tolerant and Disruption

Networks (DTNs).

2.1. CCN architecture overview

CCN is a content oriented network, which operates based on two types

of packets: interest and content [4]. The first is responsible for requesting

content to the network, while the second is the requested content itself. Since

contents can be large, they can be divided in chunks. CCN packets are for-

warded based on unique content or chunk names. The name syntax consists
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of a hierarchical sequence of components separated by a predefined separa-

tor, similarly to an URI. For instance, /gta/publications/2015/10.pdf/3

identifies the third chunk of the file 10.pdf, where gta is the first compo-

nent of the name, publications is the second, and so on. An interest is

then composed of the name of the content or chunk requested, in addition

to other information used to orchestrate data retrieval.

The CCN architecture also defines a node structure and a node behav-

ior to achieve its main features. The structure of a CCN node is depicted

in Figure 1. Note that a CCN node is composed of three main structures:

FIB (Forwarding Information Base), PIT (Pending Interest Table), and CS

(Content Store). FIB is similar to an IP routing table, but instead of as-

sociating IP addresses to interfaces, it associates content names to route

interest packets. PIT stores interests received, and the respective incoming

interfaces, that were not yet satisfied. The CS caches content received using

replacement policies such as Least Recently Used (LRU).

In CCN, network nodes send interest packets to request content. When

receiving an interest, a node checks if the content chunk requested is stored in

its CS. If it is not, the receiving node forwards the interest to other nodes and

adds an entry to its PIT. In opposition, if there is a match, the receiving node

sends back the content chunk through the interface from which the interest

was received. The requested content follows the trail of PIT entries to reach

the node that first issued the interest. Note that a key feature of CCN is

content caching, which is a form of data persistence. This is indeed a major

difference between host-oriented and content-centric paradigms. Whereas

in the first one content is only content replicas can also be stored at core
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Figure 1: CCN node structure containing a FIB (Forwarding Information Base), a PIT

(Pending Interest Table), and a CS (Content Store).

network nodes, e.g., routers; in the second, content can only be stored at the

network edges.

2.2. CCN in vehicular networks

Applying CCN to vehicular networks requires adaptations since the CCN

architecture has not been designed to work on wireless scenarios. For exam-

ple, in wired networks, interests are not forwarded to the same interface from

which they were received. In multihop wireless networks, however, nodes

typically rely on one wireless interface to receive and relay data, if needed.

Another issue to apply the CCN architecture to wireless scenarios is the risk

of broadcast storming, which occurs when a network is flooded with interest

packets retransmissions. In vehicular networks, this may happen whenever

a node that does not have the content requested in cache retransmits the

interest to all neighbors.
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Although there is the risk of broadcast storming, broadcast transmis-

sions can also be viewed as a positive aspect. In a broadcast medium, the

same transmission can be received by multiple nodes, saving bandwidth and

energy. Additionally, if nodes perform promiscuous content caching, i.e.,

caching content even without a pending interest, the content availability in

the network can consequently increase. This characteristic represents a great

advantage of applying CCN to vehicular networks since it leads to content

retrieval improvements. In this work, we exploit this feature along with tra-

jectory knowledge. Even though other works have already introduced CCN

in vehicular networking [10, 11, 12, 13, 6, 14, 15, 16, 17, 18, 19], as far as

we know, none of them have combined CCN and information about vehicles

trajectory.

2.3. CCN vs. DTN

Delay and disruption Tolerant Networks (DTNs) are frequently used [20]

in vehicular scenarios for infotainment applications, since they employ mes-

sage switching with custody transfer. This is somehow similar to CCN as

there is content persistence in network nodes. Hence, DTNs circumvent the

connectivity problem but, unlike CCN, still require network nodes to know a

priori to which node a given content must be requested. Moreover, DTNs nei-

ther consider the existence of different sources of the same content, i.e., nodes

with different identifications, nor the existence of multiple Internet gateways

from scratch. This means that they cannot provide the most efficient content

delivery in scenarios such as those considered in this work.
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Figure 2: Without TraC: (a) Content request: (1) a user sends a content request to the

AP connected, only the AP connected downloads the content; (b) Content request again:

(2) As the user moves away from the previously connected AP, she needs to request the

content again.

3. The Trajectory-aware Content Distribution (TraC) Strategy

In this work, we propose the use of proactive caching in access points

(APs) to improve content distribution in vehicular networks. The key idea

consists in proactively download the content requested by a user to the APs

along her trajectory toward destination. The goal is to make the content

available in the cache of each AP even before the requesting user arrives.

This strategy contrasts to the host-oriented approach since users do not have

to wait the content to be downloaded every time she connects to a different

AP. In vehicular networks, the downloading time becomes more significant

since contact opportunities have often shorter durations.

Figure 2 illustrates content retrieval without TraC utilization. Note that

every time a user connects to a different AP, she has to wait for the content to

be first downloaded. With TraC, illustrated in Figure 3, a user sends a content
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Figure 3: TraC operation: (a) Content request: (1) a user sends a content request to

the AP connected, (2) this AP forwards the content request to the other AP within the

trajectory of the vehicle toward the destination D; (b) Content download: APs download

the content requested beforehand; (c) Content retrieval: (5) AP promptly satisfies the

user request because the content is already available in cache.

request to the first AP connected and then this request is forwarded to all

other APs along the user trajectory toward the destination D. Upon receiving

a request, the AP download the content beforehand, promptly satisfying the

user request as her vehicle arrives. It is worth mentioning that content can

also be downloaded from V2V opportunities. Hence, whenever a nearby
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vehicle receives a content request, it can also send the content if it is already

available in cache.

3.1. Assumptions

We assume in this paper that vehicles have one onboard IEEE 802.11p

interface and a GPS. APs, in addition to the IEEE 802.11p interface, have a

wired connection to each nearby AP and an independent interface to provide

Internet access. Two APs are considered neighbors if they are within the

same subnetwork, i.e., if they are connected to the same switch or connected

by a wired link. The onboard wireless interface of vehicles is used by users to

request content to APs and other nearby vehicles. If the content is cached,

the AP or the vehicle receiving the request sends the content through the

wireless interface to the requesting user. Wired connections between APs are

only used to forward users’ requests and, as a consequence, contents are never

forwarded between APs. Missing contents are downloaded by APs using the

available Internet connection.

We assume that an AP knows its geographical position and the position

of all the APs in its vicinity. Its geographical position is static and can be

easily configured during AP deployment. APs within its vicinity, on the other

hand, are obtained through the proposed neighborhood discovery protocol,

introduced in Section 4.2. In this work, all vehicles and APs are nodes of

a CCN network, and as a consequence, each one has a FIB, a PIT and a

CS. Also, all nodes perform promiscuous content caching and, in addition,

APs do proactive caching. As in CCN, however, we consider that nodes have

limited storage and therefore a caching policy must be used. The idea is

to maintain only popular content in cache, so as to assure a high cache hit
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rate. If, however, a given content is not available on the node vicinity, it is

requested and downloaded on demand up to the content source, if needed.

3.2. Control packets

The proposed forwarding strategies, TAF and DMF, require two specific

control packets called Vehicular Interests (V-INT) and Access Point Interests

(AP-INT). V-INTs are sent by users to request content. On the other hand,

AP-INTs are used by APs for either neighborhood discovery or vehicular

interest forwarding. The former is used whenever an AP wants to discover

the APs within its vicinity, whereas the latter is used to forward vehicular

interests to neighbor APs within users’ trajectories.

Vehicle trajectory is informed based on a 3-tuple in the header of V-INTs.

This 3-tuple stores the user current geographical position, the geographical

position of her destination, and the estimated time of arrival to the destina-

tion. Since we assume that APs know their own position and the position of

their neighbors, they can forward V-INTs encapsulated in AP-INTs to neigh-

bor APs. Therefore, the content requested by a user can be forwarded to the

APs along her trajectory, even before she gets there. The current position,

destination, and estimated time of arrival at the destination can be obtained

from the GPS of the vehicle or a user smartphone.

3.3. Interest Naming Schemes

In CCNs, interest and content naming schemes play a crucial role since

packet routing is based on names. In this work, a V-INT has the format:

\v-int\contentID\chunkID. The first component (v-int) defines the ve-

hicular scope; the second component (contentID) identifies the content re-
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quested by the user; and the third component (chunkID) identifies a spe-

cific content chunk. Hence, when a content is requested, a V-INT is gen-

erated for each chunk. Also, we define the naming format of AP-INTs as:

\ap-int\protocolID\outInterfaceID\apID\ap-intID. The first compo-

nent (ap-int) defines the scope of the AP-INT, limiting its use to the network

between APs. The second component (protocolID) indicates the utilization

of the AP-INT, which can be either for interest forwarding or neighborhood

discovery. The third component (outInterfaceID) defines the outgoing in-

terface used to forward an AP-INT. Finally, the fourth component (apID)

identifies the AP that generated the AP-INT and the fifth (ap-intID) iden-

tifies the AP-INT itself.

Before describing interest forwarding in TraC, it is important to under-

stand the FIB (Forwarding Information Base) structure, as illustrated in

Figure 4. On the one hand, vehicles have one entry (\v-int) in their FIBs

to forward V-INTs through the wireless interface. On the other hand, APs

have two entries to each network interface connecting APs, in addition to

the entry for V-INT forwarding. These entries neighbor APs follow the

rule \ap-int\protocolID\outInterfaceID\apID, which changes the sec-

ond component according to AP-INT utilization. If AP-INT is used for neigh-

borhood discovery, the protocolID becomes equal to nd. If, however, AP-INT

is used for interest forwarding, then the protocolID is fw. Note that inde-

pendent of the utilization, AP-INTs are always sent hop-by-hop, from one AP

to its neighbors.
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Access Point FIB

Prefix Out Interface

\v-int 0 (wireless)

\ap-int\fw\1\AP1 1 (between APs)

\ap-int\nd\1\AP1 1 (between APs)

\ap-int\fw\2\AP1 2 (between APs)

\ap-int\nd\2\AP1 2 (between APs)

Vehicle FIB

Prefix Out Interface

\v-int 0 (wireless)

AP1

1
2

0

Figure 4: FIBs example: AP with one wireless interface and two wired interfaces between

APs; vehicle with one wireless interface.

3.4. Data structures

Data structures are used to store pending Internet content requests. These

structures are important because they control the Internet access of vehi-

cles, giving priority and choosing which content chunks must be downloaded

first. In TraC, instead of a single FIFO (First-In First-Out) data structure

to handle all the incoming chunk requests, we assigned higher priority to re-

quests from vehicles directly connected to the AP. In this case, we divide the

pending download data structure in two to avoid losing contact opportuni-

ties. APs have then a higher-priority data structure to store V-INTs received

from vehicles connected to its wireless interface, i.e., directly connected, and

a structure to store V-INTs received from forwarded AP-INTs. Note that a

single data structure would not suit well TraC because APs can download

chunks for users directly connected and also for users that may possibly pass

by in the future. Since there are no guarantees that this distant user will
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ever pass by, downloading a chunk for her before another one requested by a

user directly connected, may lead to contact opportunity losses.

The high-priority data structure for directly-received V-INTs could use

either FIFO or LIFO policies. Although FIFO is more traditional, in vehic-

ular networks, topology changes may occur very often. As a consequence,

assigning higher priority to more recently received requests may lead to a

higher success probability since requesting vehicles can be still in range. In

this case, using a LIFO structure is preferable in the vehicular scenario (We

evaluate these two possibilities in Section 6.).

For the low-priority structure, we use a queue which sorts pending In-

ternet content requests according to the user estimated time of arrival at a

given AP (ToA(AP )). Therefore, requests of a user arriving sooner at the

AP are served before those requests from more distant users. The ToA(AP )

is estimated from the information contained in V-INT (the user current ge-

ographical position, the geographical position of her destination, and the

estimated time of arrival to the destination), as follows:

ToA(AP ) =

[(
dist (p(user), p(AP ))

dist (p(user), d(user))

)
∗ (ToA(d)− T (now))

]
+ T (now),

(1)

where p(user), d(user), ToA(d), T (now), p(AP ) and dist(•) denote, respec-

tively, the user’s current position, her destination coordinates, the estimated

time of arrival at the destination, the current time, the coordinates of the

AP, and a function to calculate the geographical distance between two points.

Note that Equation 1 computes the proportion of time needed a node needs

to arrive at an intermediate AP between its current and final positions. If at
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any given time, ToA(AP ) ≤ T (now), that request is discarded because the

user who has sent it has already arrived at the destination.

Considering the data structure used in the forwarding strategies, the AP

first chooses chunks from the high-priority structure to download from the In-

ternet. Only if this structure is empty, chunks from the low-priority structure

is scheduled for download. All downloads are modeled without preemption,

hence even higher priority requests can not interrupt an ongoing download.

Figure 5 illustrates the operation of the proposed data structures. It is worth

mentioning that if two or more vehicles are directly connected to an AP and

all of them send a V-INT, the first vehicle to be satisfied is the one that sends

the last V-INT, if considering that all requests were added to the high priority

queue. If, however, the first V-INT received trigger the download before the

other V-INTs, it will not be stopped as we do not consider preemption. This

situation could happen if the high priority queue is empty as the first vehicle

arrives.

As we can see, TraC design aims at maximizing the number of V-INTs sat-

isfied in three ways. First, TraC gives priority to vehicles directly connected

to APs, assuring one can always request content on demand. Secondly, TraC

proactively caches contents, raising APs utility when no one nearby is re-

questing contents. Finally, TraC caches popular content in every network

node.

4. TraC Operation

This section shows in more details how users inside vehicles request and

receive content, and how APs operate to deliver Internet content to users.
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(1) (2)
(2)(1)

Internet
(3)

High-priority 
(LIFO)

Low-priority 
(sorted 

structure)

(a)

(4)
(4)

Internet (5)

High-priority 
(LIFO)

Low-priority 
(sorted 

structure)

(b)

Internet (6)

High-priority 
(LIFO)

Low-priority 
(sorted 

structure)

(c)

Figure 5: Data structures: (a) a user sends a content request to the AP connected. The

AP pushes the request to the top of the LIFO (1). An AP forwards a content request

to the AP. The AP adds the forwarded request to the low-priority queue (2). The AP

downloads the first chunk in the LIFO (3). (b) Another user connects and sends two

content requests to the AP. The AP pushes these requests to the top of the LIFO (4).

The AP downloads first the two content requests in the LIFO structure (5). (c) The AP

only downloads the forwarded content request received from the other AP after the LIFO

structure becomes empty (6).

4.1. User node operation

Infotainment content is typically large and may be fragmented into multi-

ple chunks. Consequently, the user application sends V-INTs for each chunk

composing the entire content. Despite transparent to the user, each V-INT

sent generates a new entry in the PIT (Pending Interest Table). Only after

creating such entry, the V-INT transmission through the wireless interface is

scheduled according to the rules in the FIB. Since in vehicular and mobile

scenarios one cannot guarantee that a request is always satisfied, it may be

necessary to retransmit unsatisfied V-INTs later. The process followed by the

user node when it receives a packet is presented as a flowchart in Figure 6.

After delivering a chunk to the application, the corresponding V-INT is

removed from the data structure storing pending content requests. Hence,
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Packet P received

Is there a 
transmission of 

P pending?

Cancel P 
transmission

Yes

Is P a content?

No

Yes

Was P 
requested?

Is P already in 
the PIT?

No, P is a V-INT

Store P in the CSNo

End

Is P already in 
the CS?

Yes

Add P to the CS, and 
schedule its 

transmission in the 
wireless interface

No

Remove 
corresponding PIT 

entry and forward P 
to the application 
that requested it

Yes

Update the entry of 
P in the PIT 

resetting the expiry 
counter

Yes

Create PIT entry for 
P and search for the 

content C that 
satisfies P in the CS

No

Is C in the CS?

Schedule C 
transmission in the 
wireless interface

Yes

Forward P according 
to FIB rules

No

Figure 6: Flowchart of the user node operation when receiving a packet.

upon receiving all the chunks of a given content, the content is reassembled

and delivered to the user. By the flowchart in Figure 6, we can see that

chunks not requested by the user are stored, using promiscuous caching.

Note that only requested content is retransmitted to minimize the wireless

channel congestion. Next, we describe APs operation.
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4.2. Access Point operation

Without proactive caching, APs would only download Internet content

that are requested by users directly connected to the wireless interface. This

strategy, however, coupled to short contact durations, may hinder content

delivery. We then propose that APs forward user requests to other APs. In

this case, however, because forwarding every V-INT to all APs is inefficient,

we propose a forwarding strategy to send V-INTs only to the APs more

likely within each user trajectory. To accomplish that, we assume that APs

are aware of each user current position and destination. The former can

be obtained by AP proximity, whereas the second is informed at the packet

header. Since packets do not provide the whole trajectory, to avoid increasing

the packet size, V-INTs can be forwarded to areas where the user will not

pass by. In this case, retransmissions of unsatisfied V-INTs represent a new

opportunity for the forwarding strategy to better match each user trajectory.

When receiving a V-INT through the wireless interface, the AP schedules

the retransmission of that V-INT, extracts the information inserted in the

header and adds the V-INT in a data structure that stores pending content

requests. Next, the AP forwards the V-INT encapsulated in an AP-INT to

other APs according to the forwarding strategy. It is worth noting that the

forwarding AP-INTs are not “satisfied”, and simply expire after reception,

because they do not have content associated to them. To choose the AP to

forward the V-INT, one AP must know its neighbors. As a consequence, we

develop the Neighborhood Discovery Protocol, mixing the content-oriented

paradigm with CCN.

Neighborhood Discovery Protocol: The proposed protocol allows each
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AP to know the position of its neighbors and the network interface through

which each neighbor is reachable. This information, in addition to FIB con-

figuration, allows the geographical V-INT forwarding.

The neighborhood discovery protocol begins as the AP is turned on. The

AP sends discovery AP-INTs in all network interfaces connecting to other

APs. When an AP receives a discovery AP-INT, it answers the request with

its own ID and geographical position. The answer name is set equal to the

name of the discovery AP-INT, which contains the interface used for trans-

mission. Then, for each neighbor discovered, the AP registers the neighbor

ID, position, and the interface used to reach that neighbor. Neighbor ID

and position are obtained from responses to the discovery request while the

interface used is retrieved from the response name. Once the neighborhood

is discovered, APs are capable of deciding to which of its neighbors a V-INT

encapsulated as AP-INT must be forwarded according to a predefined for-

warding strategy.

Trajectory-aware forwarding strategies: We present two forwarding

strategies developed, the Triangular Area Forwarding (TAF) and the Dis-

tance Minimization Forwarding (DMF), as follows.

• Triangular Area Forwarding (TAF): The rationale of this strategy is

to use a geometric shape to delimit the area where V-INTs are received

and forwarded. This area must coincide as much as possible with the

vehicle trajectory to destination. Nevertheless, the probability of cor-

rectly predicting a vehicle position decreases as the distance to the last

known position grows. As a consequence, the farther the distance, the
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higher the number of APs that must be considered, even though we

assume that vehicles likely use the shortest possible trajectory toward

its destination which can be approximated to a straight line. For these

reasons, we choose the triangle as the delimiting shape, connecting the

last known vehicle position to the destination, as a flashlight would do

if we could point out one from the last known position to the vehicle

destination.

In the Triangular Area Forwarding (TAF) strategy, an AP creates a

coverage triangle whenever it receives a V-INT through the wireless

interface. The coverage triangle is defined by the position R of the AP

that received the V-INT; the geographical destination D of the vehicle

that has sent the V-INT; and an opening angle α. The coverage triangle

vertices are then R, D1, and D2, where R is known (AP position), but

the other two vertices must be calculated. The opening angle α defines

the angles ∠D1RD and ∠DRD2. Given these angles and considering

an isosceles coverage triangle (D1R ∼= D2R), the position of D1 and

D2 can be calculated, forming the triangle 4RD1D2. An example of

coverage triangle is shown in Figure 7.

To calculate vertices D1 and D2, first we obtain the distance d from

D to R. For the angles ∠RDD1 and ∠RDD2, we need to find the

vector perpendicular to the vector from D to R. For this, we first

calculate the unit vector that points from D to R, called ~v, which is of

the form ~v = (vx, vy). Then we compute the vector perpendicular to ~v,

~u, as ~u = (−vy, vx). With ~u pointing to the direction needed and the
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Figure 7: Coverage triangle 4RD1D2, where R is the position of the vehicle and D is the

position of the destination.

distance d, we can obtain the distance f between D and D1 as:

f = tan (α) ∗ d. (2)

With the position D, the vector ~u, and the distance f , we can calculate

D1 and D2 using Equations 3 and 4, respectively.

D1 = D − f ∗ ~u. (3)

D2 = D + f ∗ ~u. (4)

After defining the coverage triangle, the AP creates an AP-INT contain-

ing the vertices of the triangle and the V-INT received and forwards it

to other APs. The forwarding process of AP-INTs in the triangular

area is based on two rules: if an AP is inside the coverage triangle, it

forwards the AP-INT to its entire one-hop neighborhood. Otherwise, it
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forwards the AP-INT just to its one-hop neighbors that are inside the

coverage triangle. This is possible because the AP knows the triangle

and the geographical position of its neighbors. The forwarding pro-

cess is initiated whenever an AP receives a V-INT through the wireless

interface. This AP is the vertex R of the coverage triangle and, by

definition, forwards the AP-INT to all of its neighbors. The detailed

flowchart of this forwarding process can be seen in Figure 8.

As the flowchart in Figure 8 shows, when an AP receives an AP-INT

and checks that itself is inside the AP-INT coverage triangle, it adds the

encapsulated V-INT to the structure storing pending Internet content

requests. This is because the AP is inside the area where the requesting

user is expected to pass by along her way to destination. Also, each

AP verifies if the received AP-INT is in the list of last seen AP-INTs.

AP-INTs already on the list are not forwarding to avoid duplicates. The

AP-INT list maintains the last K different AP-INTs received.

The triangular forwarding strategy has the advantage of covering a

broader area. Nevertheless, it may introduce AP-INT replicas. To min-

imize this issue, we define next a forwarding strategy that chooses the

AP to forward an AP-INT according to the minimum distance to the des-

tination. Even though more susceptible to coverage failures, this sec-

ond strategy produces fewer AP-INT transmissions and possibly fewer

replicas.

• Distance Minimization Forwarding (DMF): The purpose of this strat-

egy is to reduce the number of APs to which AP-INTs are forwarded
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in the triangle
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Add the V-INT inside 

the AP-INT to the 
structure that controls 

content download 

Is the AP-INT in the list of 
last seen AP-INTs?

No

Yes, do not Forward!

Figure 8: Flowchart of the AP-INT forwarding process in triangular areas.

and, consequently, the number of APs requesting the same content.

The number of forwardings becomes lower because there are no more

replicas and because the DMF strategy forwards AP-INTs to at most

one interface per hop.

Upon receiving a V-INT through the wireless interface, the AP selects

the neighbor AP closest to the destination to forward the produced

AP-INT. If the selected neighbor is farther than the AP itself, the for-

warding process ends. An AP receiving a forwarded AP-INT repeats
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the same procedure or stop forwarding. Unlike the triangular coverage

forwarding strategy, all nodes receiving the AP-INT insert the V-INT

encapsulated in the data structure of pending content requests.

Note that in both trajectory-aware forwarding strategies, i.e., TAF and

DMF, privacy issues may be raised. Nevertheless, it is worth mentioning

that as TraC relies on the CCN framework, only contents are identified. The

identification of users based on trajectories requires additional information

not available in TraC. Hence, considering that the trajectory privacy is a

concern, we have indeed an issue as TraC relies on anonymous users’ desti-

nation. Note, however, that the users’ trajectory is never advertised in TraC,

it can only be computed as an estimation from users’ destination. Hence,

we can fix the problem by obfuscating such information. This could be done

by adding noise to the position of users’ destination, as in TraC such precise

information is not needed. If even after adding noise to users’ destination

the sequence of RSUs remains the same, we can at the same time reduce the

privacy issue and maintain TraC performance without precise trajectory in-

formation. Even though a solution is possible, we do not touch this problem

in this paper.

Content reception: APs either request chunks to or receive from the In-

ternet. Nevertheless, an AP can receive a content chunk through the wire-

less interface if it promiscuously overhears chunk transmissions or if, upon

retransmitting a V-INT, there is a user that possesses the requested chunk

within its range. If a content chunk is received through the wireless interface,

the AP checks if there is a PIT entry for that chunk and if the chunk is al-

ready in the CS. If it is not, it is added and have a retransmission scheduled
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to the wireless interface. In addition, we check if the chunk being down-

loaded from the Internet matches the chunk that has just been received from

the wireless network. If it does, the download is canceled and the download

of the next chunk is scheduled, according to the data structure of pending

Internet content requests.

In the case of a content chunk being received from the Internet, again,

APs check if there is a PIT entry for that chunk and if the chunk is already

in the CS. If a matching request is present in the PIT, the chunk is scheduled

for transmission in the wireless interface. It is worth mentioning that for a

PIT entry to exist, a V-INT must have been directly sent to the AP by a

vehicle. Forwarded V-INTs encapsulated inside AP-INTs are requested to the

Internet, even though they do not create PIT entries. This procedure avoids

the transmission of content chunks received from the Internet in the wireless

channel by APs where the vehicle is not necessarily reachable. This way, the

used proactive strategy caches the content in the APs before the user arrives.

Delivering the content, however, requires the user to first request the content

directly to the AP or to a vehicle that has the requested content cached.

5. Simulation Settings

This section describes the different scenarios and traffic patterns used in

our simulations (Section 5.1). In addition, we also introduce the network

parameters and the data structures used (Section 5.2).

5.1. Scenarios

The proposed TraC strategy was implemented in the ndnSIM simulator.

The performance was assessed using two fundamental scenarios, Highway
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and Urban, and a more realistic one called Cologne. The first two were

created using SUMO (Simulation of Urban MObility), while the third one

was obtained from the Cologne dataset [9]. It is worth mentioning that in

all scenarios, when a vehicle reaches its destination, it is removed from the

simulation and no longer receives or sends packets.

In the highway scenario, we set the maximum speed allowed to 50 km/h

and 100 km/h to evaluate the influence of speed in content delivery. The

highway scenario is composed of two double lane highways of 6 km in oppo-

site directions. Between the highways there is a 100 meters gap, where APs

are uniformly distributed (Figure 9(a)). When the simulation starts, one

vehicle per second is added to the scenario until the total number of vehicles

is reached. Vehicles are added at the edges of the highway with equal prob-

ability. Simulation finishes after all vehicles have gone through the entire

highway.

6 km

50 100or

 1
0

0
 m

 d ...d...

(a) Highway scenario.

 150 m 

 1
5

0
 m

 

50

(b) Urban scenario segment.

Figure 9: Scenarios produced with SUMO.
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In the urban scenario, streets have a maximum allowed speed of 50 km/h.

This scenario has a total area of 2,250 m × 2,250 m, divided in 15 × 15

Manhattan-like grid, where each block is 150 m wide and 150 m long. The

APs are uniformly distributed forming an equally spaced grid in the X, Y

plane. An example of an urban scenario composed by a 3 × x 3 Manhattan-

like grid can be seen in Figure 9(b). Similarly to the highway scenario, when

the simulation starts, one vehicle is added to the scenario per second until

the total number of vehicles is reached. In the urban scenario, however, the

initial and the final position of the vehicles are randomly distributed in the

simulation area. Simulation finishes after all vehicles reach their destination.

Finally, we took a fraction of the Cologne dataset [9] to evaluate the

proposed forwarding strategies under a more realistic road structure and

traffic conditions. The Cologne dataset is a synthetic trace of vehicles at

the city of Cologne, provided by the German Aerospace Center (DLR). The

dataset covers a period of 2 hours from 6 am to 8 am, including rush hours.

We used a 10-minute period during the rush-hour of an area that has both a

highway and an urban road structure (Figure 10). The fraction of the dataset

used has an area of 4.72 km2 in which 688 individual trips occur. As well as

in the urban scenario, the APs are uniformly distributed forming an equally

spaced grid in the X, Y plane.

5.2. Parameters and configurations

Since applying CCN to vehicular networks requires adaptations, we mod-

ified CCN to use the collision-avoidance timer and the application retrans-

mission timer present in [6]. The first timer cancels packet transmission

if a node hears another node transmitting the same packet, while the last
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Figure 10: Cologne scenario.

timer retransmits unsatisfied interests at the application layer. TraC is im-

plemented on top of the adapted CCN version.

Both simulated vehicles and APs use 802.11p wireless interfaces con-

figured with Minstrel rate control algorithm. The wireless channel is set

with constant speed propagation delay model, three-log-distance propaga-

tion model, and the Nakagami-m propagation model. The point-to-point

interfaces connecting APs have bandwidth of 5 Mb/s and propagation delay

of 2 ms. Assuming that in a large city with 1000 km2, the aggregated Inter-

net bandwidth for the vehicular access is 1 Gb/s and that there are at least

4 APs per km2 for content offloading, then we can assume that each AP is

connected to the Internet through an independent link of 256 kb/s, unless

otherwise specified. The V-INTs have the scope field equal to 2, two hops at

most, to avoid broadcast storm in conjunction with the collision avoidance

timer proposed in [6]. In addition, V-INTs expire after 10 seconds in the

PIT and are retransmitted by the application after 11 seconds, if they have

not been satisfied. We set this timer to expire one second later to avoid

premature retransmissions. In the simulation, there are 1,000 distinct con-
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tents that are divided into several chunks of 1,500 bytes. Users request a

new content on average every 10 seconds, according to an exponential ran-

dom variable [21]. The requested content follows a Zipf distribution with

parameter 0.8, this distribution is the content popularity according to the

empirical analysis in [22]. All network nodes perform promiscuous caching,

storing content even without registered interests. Nevertheless, only the APs

running TraC do proactive caching, requesting Internet content along users’

trajectories. This requires V-INT forwarding, which is executed only by TraC

APs. All network nodes use the Least Recently Used (LRU) caching policy.

The size of the pending Internet download data structures is limited to

10,000 requests to avoid overflows. When using TraC, the sizes of the higher

and lower priority structures are 300 and 9,700, respectively, producing the

same limit imposed to the adapted CCN.

6. Results

In our results, DMF refers to TraC using the distance minimization forward-

ing, TAF refers to TraC with the triangular area forwarding, and CCN is the

adapted version of CCN to the vehicular scenario. Note that in the adapted

CCN version, APs neither perform proactive caching nor forward V-INTs to

neighbors. Also, in the adapted CCN, APs use a single FIFO structure to

handle all incoming content requests. Whenever applicable, results show a

vertical error bar representing a confidence interval of 95% computed over 30

simulation runs.

We have first conducted preliminary experiments to verify which data

structure would better serve user requests from those proposed to store di-
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rectly received V-INTs: LIFO or FIFO. We used the urban scenario and

varied the number of vehicles from 10 to 100, with 36 APs uniformly dis-

tributed in the scenario. Content sizes are set to 180 kb and, consequently,

any content is made of 120 chunks, each one producing one distinct V-INT.

We measured the fraction of V-INTs satisfied and the delivery ratio, compar-

ing the adapted CCN, which uses a single FIFO structure, with the DMF

strategy using a FIFO (DMF-FIFO) and using a LIFO (DMF-LIFO) data

structures for high-priority chunk requests.
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Figure 11: (a) Fraction of V-INTs satisfied varying the number of vehicles; (b) Content

delivery ratio varying the number of vehicles.

In Figures 11(a) and 11(b), we can observe that the use of the DMF

strategy is more efficient in both the delivery ratio and the fraction of V-INTs

satisfied compared with CCN. This result is independent of the data struc-

ture used. In addition, DMF-LIFO outperforms DMF-FIFO, confirming the

intuition behind using a LIFO structure. Therefore, in all subsequent simu-

lations, the pending Internet download data structure used by TraC is LIFO

along with the low-priority queue for requests from users not connected to
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the wireless interface.

6.1. Highway Scenario

The first scenario aims at evaluating the performance of TraC in scenarios

where vehicles can reach higher speeds and, at the same time, have less degree

of freedom for their movements. The last characteristic makes movements

more predictable. In the highway scenario, a user in her vehicle always

passes by an AP where her content was scheduled because there is only one

single straight line route. In this case, both DMF and TAF have the same

performance, since the triangle and the minimum distance forward V-INTs

hop-by-hop to the same set of APs until the closest one to the destination is

reached. Thus, we only show the results of the DMF strategy in this scenario.
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Figure 12: Content delivery ratio varying the number of APs in the highway with fixed

content size of 180 kB.

Figures 12 and 13 show the content delivery ratio achieved for an increas-

ing number of vehicles. In Figure 12, the number of APs distributed along

the highway varies from 6 to 21 (DMF-6 and CCN-6 to DMF-21 and CCN-

21). For the same number of vehicles, we can see that the greater the number
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Figure 13: Content delivery ratio varying content sizes in kB with 8 APs distributed in

the highway.

of APs, the higher the delivery ratio using or not TraC. This happens because

the access network capacity becomes higher when more APs are used and, as

a consequence, there are more opportunities for vehicles to retrieve content.

Nevertheless, when comparing DMF with CCN, we can see that the impact

on the delivery ratio is higher for TraC as the number of APs increases. This

is because TraC can increase content availability proportionally to the num-

ber of APs. Additionally, when comparing the results of the highway with

50 km/h speed limit with the results of 100 km/h, we can see that DMF is

less affected than CCN by the higher speed. At higher speeds, the contact

duration is lower, leading CCN to a poor performance since vehicles have to

request and wait for the content at the same AP. Hence, unless another ve-

hicle has already requested the same content earlier and this is still in cache,

contacts are less efficiently used. On the other hand, in DMF, the content

will be proactively available in cache more often because of the forwarding

strategies. This can provide a more efficient use of contacts.
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In Figure 13, the size of the content requested by users varies from 120

to 300 kB (DMF-120 and CCN-120 to DMF-300 and CCN-300)1. The goal

of this experiment is to evaluate the performance of TraC under different

network loads. Thus, because users in our experiments request content on

average each 10 seconds, the content size used is sufficient to simulate the

network load of users requesting: small videos, e.g., TV commercials and

vines; audios, e.g., music teasers or MP3 files; medium resolution images,

e.g., nearby establishments and touristic points-of-interest; and text docu-

ments, e.g., cinema timetables and daily news. Our results show that, given

the same number of vehicles, the larger the content, the smaller the delivery

ratio. Such reduction is a consequence of a higher network load. In addi-

tion, when comparing DMF with CCN, we can conclude that the forwarding

strategy makes the delivery ratio less susceptible to an increasing network

load, showing only in the worst case the same performance of CCN. Figure 13

shows that increasing the number of vehicles, the delivery ratio achieved by

DMF decreases as a consequence of a higher network load. Nevertheless,

there is an increase of the CCN delivery ratio, resulting in a tie between

CCN and DMF for higher number of vehicles. These results are explained

by caching popular content in both strategies. Whereas in CCN a vehicle

needs to count on a previous user requesting the same content, when using

DMF, one vehicle can ask for the content and obtain it at the subsequent

APs within its trajectory. Therefore, the caching efficiency depends on the

number of vehicles and on the number of overlapping trajectories in CCN,

1The benchmark video Akiyo cif, frequently used in the literature, has total size of 353

kB [23].
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more than in DMF.
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Figure 14: Fraction of satisfied V-INTs varying the number of APs in the highway with

fixed content size of 180 kB.
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Figure 15: Fraction of satisfied V-INTs varying content sizes in kB with 8 APs distributed

in the highway.

In urban scenarios, APs represent an alternative to provide Internet con-

nectivity to vehicular users [13]. Therefore, it is worth evaluating the in-

fluence of the proposal in the fraction of satisfied V-INTs to observe the

amount of traffic that could be offloaded from other networks, e.g., cellular
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networks [13]. Figures 14 and 15 show a behavior similar to the one observed

for the delivery ratio. Increasing the access network capacity, the fraction

of satisfied V-INTs grows. In opposition, if the network load increases, the

fraction of satisfied V-INTs decreases. The benefits of using the proposed

forwarding strategies, however, are more prominent for the fraction of satis-

fied V-INTs than for the delivery ratio. We can observe in Figures 14 and 15

that, on the one hand, the fraction of satisfied V- INTs drops a bit when

using CCN at higher speeds but, on the other hand, it increases at higher

speeds using DMF. This happens because higher speeds result in lower net-

work load since vehicles go through the highway faster, further reducing the

time to request content. Whereas DMF and TAF can benefit from lower

network loads, CCN cannot do the same also as a consequence of the less

efficient use of short-lived contacts.
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Figure 16: Average distance between the location where a V-INT was requested and the

location where it was satisfied. We vary the content size in kB with 8 APs distributed in

the highway.

Another metric of interest is how fast users’ requests are satisfied. We
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Figure 17: Accumulated number of V-INTs satisfied according to the distance between

where a V-INT was requested and where it was satisfied. We set content size to 180 kB

with 8 APs distributed in the highway.
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Figure 18: Accumulated number of V-INTs satisfied according to the average delay. The

delay in X-axis is calculated as the distance between where a V-INT was requested and

where it was satisfied divided by the average speed of vehicles in the simulation. We set

content size to 180 kB with 8 APs distributed in the highway.
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analyze this metric by measuring the average geographical distance between

the location where a content chunk is first requested and the location where it

is finally received. Figure 16 shows the obtained results. We note that when

the network load increases, the distance between requesting and receiving a

content chunk also increases. With a higher network load, the data structures

of APs (Section 5.2) are more populated and as a consequence a request will

have to wait longer to be satisfied. We can also observe that DMF delivers

content chunks faster than CCN on average for smaller content sizes. On

the other hand, for larger contents, DMF delivers chunks slower than CCN

on average. The key factor to understand this behavior is the number of

satisfied V-INTs and how they are satisfied along users’ trajectories with

respect to the distance. To clarify this point, Figure 17 plots the absolute

number of satisfied V-INTs per distance from the location where it was first

requested until the location it was satisfied. From Figures 17(a) and 17(b),

we can observe that when using DMF, more V-INTs are satisfied at any

distance, be the distance small or large, which makes the average sometimes

greater in Figure 16. Therefore, we conclude that using TraC, not only more

V-INTs are satisfied, but also more V-INTs are satisfied faster and along users’

trajectories even at larger distances. The same metric can be observed from

the average delay perspective. To calculate the average delay until users’

requests are satisfied we take the distances in Figure 17 and divide by the

vehicles average speed, resulting in Figure 18. Vehicles average speed in the

Highway scenario with 50 km/h speed limit is 13.66 m/s, while the average

speed in the Highway scenario with 100 km/h speed limit is 26.06 m/s.
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6.2. Urban Scenario

Although in the urban scenario vehicles do not reach speeds as high as in

highways, their movements are more diverse. Hence, urban scenarios are less

predictable than highways, permitting a better evaluation of TraC and the

proposed trajectory-aware forwarding strategies for content retrieval. Note

that unlike the highway scenario, it is possible that a user in her vehicle does

not pass by an AP where her content was scheduled. We will evaluate both

strategies proposed, DMF and TAF, and compare them with the adapted

CCN.
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Figure 19: Content delivery ratio: (a) Varying the number of APs in the urban scenario

with fixed content size of 180 kB; (b) Varying content size in kB with 8 APs distributed

in the urban scenario.

Figure 19 shows how the content delivery ratio is affected by different

number of vehicles, number of APs (Figure 19(a)), and content sizes (Fig-

ure 19(b)). Results show that unlike the highway scenario, in the urban

scenario, more APs do not necessarily mean higher delivery ratio. In the

highway scenario, vehicles are distributed along a straight line, i.e., in 1
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dimension. In the urban scenario, however, they are distributed over 2 di-

mensions. As a consequence, the number of vehicles inside the range of an

AP is higher, even though the density of vehicles is maintained. More nodes

then contend for the medium, leading to saturated conditions and possibly

lower transmission rates. It is worth recalling that APs mainly send content

chunks, whereas vehicles mainly send interests. This means that APs are

prone to occupy the medium for longer periods than vehicles because chunks

are typically bigger than interests. Hence, one must carefully choose the num-

ber of APs to maximize content dissemination along a user trajectory and,

at the same time, avoid wireless medium congestion. We simulated different

numbers of APs distributed over an urban scenario and concluded that the

best results are achieved using 36 APs. This value is then used as a constant

for this scenario as well as for the next one, the Cologne scenario, which has

approximately the same area. When comparing DMF, TAF, and CCN, we

can see that DMF and TAF results overlap. Moreover, we observe that the

utilization of forwarding strategies makes the delivery ratio less affected by

the number of vehicles. For instance, in Figure 19(a), with 50 vehicles, TAF

and DMF strategies perform better than CCN.

Next, we evaluate the performance of the proposed strategies for different

network loads. In Figure 19(b), the size of the content requested by users

varies and we can note that for the same number of vehicles, the bigger the

content, the smaller the delivery ratio, similarly to the highway scenario. In

addition, comparing DMF and TAF with CCN, we conclude that the delivery

ratio of CCN reduces faster with a higher network load than the forwarding

strategies. As well as in the highway scenario, this result can be considered
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positive in most cases.
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Figure 20: Satisfied V-INTs fraction: (a) Varying content sizes in kB with 36 APs dis-

tributed in the urban scenario; (b) Varying the number of APs in the urban scenario with

fixed content size of 180 kB.

We also evaluate the fraction of interests satisfied for the urban scenario.

Figure 20(a) shows that increasing the number of vehicles and content sizes,

the proposed forwarding strategies are able to deliver more content chunks

to the user. Hence, we conclude that DMF and TAF are less affected by

load variations and are able to provide better quality of service either for

increasing network load or a higher number of users. Results of Figure 20(b)

confirm that the higher number of APs has a negative impact on CCN, DMF,

and TAF results due to the higher medium saturation. It is worth mentioning

that we also simulated the scenario with 121 APs distributed and the results

were even worse than those for 16 APs. We can also see in Figure 20(b) that

independently of the number of APs, the use of the forwarding strategies

outperforms CCN. Moreover, we observe again that the difference between

the results of DMF and TAF is subtle. This small difference is because
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of the short retransmission timer used in simulations. Retransmissions of

unsatisfied V-INTs give another chance to the forwarding strategies to predict

the user trajectory correctly. For instance, if DMF fails to correctly predict

the trajectory of a user, at each retransmission (11 seconds later), DMF has

another chance to correctly predict. Finally, Table 1 compares the results

of CCN with TraC and the respective forwarding strategies with 36 APs

distributed in the scenario and content size of 180 kB. In the last column we

can see that the use of the forwarding strategies results in gains of almost 50%

when the number of vehicles grows, allowing better user content offloading.

Table 1: Comparison of the fraction of satisfied V-INTs with 36 APs and 180 kB content.

Number of vehicles
Fraction of V-INTs satisfied

DMF
CCNTAF DMF CCN

10 0.91 0.91 0.91 1

50 0.67 0.67 0.45 1.49

100 0.50 0.50 0.34 1.47

Tables 2 and 3 present, respectively, the Internet network load requested

by users and the maximum Internet network capacity. On the one hand,

the Internet network load is computed as the sum of the size of all contents

requested by users from the Internet during the simulation. Note that not

necessarily all contents requested were delivered. On the other hand, the

maximum Internet network capacity is computed as the maximum amount of

data that the entire available infrastructure can download from the Internet

during the simulation time. These results are obtained to better understand

the low fraction of satisfied V-INTs and delivery ratio, observed in some

settings. For example, with 100 vehicles and 300 kB content, CCN satisfies
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only 20% of the requested V-INTs, while TAF and DMF satisfies only 31%.

Obviously, the maximum load would only be obtained if all the APs were

downloading content during the entire simulation, which does not happen. In

addition, this maximum capacity would only be harnessed by vehicles if the

content downloaded were always of their interest, and if vehicles were always

able to retrieve the content downloaded by APs. From Tables 2 and 3, we

can see that with 100 vehicles and 300 kB content, even in ideal conditions,

APs would not be able to download all the content requested. These results

show that the greater the difference between network capacity and network

load, the better the network performance. Nonetheless, as we have seen

before, increasing the network capacity through the addition of APs does

not always produce better results. The number of APs has a threshold after

which adding more APs only degrade the network performance. Therefore,

the other way to increase the network capacity is to increase the Internet

bandwidth of each AP. This is investigated in the Cologne scenario in the

next section.

Table 2: Internet network load in the urban scenario.

Number

Average number of Internet network

of vehicles

content requested load (MB)

Content size (kB) Content size (kB)

120 180 300 120 180 300

10 159 158 160 19.08 28.44 48.00

50 876 874 874 105.12 157.32 262.20

100 1656 1658 1663 198.72 298.44 498.90

In Figure 21(a), to evaluate how quick V-INTs are satisfied, we vary the

content size in kB with 36 APs distributed in the urban scenario. We then
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Table 3: Maximum Internet network capacity in the urban scenario.

Number Simulation Internet bandwidth Number Maximum Internet

of vehicles duration (s) per AP (kb/s) of APs network capacity (MB)

10 316 256 36 364.03

50 327 256 36 376.70

100 370 256 36 426.24
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Figure 21: (a) Average distance between where a V-INT was requested and where it was

satisfied. (b) V-INTs satisfied according to the distance.

analyze the distance between the location where the content chunk was first

requested and the location where it was satisfied. The results in Figure 21(a)

show that when the network load increases, the distance between requesting

and receiving a content chunk also increases, as already seen in the highway

scenario. In addition, we also note that both DMF and TAF deliver content

chunks slower than CCN for larger content sizes. The same behavior is

observed in the highway scenario, and as also there, it happens because

the forwarding strategies satisfy more V-INTs at small and large distances,

which can produce a larger average. This can be seen in Figure 21(b) where
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we present the absolute number of V-INTs satisfied per distance from the

point where they were requested for the first time until the point where they

were satisfied. All the results so far show that TAF does not significantly

outperform DMF while, as seen in Figure 22, the overhead inserted in the

network between APs is much higher for TAF. Thus, we choose to only use

DMF in the Cologne scenario presented next. The number of V-INTs satisfied

per average delay metric can be calculated as the division of the distances in

Figure 21(b) by vehicles average speed, which are 11.77 m/s and 11.48 m/s

when 10 and 100 vehicles are in the urban scenario, respectively, as we did

for Figure 18.
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simulation.

6.3. Cologne Scenario

We use the Cologne dataset [9] to evaluate the strategies in a realistic

road structure under rush-hour traffic conditions, i.e., high density scenario.

The number of vehicles in the dataset used is 688 and the number of APs is

set to 36, the same as the urban scenario, given their similar area. Content
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sizes vary from 120 kB to 300 kB. It is worth noting that since the num-

ber of vehicles is constant we change the X-axis to be the content size. To

understand the effects of increasing the access network capacity to the Inter-

net through the increase of APs Internet bandwidth, we use Internet links

of 256 kb/s and 1024 kb/s. The first value is the one used in all previous

simulations.
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Figure 23: (a) Satisfied V-INTs fraction varying APs Internet bandwidth in kb/s; (b)

Content delivery ratio varying APs Internet bandwidth in kb/s.

Figure 23(a) shows the fraction of satisfied V-INTs, while Figure 23(b)

plots the delivery ratio. As we can see in Figure 23(a), when using the

slower access link, the DMF strategy outperforms CCN by a larger margin

than when using the faster access link. Nevertheless, the network capacity

has increased four times, and the differences from DMF with smaller Internet

bandwidth and DMF or CCN with larger Internet bandwidth are not that

significant. For instance, the difference using DMF-256 and DMF-1024 is

only 2.7%, and using DMF-256 and CCN-1024, the difference is only 2.4%.

This indicates that the high density of nodes in the wireless medium affects
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the network performance in such a way that the network is not able to deliver

more content to vehicles, despite the content already cached in APs. In Fig-

ure 23(a), CCN seems to better take advantage of the increased access link

speed. This is because CCN has more room to improve contact efficiency,

since its efficiency in using contacts depends more of the download waiting

time, which decreases as the Internet bandwidth grows. We show in Tables 4

and 5 the Internet network load and the maximum Internet network capacity,

respectively, to confirm that the wireless channel is the root of the problem.

The tables show that using the 256-kb/s Internet AP links, the network, even

in ideal conditions, would not be able to retrieve all the content requested.

On the other hand, when using 1024 kb/s, the network is able to do it for

the simulations of 120 kB and 180 kB content sizes. Nevertheless, the results

of Figure 23(a) shows that the DMF with lower access link speed, although

not capable of providing all the content, already reaches a performance close

to 1024 kb/s as APs Internet bandwidth, which theoretically could support

delivering all the content. It is worth mentioning that any kind of content

prefetching, independent of the forwarding strategy, can likely provide ben-

efits if the bottleneck of the network is between the APs and the Internet.

Nevertheless, if the bottleneck is in the wireless medium content, prefetching

may not result in any benefit [8]. As long as the wireless medium does not

become the bottleneck, TraC scales better than CCN regardless of content

size and number of nodes requesting contents.

In Figures 24(a) and 24(b), we evaluate how fast V-INTs are satisfied in

the high density scenario using 256 kb/s and 1024 kb/s AP Internet band-

widths, respectively. The number of V-INTs satisfied per average delay met-
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Table 4: Internet network load in the Cologne scenario.

Number of Content Average number of Internet network

vehicles size (kB) content requested load (MB)

688 120 9499 1139.88

688 180 9476 1705.68

688 300 9462 2838.60

Table 5: Maximum Internet network capacity in the Cologne scenario.

Number of Simulation Internet bandwidth Number of Internet network

vehicles duration (s) per RSU (kbps) RSUs capacity (MB)

688 600 256 36 691.20

688 600 1024 36 2764.80

ric can be calculated as the division of the distances in Figure 24 by vehicles

average speed in the Cologne scenario, which is 14.27 m/s. In the first Fig-

ure 24(a), we observe that even the worst result of the DMF strategy is better

than the best result of CCN. Results are better if we consider both how fast

and how many V-INTs are satisfied. When the Internet bandwidth grows,

the saturated wireless medium avoids TraC to improve even more its benefits.

Nevertheless, the use of TraC still results in gains in both delivery speed and

delivery ratio when compared with the adapted version of CCN.

7. Related Work

Works that employ CCN in vehicular scenarios usually take care of the

medium access to avoid multiple transmissions of the same interest in a short

period of time [6, 10]. Therefore, nodes schedule interest transmissions and
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Figure 24: V-INTs satisfied according to the distance varying content sizes: (a) Internet

bandwidth per AP = 256 kb/s; (b) Internet bandwidth per AP = 1024 kb/s.

listen to the medium during a random amount of time. If a node overhears

another node transmitting the same scheduled interest, it simply cancels the

transmission. The same holds for content chunks, which have also to avoid

duplicated retransmissions.

Using the CCN architecture in vehicular scenarios has been typically in-

vestigated by comparison with the host-oriented paradigm. The first work

in the area [15, 11] analyzed the viability of replacing IP with the CCN

architecture in the vehicular scenario. Chen et al. [12] mainly focus on eval-

uating the influence of different caching policies in CCN nodes in vehicular

scenarios. Wang et al. [15], on the other hand, developed a content naming

scheme to vehicular networks, showing an application of traffic information

dissemination as a use case. A TTL equal to 1 is set in interest packets to

avoid forwarding. In addition, Wang et al. do not assume the use of APs

to propagate the information. Hence, the only way a vehicle can receive

information is encountering a vehicle acting as a data mule. TraC also uses
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content caching in APs to improve content delivery in vehicular networks.

Amadeo et al. [11] proposed the Content-Centric Vehicular Networking

(CCVN) architecture, which is based on CCN with adaptations to the ve-

hicular environment. In CCVN, interest packets are divided into two cate-

gories, B-Int (Basic Interest) and A-Int (Advanced Interest). A B-Int is

sent to request the first content chunk. Meanwhile, nodes that have that

chunk are discovered, identified, and stored in a structure called Content

Provider Table (CPT). An A-Int is then sent to one of the nodes registered

in the CPT to request the remaining content chunks. This approaches the

host-oriented paradigm since individual nodes are contacted to retrieve the

remaining chunks. CCVN does not use the Forward Information Base (FIB)

of the CCN architecture. Authors argue that since nodes only have one wire-

less interface, the FIB would be useless. Nevertheless, the first assumption

does not hold for any scenario. For instance, APs usually have more than one

network interface. The work compares the CCVN architecture with TCP/IP

in the vehicular scenario through simulation and evaluates the delivery ratio

and delivery delay. Results show that the CCN based architecture outper-

forms the TCP/IP. Even though CCVN also adapts the CCN approach for

vehicular networks, the architecture is not as content-oriented as TraC. In

TraC, we do not need to individually identify nodes.

In [6], an application of traffic information dissemination is developed us-

ing the content naming framework proposed in [15]. As the wireless medium

cannot guarantee collision detection and as transmissions are broadcast and

hence do not offer any type of acknowledgment, the authors propose the use

of the following timers: collision-avoidance timer, pushing timer, NDN-layer
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retransmission timer, and application retransmission timer. The first timer

cancels packet transmission if a node overhears another node transmitting

the same packet. The second timer prioritizes the transmission of nodes fur-

ther away from the information producer. The third timer schedules message

retransmissions at lower network layers, while the last timer retransmits un-

satisfied interests at the application layer. Authors evaluate the developed

application through simulation in ndnSIM [24], a content-centric network

simulator implemented over the ns-3 network simulator. From the set of

timers, the first and the last ones are used in TraC. The goal of TraC is

different from this application, since we are interested on Internet traffic

offloading and not on information dissemination.

The work [19] proposes three mechanisms to minimize the broadcast

storm problem in CCN wireless mesh networks. The first, called Proba-

bilistic Interest Forwarding (PIF), defines a probability to forward interest

packets when a node is in high density areas. The idea is to avoid the broad-

cast storm problem, forwarding interests following CCN rules only in lower

density areas. The second mechanism, Retransmission-Counter-based Inter-

est Forwarding (ReCIF), adds one field to the header of interest packets to

count the number of times the interest was forwarded. Whenever in a high

density area, the node checks if the received interest was forwarded more

times than a threshold before retransmitting. In case the counter exceeds

the threshold, the interest is not forwarded. The last mechanism proposed

is the combination of PIF and ReCIF. Results show that the mechanism

can reduce the broadcast storm problem and increase content delivery with

lower delay. TraC also tackles the broadcast problem by using the proposed
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trajectory-aware mechanisms.

Vehicular scenarios have short-lived contacts as a main concern. Thus,

if contents are not retrieved fast enough, contacts can become inefficient or

even useless. Previous works have already experimented network coding in

VANETs [16, 14]. CCN, however, can retrieve contents faster than gossiping

associated to network coding at the cost of possible broadcast storms caused

by interest packets as stated more recently in [13]. Therefore, if we minimize

the broadcast storm problem, CCN then becomes a better option for vehic-

ular scenarios, as it raises contacts efficiency. Malandrino et al. [18] propose

a fog-of-war mobility prediction model in addition to an architecture that

integrates both cellular and IEEE 802.11 infrastructure. This architecture

uses centralized servers to handle vehicle traffic information and to manage

user queries. Authors evaluate the benefits of using mobility prediction mod-

els to prefetch content along users’ trajectories. Because a network protocol

was not defined, we could not compare this proposal with TraC. Malandrino

et al. [18] uses a centralized architecture, whereas TraC handles both user

queries and vehicle trajectory prediction using a decentralized architecture.

In addition, we define all the network protocols needed for our proposal,

which allows future performance comparisons.

As a summary, although there is already a number of studies proposing

the utilization of CCN in vehicular networks, our work is the first one to

explore the presence of APs as an alternative to increase the content delivery

ratio [6, 10, 15, 17]. Moreover, the present work uses the information of

vehicle trajectory to make the CCN network aware of users’ destination,

akin to host-oriented networks [8].
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8. Conclusions and Future Work

This paper proposed TraC, a Trajectory-aware Content Distribution strat-

egy, which uses proactive caching in Access Points (APs) to increase the

probability of content delivery in vehicular scenarios. We have proposed two

geographical strategies for vehicular interest forwarding between APs, and

an additional neighborhood discovery protocol for content-oriented networks.

The forwarding strategies were evaluated in three vehicular scenarios: high-

way, urban, and a rush-hour segment of the Cologne dataset, with respect

to the fraction of interests satisfied, the content delivery ratio, and how fast

content and interests are satisfied. We also evaluated the impact of an in-

creasing number of vehicles, network load, and capacity on the performance

of TraC and of the adapted version of CCN. Our simulation results show that

the forwarding strategies of TraC always satisfy more interests than CCN,

achieving gains of almost 50% in the number of V-INTs satisfied in the urban

scenario. This shows that the decentralized strategies proposed benefit users

in all scenarios. Our results also show that the forwarding strategies satisfy

V-INTs faster than CCN, and along user trajectory even at larger distances.

We also conclude that the larger the difference between network capacity and

load, the better the performance of the strategies proposed. Additionally, the

use of the forwarding strategies makes the delivery ratio and the fraction of

satisfied V-INTs more independent with respect to the network load and ve-

hicles speed. Also, the content caching efficiency becomes less dependent

with respect to the number of vehicles and trajectory overlap. We observe

that the DMF strategy performance is always close to the TAF performance.

Since the second introduces a larger overhead in the network, TMF was the
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strategy of choice for the Cologne scenario.

As future work, we plan to extend the tests for other segments of the

Cologne dataset. By enlarging the simulation area, it would be interesting

to make vehicles send user trajectory checkpoints in V-INTs instead of only

the final destination. As a consequence, routing strategies would be able to

better track the current trajectory of the vehicle. Also, it would be interesting

to choose different geometric shapes to delimit the geographical area where

the user is expected to pass when going to the destination and evaluate the

influence of this change. Other fruitful future works are considering vehicles

and users heterogeneity in the scheduling algorithm, for instance in terms of

speed or download urgency.
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