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Abstract—Named data networking (NDN) is promising for
Vehicular Ad hoc Networks (VANETSs) owing to its data-centric
communication paradigm. However, the existing forwarding
strategies for vehicular named data networks (VNDN) cannot
handle well the issues of high mobility and broadcast storm.
In this paper, we propose a Mobility-Predict-based Forwarding
Strategy (MPES) to tackle these issues in VNDN. First, in order
to solve the problem of outdated mobility information in the
neighbor table, a lightweight but highly effective approach is
proposed to predict the current position in MPFS. Then, the
predicted mobility information of the vehicles in the neighbor
table is applied to select the next-hop forwarder(s) in both
directions (road direction and reverse road direction) of the
consumer. Furthermore, the vehicle that is farthest from the
current forwarder with a stable link is considered as the next-
hop forwarder. Finally, extensive simulations are carried out to
demonstrate that MPFS has a less number of Interest packets
forwarded, while maintaining a higher ratio of satisfied Interest
packets compared with the baseline forwarding strategies.

Index Terms—Named Data Networking, Vehicular Networks,
Interest Packet Forwarding, Mobility Prediction, Broadcast
Storm

I. INTRODUCTION

Vehicular Ad hoc Networks (VANETSs) enable vehicle-
to-everything (V2X) to improve driving safety, efficiently
manage traffic conditions, and enhance user experience
during driving [1]. However, IP-based communication and
connection-oriented data transfer hinder vehicular networks
from being practical owing to highly dynamic network topol-
ogy and short intermittent links. Recently, data-centric com-
munication approaches, like named data networks (NDN),
have been found to match better with VANET than IP-
based communication approaches [2] due to its name-based
requesting, addressing, and forwarding. In NDN, the consumer
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sends Interest packet with the data name rather than the
address of the Content Producer or Content Provide (CP) to
bring the corresponding Data packet back [3]. In order to
adapt typical NDN architecture to VANET, it is necessary to
carefully design the forwarding strategy for Interest packets.

Although NDN has been introduced into VANETS, called
Vehicular Named Data Networking (VNDN), there still exist
the following two issues to be tackled when designing a for-
warding strategy. First, the vehicles driving on highways tend
to have high speed and mobility, so it is difficult to forward
interest packets to the CP quickly and take the corresponding
data packets back via the reverse path(s). Second, VNDN
adopts Flooding strategy to achieve content retrieval and
delivery. This flooding brings about well-known broadcast
storm, which would result in numerous redundant Interest
and Data packets, wireless transmission collision, congestion,
and delay.

To alleviate the problem of the high mobility and Interest
broadcast storm, many forwarding strategies in VNDN have
been proposed to select the optimal vehicle(s) as the next-
hop forwarder. The link-stability based forwarding chooses
the vehicles with stable links as the next-hop forwarder [4],
[5]. However, these forwarding policies are inefficient due to
more hops being involved. In order to reach the CP faster, the
distance-aware forwarding is proposed to select the farthest
vehicle from the current forwarder for content delivery [6], [7].
Given the short intermittent links incurred by the high mobility
of vehicles, the neighbor-aware forwarding is further designed
to select the next-hop forwarder based on the information
stored in NeighBor Table (NBT) [8], [9]. In [8], only one
optimal vehicle among neighbors of the current forwarder is
selected based on multi-criteria. However, it did not consider
that the CP may drive to either side of the consumer (front
or back). DIFS (Distributed Interest Forwarder Selection) [9]
selects two forwarders in both directions of the consumer to
forward Interest packets to the farther potential CP. However,
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these NBT-based forwarding strategies do not consider the
problem of outdated location information in NBT, which is
incurred by the high mobility of the vehicles. This inevitably
reduces the success ratio and efficiency of content delivery,
because the selected next-hop forwarder may no longer be
within the communication range of the previous forwarder or
may not be the optimal forwarder.

In this paper, in order to solve the problem of broadcast
storm and the outdated mobility information of the vehicles
in NBT, we propose a Mobility-Predict-based Forwarding
Strategy (MPES) in VNDN. When the next-hop forwarder
is selected among the vehicles in NBT, Link Expired Time
(LET) and Distance along the Road (DR) are simultaneously
considered. However, it should be noticed that the messages
in NBT often outdate in vehicular networks. Therefore, the
estimated LET and DR based on outdated information in NBT
often deviate from their actual values. In order to improve
the estimation accuracy, we first predict the current mobility
information of vehicles for the consumer or forwarder in
NBT, and then computes the LET and DR between the con-
sumer/forwarder and its neighbors. Generally, a vehicle with
the longest LET and farthest DR from the current forwarder
is considered as the optimal next-hop forwarder. However, a
vehicle usually cannot have both the longest LET and farthest
DR. In MPFS, the vehicle having both the farthest DR from
current forwarder and a larger LET than a threshold (the
threshold is large enough for Data packet return), is considered
as the optimal next-hop forwarder among all the candidate
forwarders. On the one hand, a LET greater than a threshold
ensures that the Data packets can return to the consumer
before the link connection expires. On the other hand, the
maximum DR not only ensures fewer Interest packets, but also
guarantee fewer hops to reach the CP quickly. Specifically, we
summarize the main contributions as follows:

1) We present a mobility-predict-based forwarding strategy
(MPFS) in VNDN to solve the problem of broadcast
storm and outdated mobility messages of the vehicles
in NBT, which is caused by high mobility of vehicles.
The current mobility information of vehicles in NBT
are predicted in a lightweight but effective manner to
get closer to current real mobility.

2) We propose a novel policy to select the optimal next-
hop forwarder with a small number of hops as well as
a small number of Interest packets while maintaining
high reliability. In order to transfer Interest packets to
the potential CP faster, distance along the road instead
of Euclid distance is employed to find the optimal next-
hop forwarder.

3) Extensive simulations are conducted in ndnSIM [11]
with the mobility trace of vehicles generated by SUMO
(Simulation of Urban MObility). The results show that
our proposed MPFS has a less number of Interest
packets forwarded, while maintaining a higher ratio of
satisfied Interest packets compared with the baseline
forwarding strategies.

R : The communication range of vehicle F Vehicle D: The actual optimal next hop forwarder
Vehicle F: The current forwarder Vehicle head direction

Vehicle P: Producer The position of a vehicle in NBT of vehicle F
Other vehicles: Candidate forwarder | | The actual position of a vehicle

The optimal next hop forwarder based on the mobility information in NBT of vehicle F
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::' L7Q7J B |
) A ——

(a) Content delivery failure happens in the scenario where vehicle A
is actually out of communication range of vehicle F.

(b) Content delivery efficiency decreases in the scenario where vehicle D
is actually the optimal next hop forwarder rather than vehicle A.

Fig. 1. Diagram of the success ratio or efficiency of content delivery decreases
due to outdated mobility information in the NBT of the current forwarder in
vehicular networks.

II. PROBLEM STATEMENT

To mitigate the problem of Interest broadcast storm, the
next-hop forwarder(s) is selected among neighboring vehi-
cles based on the information in NBT. Moreover, in order
to maintain its one-hop NBT, every vehicle is required to
exchange beacon messages carrying mobility information with
its neighbors periodically. However, sending beacon messages
frequently would lead to network resources waste and wireless
transmission collision, especially in high density network.
If the period of sending beacon messages is too long, the
information in the NBT deviates greatly from the true one. A
trade-off update frequency (e.g., a few seconds) often causes
the mobility information in NBT to become outdated, which
would affect the selection of the next-hop forwarder, and then
degrade the efficiency and reliability of forwarding strategies.

As shown in Fig. 1, the success ratio or efficiency of
content delivery decreases due to outdated mobility informa-
tion in the NBT of the current forwarder. Vehicle F' with
a communication range of R is the current forwarder and
vehicle P is the producer while other vehicles are candidate
forwarders. Besides, the solid line car represents the relative
position of the vehicles in the NBT of vehicle F, while the
dotted cars represent the actual relative location of the vehicles
with the same number. Vehicle F' considers the information
in its NBT comprehensively and regards vehicle A as the
optimal next-hop forwarder to reach producer P. However,
the outdated mobility information in the NBT of vehicle F is
not considered. As depicted in Fig. 1(a), vehicle A which is
regarded as the optimal next-hop forwarder is actually beyond
the communication range of the current forwarder. So the
request fails. As shown in Fig.1(b), content delivery efficiency
degrades, because vehicle D is actually the optimal next-hop
forwarder rather than vehicle A. It needs more hops to reach
the producer. Therefore, in order to solve the problem of
outdated NBT, the proposed MPFS first predicts the current
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position of the vehicles in NBT. On the basis of the predicted
position, the next-hop forwarder(s) will be selected accurately.

III. THE PROPOSED STRATEGY
A. Modified Interest Packet Format

The following two reasons explain why Interest packet
format is modified. First, although the location of the content
provider is unknown, content providers are distributed along
the road in vehicular networks. Therefore, forwarders in both
directions of the consumer are selected to reach the provider
quickly. Second, only the vehicle(s) identity contained in the
Interest packet forwards Interest further in the network while
the rest of vehicles drop it, reducing the number of PIT
entries, Interest and Data packets. To achieve this, two fields:
FIRRD (Forwarder Id in the Reverse Road Direction), FIRD
(Forwarder Id in the Road Direction) are appended to the
modified Interest packet, except the original fields such as
content name, nonce, selectors (see Fig. 2). Road direction
and reverse road direction mean the angle from this direction
counterclockwise to the north direction is less than 180°, more
than 180°and less than 360°, respectively. They are obtained
by a digital map.

B. Information Gathering

Mobility information is gathered to help select the optimal
next-hop forwarder. Assume that (P,,, Py,), (vs,, vy, ) are the
present position, velocity of vehicle n; at time ¢;, respectively.
Also, (P, P,,), (vsg,,vy,) are the present position, velocity
of vehicle n, at time t,, respectively. In the NBT of vehicle
n,, the mobility information of n; at time ¢; is represented
as an entry NBT,.(i,t;) = (Pa,, Py, Va,, Vy,,t;). Moreover,
NBT,(r,t,) = (P, Py, vz, 0y, tr). Assume that ¢ is
slightly larger than ¢;, so the positions of vehicle n; at time ¢
are predicted as follows.

pfm = Pz; + U, (t_ti) (1)
Py = Py + vy, (t = t:)
Similarly, we get NBT,(r,t) = (P, , P} ,vs,,vy,,t). The
optimal next-hop forwarder is selected based on the predicted
current positions of the vehicles in NBT instead of outdated
information in NBT.

With a number of vehicles with high mobility in vehicular
networks, it is hard to forward Interest to reach producer fast
and send Data back to the consumer based on the reverse
path(s). The vehicle farthest from the current forwarder with
a stable link among the vehicles in NBT is selected. Also, the
LET and DR between every two neighboring nodes can be
estimated based on the predicted current positions. The LET
between node n; and n,. at time ¢ is estimated as follows [10].
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Where a = v, — v%,b = — P C = Uy, — Uy, d =

pyl — p . As depicted in F1g 3 The DR between node n;
and n,. 1s estimated as follows.
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Where d (n;,n,) is the Euclidean distance between vehicle
n; and n,. Road direction () is obtained by a digital map.
The DR rather than Euclidean distance between vehicles is
adopted to spread Interest to reach the provider fast. We can
obtain LET and DR between every two neighboring vehicles
in NBT according to (2) and (3), respectively.
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C. Forwarding Strategy

In order to achieve both efficiency and reliability for packet
delivery, the vehicle whose DR is farthest from the current
forwarder with a stable link is selected as the next-hop
forwarder in MPFS. That is, the selected vehicle has LET
larger than the threshold, which is large enough for Data
packet return. On one hand, a stable link is selected to
complete the exchange of Interest packet and Data packet.
On the other hand, the vehicle whose DR is farthest from the
current forwarder is selected to disseminate Interest packet
as far as possible, so as to reach producer faster with fewer
hops and fewer Interest packets. What is more, in case of
low vehicle density, when no vehicle has LET greater than
the threshold, the vehicle with the longest LET is selected as
the next-hop forwarder. However, the estimated LET and DR
based on outdated messages in NBT usually deviate from the
true ones, owing to high mobility of vehicles. To address this
problem, when a vehicle sends or forwards Interest packet, it
first predicts the current mobility information of the vehicles
in its NBT. And then forwarder(s) is selected based on the
predicted messages of vehicles in NBT.

When a consumer vehicle sends an Interest packet at time
to, two next-hop forwarders located in both directions are
selected. Fig. 4 depicts the process that the consumer selects
two next-hop forwarders when receiving Interest. The details
of the steps are as follows.

Step 1. Predict current neighbor table NBT. based on
outdated neighbor table N BT, , according to (1).

Step 2. According to the predicted neighbor table N BT,
some vehicles which satisfy (4) are selected to the decision



Algorithm 1 Pseudo-code for Interest packet received at interme-
diate vehicles in MPFS
Input: An Interest packet [Name, Selector(s), Nonce, np, ngl is
received by current vehicle 7.

1: if Content Not in Content Store (CS) then

2 if Name Not in Pending Interest Table (PIT) then

3 if » = n, then

4: Add [Name, Nonce, Face] in PIT.

5.

6

Predict current neighboring table using (1).
Decision list in the reverse road direction DLgrp (7)
is created using (4).

7: Compute LET L (n,,n;) and DR D (n,,n;) between
vehicle r and the vehicles in DLggrp (), according to
(2) and (3).

8: Select n;, as FIRRD among the vehicles in DLrrp ()
using (6).

9: Forward Interest [Name, Selector(s), Nonce, n;,, N],
where IV is not any vehicle id in the network.

10: else if » = n, then

11: Add [Name, Nonce, Face] in PIT.

12: Predict current neighboring table using (1).

13: Decision list at road direction DLgp (1) is created
using (5).

14: Compute LET L (n,,n;) and DR D (n,,n;) between
vehicle 7 and the vehicles in DLgp (r), according to
(2) and (3).

15: Select n;, as FIRD among the vehicles in DLgp ()
using (7).

16: Forward Interest [Name, Selector(s), Nonce, N, n;],

where NNV is not any vehicle id in the network.
17: else

18: Drop Interest.
19: end if

20:  else

21: Drop Interest.
22:  end if

23: else

24: Return DATA [Name, Metalnfo, Content, ... ].
25: end if

list in the reverse road direction DLggp (c). Similarly, some
vehicles which satisfy (5) are selected to the decision list in
the road direction DLgp (c).

DLgrp (c,i)={i € NBT,|P;, <P, &d (P;,,P, ) <R} 4
DLgp (c,i)={i € NBT,|P,, > P, &d (P,,,P;,)) <R} (5

Step 3. The LET L (n.,n;) and DR D (n.,n;) between the
consumer and vehicles in the decision list of the reverse road
direction DLggp (c)(or vehicles in the decision list of the
road direction DLgp (c)) are calculated according to (2) and
(3), respectively.

Step 4. The forwarder in the reverse road direction n, is se-
lected according to (6). Namely, if the vehicle in DLgrrp (c),
whose LET with consumer ¢ L (n.,n;) is larger than the
local threshold pu, exists, the farthest vehicle along the road
ny is selected as the forwarder in the reverse road direction.
Otherwise, the vehicle with largest LET is selected as the
next-hop forwarder. Similarly, according to (7), n, is selected
as the forwarder in the road direction.

Consumer => The direction of vehicle head
The postion of vehilcles in the NBT of consumer C
The actual postion of vehilcles when t=13

The optimal next hop forwarder
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1) Consumer predicts the positions of vehicles in NBT after receiving Interest when t=13;
2) The vehicle beyond the communication of consumer is removed

and the vehicles in its NBT are classified into DLcgrp and DLgp;
3) DL update, and vehicle 3 and vehicle 11 are selected as two next hop forwarders.

Fig. 4. The process that consumer selects two next-hop forwarders, when
receiving Interest

max [D (nC7ni) ‘L (nC7ni) > iu‘} aElL (ncani) >

np= ni,np € DLrrp ()
Hhajx [L (nc,ni)} ) ﬂL (e, ns) > p,ni,ny € DLRrRD (€)
’ (6)
max [D (ncvni) |L (nc7ni) > ,LL] ) 3L (nﬁvni) > 1,
ng
ng=1< ni,ng € DLrp (c)

max [L (ne,ni)], AL (ne,ni) > p,mi,ng € DLep (c)
" )
Step 5. Consumer broadcasts the Interest packet [Name,
Selector(s), Nonce, n,, n4].

When an Interest packet [Name, Selector(s), Nonce, n,,
ng] is received by current vehicle r (except consumer), the
pseudo-code for the forwarding process is illustrated in algo-
rithm 1. only the vehicle(s) contained in the Interest packet
forwards the Interest packet, while the rest of vehicles drop it.
Also, only one vehicle in the road direction (or reverse road
direction) farthest with a stable link is selected by the current
vehicle to forward Interest packet to farther potential producer.
However, in the case of low vehicle density, since perhaps no
vehicle has LET larger than the threshold with the current
forwarder, the vehicle with the longest LET is selected as the
next-hop forwarder. To be precise, if 7 = n,, n;, is selected as
the next-hop FIRRD (see lines 4-9 in Algorithm 1). If r = ny,
n; is selected as the next-hop FIRD (refer to lines 11-16 in
Algorithm 1). If » # n, and r # ng, vehicle r does nothing
but to drop the Interest.

IV. PERFORMANCE EVALUATION

A. Simulation Environment

Our proposed algorithm is implemented in ndnSIM [11]
and evaluated with the mobility trace of vehicles generated



TABLE I
SIMULATION PARAMETER

value
Highway with 10 km
50, 100, 150, 200 and 250
200, 400, 600 and 800
25, 35 and 40 m/s

Parameter
Simulation scene
Number of vehicles
Number of Interest that consumers send
Initial vehicle speed

Simulation time 20 s
Number of runs 3
Data message size 1 kb
Bit rate 24 Mbps
Transmission power 40 mW
Max transmission range 500 m
Carrier frequency 5.9 GHz
Communication technology IEEE 802.11p
Additional data structures NBT

by SUMO (Simulation of Urban MObility) [12]. In our
simulation, a highway segment with a length of 10 km is
considered. For a fair comparison, an identical simulation
parameter and mobility model are used in the simulations,
which is illustrated in Table I.

We consider different vehicle densities by varying the total
number of vehicles in 50, 100, 150, 200, and 250. In addition,
we consider different network traffic by varying the total
number of Interest that all consumers send in 200, 400, 600,
800. We assume that every vehicle has different contents
in the cache (become producer). Moreover, every vehicle
randomly generates Interest packet (become consumer) for
random contents, which differs from the contents at CS. And
there is no fixed time slot for generating any Interest, thus
ensuring like real scenario. What is more, the retransmission
time of Interest is set to 3 seconds. Every vehicle shares its
mobility information with its neighbors through beacons with
a rate of 0.5 beacons/s. All nodes are equipped with IEEE
802.11p interface operating in ad hoc mode. We configure the
transmission rate of 24 Mb/s and transmission power of 40
mW. The transmission range of 500 m is considered.

The performance of MPFS was compared to that of DIFS
[9], and the basic Flooding strategy. Simulation results were
averaged from three independent 20s long runs. For compar-
isons, the following performance metrics are introduced.

o FIP: The average number of Interest packets forwarded
per vehicle when retrieving Data.

« SIR: Ratio of the number of Satisfied Interest packets to
the total number of Interest packets that consumers send.

o ISD: The average Interest Satisfaction Delay. The time
elapsed from the instant when a consumer sends an
Interest packet for the first time to the Data packet
received by it.

o HCN: The average Number of Hops for Content retrieval.

B. Results and Discussion with Different Vehicle Densities

With a certain total number of Interest packets sent by
consumers, the performance of MPFS, DIFS, and Flooding
are investigated and compared using different numbers of
vehicles.

First of all, it can be inferred from Fig. 5 that SIR and HCN
of all strategies first increase and then remain stable, while the
total number of Interest packet forwarded by all vehicles in
the network increases, when the number of the vehicles in the
network increases. This expected trend happens due to the
increment of vehicle density. When the number of vehicles is
50, frequent partitions often occur in the vehicular network. As
a result, the Interest packet could not reach farther producer,
as a consequence of low total FIP, low SIR, and low HCN,
refer to Fig. 5(a), Fig. 5(b), Fig. 5(d). Moreover, low SIR leads
to much Interest packet retransmission, bringing to high ISD,
refer to Fig. 5(c).

As can be seen from Fig. 5 (a), with the increase of
vehicle density, FIP of MPFS and DIFS decreases, while FIP
of Flooding strategy first increases and then remains stable.
For Flooding strategy, every vehicle receiving an Interest
packet will forward it, hence always maintaining high FIP.
In addition, owing to unreliable wireless transmission, more
than one node among neighboring nodes or none of them may
be the next-hop forwarder in DIFS. However, only one vehicle
among its neighbors is selected to forward Interest received
further in the network in MPFS. This explains why the FIP
of MPFES and DIFS decreases with the increasing number of
vehicles, and the FIP of MPFS is less than that of DIFS.

When compared with Flooding strategy, the proposed
MPES brings about less HCN and less FIP, while main-
taining similar SIR, whatever vehicle density is. Although
more Interest packet forwarded at each hop helps improve
content delivery, it leads to higher contention for the use
of wireless channel, which causes transmission failure and
delay, especially with the increasing vehicle density. When
the number of vehicles is 250, Flooding strategy forwards 5.2
times Interest packet more than MPFS, and 3.81 times more
than DIFS. That explains why SIR of Flooding strategy drops
slightly while ISD of Flooding is more than that of other
strategies, when the number of vehicles is 250.

When compared to DIFS, the proposed MPFS induces less
FIP, less ISD, and higher SIR while maintaining similar HCN,
whatever vehicle density is. It is verified that MPFS reaches
farther producer than DIFS with the same hop, gaining higher
SIR. Moreover, because of retransmission times incurred by
transmission failure, MPFS gains less ISD.

C. Results and Discussion with Different Network Traffic

With a certain number of vehicles in the network and differ-
ent numbers of Interests sent by consumers, the performance
of MPFS, DIFS, and Flooding are investigated and compared.

It can be seen from Fig. 6 that SIR and HCN decrease,
meanwhile FIP and ISD increase, when the number of Interest
packets that consumers send increases. That is due to higher
contention for the use of wireless channel due to more over-
head occasioned by more Interest or Data packet transmission.
Therefore, not only Interest can’t reach farther vehicles for
content retrieval, leading to low SIR and low HCN, but
also more Interest packets retransmissions for consumers and
longer queue per vehicle result in high ISD. Moreover, the
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Fig. 5. The performance of different forwarding strategy with different
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Fig. 6. The performance of different forwarding strategy with different
network traffic, when the number of vehicles in the network is 250.

performance of Flooding strategy declines faster than MPFS
and DIFS, owing to its rapid increase in FIP.

When the total number of Interest that consumers send
is 200, 400, 600, 800, MPFS maintains more 45.96% SIR
with less FIP to 87.3%, less ISD to 55.97% in average than
Flooding strategy. This can be explained by that MPES needs
less overhead, such as FIP and fewer nodes involved in the
Interest packet process, for content delivery.

MPFS maintains more 22.74% SIR with less FIP to 17.4%,
less ISD to 14.71% on average than DIFS. Owing to unreliable

wireless transmission, more than one vehicle at each hop
may be forwarder in DIFS, leading to DIFS more FIP than
MPES. In addition, it is verified that MPFS can reach farther
producer to gain higher SIR than DIFS. Because the next-hop
forwarder(s) is selected based on predicted mobility messages
in NBT in MPFS. Therefore, the proposed MPES outperforms
the strategies of Flooding, DIFS in terms of FIP, SIR, ISD.

V. CONCLUSION

In order to mitigate the problem of Interest broadcast storm
and the outdated information in NBT, we propose a mobility-
predict-based forwarding strategy in vehicular named data
networks in this paper. After the current position of vehicles
is predicted, the vehicle that is farthest from the current
forwarder with a stable link among neighbors is selected as
the next-hop forwarder to fetch content fast with fewer hops.
Also, with provider location unknown, Interest is forwarded in
both directions of the consumer to reach potential providers.
Because only the vehicle(s) contained in Interest forwards it,
MPEFES has a small number of FIP. Simulation results show
that MPFS gains higher SIR with less FIP than Flooding,
DIFS. We mainly consider network partitions caused by high
mobility in this paper, and we will further consider producer
mobility to improve the success ratio of content delivery when
designing a forwarding strategy in the future.
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