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Abstract—Routing protocols for vehicular ad hoc networks
(VANETs) have attracted a lot of attention recently. Most of
the researches emphasize on minimizing the end-to-end delay
without paying attention to reducing the usage of radio. This
paper focuses on delay-bounded routing, whose goal is to de-
liver messages to the destination within user-defined delayand
minimize the usage of radio. The messages can be delivered
to the destination by the hybrid of data muling (carried by
the vehicle) and forwarding (transmitted through radio). In
the existing protocol, a vehicle may only switch the delivery
strategy (muling or forwarding) at an intersection according to
the available time of the next block. To improve previous works,
our protocol uses linear regression to predict the available time
and the travel distance and thus the vehicle can switch to a proper
delivery strategy at a proper moment. Therefore, our protocol
can reduce the number of relays by radio. Our protocol contains
two schemes: the greedy and centralized schemes. The greedy
scheme uses only the local vehicle’s speed to predict the available
time and to decide when to switch the delivery strategy; while
the centralized scheme uses the global statistical information to
make the decision. Simulation results justify the efficiency of the
proposed protocol.

I. I NTRODUCTION

Many vehicles are equipped with wireless communication
devices nowadays. Based on the idea of mobile ad hoc net-
works (MANETs), vehicles equipped with wireless communi-
cation devices may also form an ad hoc networks named as the
Vehicular Ad Hoc Network (VANET). Vehicles on VANETs
may communicate through inter-vehicle communication (IVC)
or roadside-to-vehicle communication (RVC) [1]. Through
IVC and RVC, a vehicle in a VANET would be able to get
the information of real-time traffic and emergent notification
and thus improves road safety.

Routing protocols for VANETs have attracted a lot of
attention recently [2][3][4]. Most of the researches emphasize
on minimizing the end-to-end delay. However, different appli-
cations have different requirements for end-to-end delay.The
notification of car accident and emergency is urgent and needs
to be sent to the destination immediately; while file transfer
and e-mail can tolerate longer delay time and thus can be
considered as lower priority messages.

Since radio is a precious resource, minimizing the end-to-
end delay is not that important for lower priority messages.
Delivering messages to the destination within the threshold

of user-defined delay and minimizing the usage of radio are
more important issues for lower priority messages. Therefore,
in this paper, we focus on designing an efficient delay-bounded
routing protocol, whose goal is to deliver messages to the
destination within user-defined delay and minimize the usage
of radio so as to save more radio resource for other users.

The delay-bounded routing protocol is first proposed in
[5]. Since a vehicle moves much faster than a pedestrian, it
assumes that the messages can be delivered to the destination
by the hybrid of data muling (carried by the vehicle) and
forwarding (transmitted through radio). To minimize the usage
of radio, the messages should be carried by the vehicles as long
as the time is enough. Two delay-bounded routing schemes
have been proposed in [5], the greedy and centralized schemes.
In the greedy scheme (named as D-Greedy) messages are
delivered along the shortest path; while in the centralized
scheme (named as D-MinCost), messages are delivered along
the minimum-cost path, where cost stands for the usage of the
radio. The greedy scheme has only the average velocity of next
block; while the centralized scheme has the average velocity
of every block. Therefore, the centralized scheme can apply
dynamic programming to calculate the minimum-cost path.
However, in both of the schemes, a vehicle may only switch
the delivery strategy (muling or forwarding) of messages atan
intersection according to the available time of the next block
and thus cannot switch to a proper delivery strategy at a proper
moment.

To improve previous works, we proposed a novel delay-
bounded routing protocol, which uses linear regression to
predict the available time and the delivery distance at every
sampling moment. Each time after sampling, the predicting
line is calculated and the vehicle may switch its delivery
strategy according to the predicting line. If the available
time is not enough, the delivery strategy can be switched to
forwarding, otherwise, the delivery strategy can be switched
to muling. This way, a vehicle can switch to a proper delivery
strategy at a proper moment. Therefore, our protocol can make
a better usage of the available time and reduce the number of
relays by radio.

Our protocol also contains two schemes: the greedy and
centralized schemes. Both of the schemes are based on liner
regression. However, the greedy scheme uses only the local



Fig. 1. System model

vehicle’s speed to predict the available time and to decide
when to switch the delivery strategy; while the centralized
scheme uses the global statistical information to make the
decision. Simulation results show that our protocol makes a
better usage of the available time and performs better than the
existing protocol in terms of delivery ratio and the usage of
radio.

The rest of this paper is organized as follows. Preliminaries
are given in section 2. Section 3 presents the proposed linear
regression-based delay-bounded routing protocol. Section 4
evaluates the performance of the proposed protocol. Section 5
concludes this paper.

II. PRELIMINARIES

This section describes the system model and assumptions
first, followed by the description of the motivation and basic
idea.

A. System Model and Assumptions

The proposed delay-bounded routing protocol is modified
from D-Greedy and D-MinCost [5] and is designed for urban
area. Du to the limitation of the budget, only a few access
points can be deployed in the urban area and these access
point cannot cover the whole area. Therefore, a vehicle may
need to send messages to the access point via multi-hop
communications if it cannot communicate with the access
point directly. In our protocol, vehicles are assumed to equip
with on-board computers, wireless communication devices,
GPS, and digital maps so as to get geographical locations.
Access points can only be installed in the intersection and their
locations are known by vehicles. Our protocols assume that
vehicles can record the travel time and distance in memory.
Vehicles can obtain traffic statistic information when contact
with access point. When a message is generated by a vehicle,
that message is involved with a time-to-live value (TTL). The
time-to-live value is considered as a threshold to restrictthe
message to reach the destination before expired. The goal of
our protocol is to make the best usage of the available time
and reduce the usage of radio. There are two strategies to
deliver messages: data muling (carried by the vehicle) and
forwarding (transmitted through radio) as shown in Fig. 1.
Switching between the two strategies is a tradeoff between
transmission delay and communication cost. Data forwarding

Fig. 2. Routing example of LR-Greedy

increases communication cost but saves delivery time; while
data muling increases delivery time but saves communication
cost.

B. Motivation and Basic Idea

The major drawback of the existing delay-bounded routing
protocol [5] is that it can only switch the delivery strategy
at the intersection and thus cannot switch to an appropriate
delivery strategy at the appropriate time. For example, if a
vehicle determines to forward the message by radio in the
block, but the speed of the vehicle becomes high in the middle
of the block (or it determines to carry the message by itself,
but the speed of the vehicle becomes low in the middle of the
block), the vehicle should switch its delivery strategy in the
middle of the block. Therefore, our goals are to design a delay-
bounded routing protocol which can select an appropriate
strategy at the appropriate time and make the best usage of the
available time. To achieve our goals, we use linear regression
to guide the switch of delivery strategy.

In statistics, linear regression is a regression scheme that
models the relationship between a dependent variableY ,
independent variablesXi , and a random termε. The model
can be written as the following equation:Y = β1X1+β2X2+
· · · + βpXp + ε, whereβi is the respective parameter of the
independent variableXi, andp is the number of parameters to
be estimated in the linear regression. Since our protocol uses
only one independent variable, the linear regression formula

is simplified asŶ = bX+a, whereb =

n
∑

i=1

(xi − x̄)(yi − ȳ)

n
∑

i=1

(xi − x̄)2
,

a = ȳ − bx̄, x̄ is the average of all recordedx, and ȳ is the
average of all recordedy.

How we apply linear regression to our protocol is shown as
follows:

• Form a criterion line according to the path length D and
constrained timeTc.

• Record delivery distance and delivery time periodically.
• Compute the linear regression equation according all the

recorded data to form a predicted line periodically.
• If the slope of the predicted line is greater than that of the

criterion line, forward the message by radio, otherwise,
carry the message by the vehicle.

An example is shown in Fig. 2, whereTc is TTL of the
message,Tp is the predicted time calculated by the equation of



linear regression. VehicleV1 starts at intersectionI1,1 and uses
data muling strategy to deliver message. As the vehicle has
arrivedV1

′, Tc becomes smaller thanTp. VehicleV1 forwards
the message immediately to next vehicleV2 by radio. The
predicted timeTp is decreased because the delivery distance
increases greatly in a very short period. So vehicleV2 can carry
the message by itself for a while. WhenV2 has arrivedV2

′, Tc

is smaller thanTp. The message is forwarded to vehicleV3 by
radio butTc is still smaller thanTp. So vehicleV3 forwards
the message to vehicleV4 by radio. ThenTp becomes smaller
thanTc and vehicleV4 carries the message untilTc is smaller
thanTp.

III. L INEAR REGRESSION-BASED DELAY-BOUNDED

ROUTING PROTOCOLS

We describe our delay-bounded routing protocol in this
section. First, we present how to reduce the size of control
packets, followed by the description of LR-Greedy scheme
and LR-Centralized scheme.

A. Reduce the Size of Control Packets

To make an accurate estimation, the regression line needs
to be regenerated periodically according to the latest sampling
data. However, as time goes by, the amount of the sampling
data will become too large and too costly to be passed to next
vehicle. To reduce the size of the control packet, which can
be used to generate the regression line, a vehicle needs not to
transmit all the sampling data. It only needs to transmit the
data which is essential.

As mentioned in section II-B, the formula of linear

regression isŶ = bX + a, whereb =

n
∑

i=1

(xi − x̄)(yi − ȳ)

n
∑

i=1

(xi − x̄)2

anda = ȳ − bx̄. Expandb, we have
b = (x1y1+x2y2+···+xnyn)−ȳ(x1+x2+···+xn)−x̄(y1+y2+···+yn)+nx̄ȳ

(x2
1
+x2

2
+···+x2

n)−2x̄(x1+x2+···+xn)+nx̄2 .
We can see thatx1 + x2 + · · · + xn and y1 + y2 + · · · + yn

can be derived fromx̄ and ȳ, respectively.
n+1
∑

i=1

xiyi can

be derived fromx1y1 + x2y2 + · · · + xnyn and the new

sampling data(xn+1, yn+1); while
n+1
∑

i=1

x2
i can be derived

from x2
1 + x2

2 + · · · + x2
n and the new sampling dataxn+1.

Therefore, a vehicle only needs to keep (or pass) 5 numbers :

x̄, ȳ, n,
n
∑

i=1

xiyi, and
n
∑

i=1

x2
i . By combining the new sampling

data(xn+1, yn+1), a vehicle will be able to generate the new
regression line.

B. Greedy Forwarding Scheme (LR-Greedy)

The LR-Greedy scheme uses only the average velocity of
the current block and digital map to make prediction. At the
beginning, the LR-Greedy scheme uses Dijkstra’s algorithm
to find the shortest path and then the message is delivered
along the shortest path to the destination AP. Assume that the

Fig. 3. WhenTp < Tc, vehicle carries data by itself

Fig. 4. WhenTp > Tc, vehicle forward data by radio

length of the shortest path isD and the TTL threshold isTc. A
criteria line, whose slope isTc

D
, can be derived. As the message

is delivered by the vehicle either through data muling or data
forwarding strategies, the vehicle will record the delivery time
(ti) and delivery distance (di) of the message periodically.
After each sampling, the vehicle can calculate the regression
line according to all the sampling data and then the vehicle will
switch the delivery strategy according to the predicted time
(Tp = bD + a) calculated by the equation of the regression
line. As shown in Fig. 3, ifTp < Tc, which indicate that the
remaining time is enough, the vehicle will carry the message
by itself. On the other hand, ifTp > Tc, which indicate that
the remaining time is not enough, the vehicle will forward the
message by radio as shown in Fig. 4.

C. Centralized Forwarding Scheme (LR-Centralized)

In order to predict the delivery time more accurately and
ensure that messages can be transmitted to AP in time, LR-
Centralized scheme is proposed. The LR-Centralized scheme
assumes that each vehicle has the global information, such as
the average velocity and traffic records of each block. With
the global information, the vehicle can generate a criterion
line for each block and use dynamic programming to find
a minimum-cost path, where the cost is defined as the total
number of relays by radio.

To find a minimum-cost path, the source vehicle will



TABLE I
SIMULATION PARAMETERS

Parameter Value
Simulation area 8km × 8km
Number of a lanes 4
Transmission range 250m
Number of vehicles 200 - 600
Beacon period 5s
Delay threshold 200 - 1100s
Number of generated messages10
Message size 100KB
Bitrate 1000Kbps
Sampling cycle 0.5s

compute the cost of each block as follows:
costxiyi,xi+1yi

= (BL−Vxiyi,xi+1yi
× txiyi,xi+1yi

)/Tr, where
BL denotes the block length,Tr denotes the transmission
range,Vxiyi,xi+1yi

denotes the average velocity between in-
tersectionsIxi,yi

and Ixi+1,yi
, txiyi,xi+1yi

denotes the avail-
able delivery time fromIxi,yi

to Ixi+1,yi
in traffic records,

Vxiyi,xi+1yi
×txiyi,xi+1yi

denotes the possible muling distance
of the block, BL − Vxiyi,xi+1yi

× txiyi,xi+1yi
denotes the

remaining distance which needs to be forwarded by radio.
When the source vehicle is located on intersectionIxi,yj

,
the possible next intersections areIxi+1,yj

and Ixi,yj+1
. The

recursive function to find the minimum-cost path can be
defined as follows:

f(xi, yj , xm, yn) = min

{

costxiyj,xi+1yj
+ f(xi+1, yj , xm, yn)

costxiyj,xiyj+1
+ f(xi, yj+1, xm, yn)

,

f(xm, yn−1, xm, yn) = costxmyn−1,xmyn
,

f(xm−1yn, xm, yn) = costxm−1yn,xmyn
,

where the source vehicle is located on intersectionIxi,yj

and the destination AP is located on intersectionIxm,yn
.

Dynamic programming can be used to solve the above
recursive function and derive the minimum-cost path. The
message is then delivered along the minimum-cost path.
Similar to LR-Greedy scheme, as the message is delivered
by the vehicle, the vehicle also needs to record the delivery
time and delivery distance of the message periodically. After
each sampling, the vehicle also needs to recalculate the new
regression line and compare its slope with that of the criteria
line and the result can guide the switch of the delivery
strategy. The major difference is that each block has its own
criteria line which is derived from traffic records, and thus
this scheme can allot a more proper amount of available
delivery time to each block.

IV. SIMULATION RESULTS

To evaluate the performance of the proposed LR-Greedy and
LR-Centralized schemes, we compare them with D-Greedy
and D-MinCost schemes. NCTUns-5.0 [6] is adopted as the
simulation tools. The simulation parameters are shown in
Table I.

The performance metrics observed in the simulations are:

• Total transmitted bytes: the total amount of control and
data messages that have been transmitted during the
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Fig. 5. Total transmitted bytes VS. number of cars

300 400 500 600 700 800 900 1000 1100
200

300

400

500

600

700

800

900

1000

1100

A
ve

ra
ge

 D
el

iv
er

y 
D

el
ay

Delay Threshold
( number of cars = 500 )

 D-Greedy
 D-Mincost
 LR-Greedy
 LR-Centralized

 

 

Fig. 6. Average delivery delay VS. delay threshold

routing process.
• Delivery ratio: the total numer of packets that have

reached the destination in time divided by the total numer
of packets that have been delivered by the source vehicle.

• Average delivery delay: the average of the delivery delay
of all successful delivered messages within the delay
threshold.

The correlation coefficient used in our simulation is defined
as a value which indicates the correlation between traffic
records and current traffic states. In the simulations, the
correlation coefficient is tuned between 0.5 and 1. The greater
the correlation coefficient is, the more accurate the traffic
records are.

A. Total Transmitted Bytes

Fig. 5 shows the impacts of the number of cars to total
transmitted bytes. The total transmitted bytes of the LR-
Centralized scheme is the the lowest followed by the D-
MinCost, LR-Greedy, and D-Greedy schemes. The proposed
LR-Centralized and LR-Greedy schemes perform better than
the D-MinCost and D-Greedy schemes respectively, because
our schemes can switch the delivery strategy whenever the
regression line is moving from the upper side to the the lower
side of the criteria line (or vice versa). Hence, our schemescan
switch to proper delivery strategy at proper moment and thus
can reduce the number of relays by radio. As the number of
car increases, the total transmitted bytes also increases because
higher density of cars will slow down the moving speed of
vehicles and thus increases the number of relays by radio.
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Fig. 7. Delivery ratio VS. (a) number of cars, (b) delay threshold, (c)
correlation coefficient

B. Average Delivery Delay

Fig. 6 shows the impacts of the delay threshold to aver-
age delivery delay. The average delivery delay of the LR-
Centralized scheme is the the highest followed by LR-Greedy,
D-MinCost, and D-Greedy schemes. The average delivery de-
lays of the proposed LR-Centralized and LR-Greedy schemes
are much closer to the delay threshold than those of the D-
MinCost and D-Greedy schemes, which indicates that our
schemes can make a better usage of the available time.

C. Delivery Ratio

Fig. 7 shows the impacts of the number of cars, delay thresh-
old, and correlation coefficient to delivery ratio. The delivery
ratio of the LR-Centralized scheme is the highest; while the
delivery raio of the D-Greedy scheme is the lowest. The LR-
Centralized and LR-Greedy schemes perform better than the
D-MinCost and D-Greedy schemes respectively, because our
schemes can make a better usage of the available time and
reduce the frequency of data forwarding and thus improves

the delivery ratio. a vehicle can switch to a proper delivery
strategy at a proper moment. Therefore, our schemes can make
a better usage of the available time and reduce the number of
relays by radio and thus achieves higher delivery ratio. As
the number of cars increases, the delivery ratio also increases
because high density of cars may incur more candidate to
relay the message and thus increases the delivery ratio. As
the number of cars increases, the delivery ratio also increases
because high density of cars may bring more candidates to
relay the messages and thus increases the delivery ratio. As
the delay threshold increases, the delivery ratio also increases
because the vehicle has more available time to deliver the
messages. Higher correlation coefficient brings higher delivery
ratio because higher correlation coefficient indicates more
accurate traffic records and predictions.

V. CONCLUSIONS

In this paper, we have presented a delay-bounded routing
protocol for vehicular ad hoc networks. Our protocol contains
two schemes: the LR-Greedy and LR-Centralized schemes.
Both of the schemes use liner regression to predict the
available time. However, the LR-Greedy scheme uses only
the local vehicle’s speed to predict the available time and to
decide when to switch the delivery strategy; while the LR-
Centralized scheme uses the global statistical information to
make the decision. Simulation results show that both of the
proposed schemes can make a better usage of the available
time and perform better than the D-Greedy and D-MinCost
schemes in terms of delivery ratio and the usage of radio.
The LR-Centralized scheme possesses more information and
thus can make a more accurate prediction. Hence, the LR-
Centralized scheme performs the best, but it needs to gather
more information; while the LR-Greedy scheme can be applied
easily.
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