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Abstract—Routing protocols for vehicular ad hoc networks of user-defined delay and minimizing the usage of radio are
(VANETSs) have attracted a lot of attention recently. Most of more important issues for lower priority messages. Theeefo
the researches emphasize on minimizing the end-to-end dgla i, this paper, we focus on designing an efficient delay-bednd
without paying attention to reducing the usage of radio. Ths . . .
paper focuses on delay-bounded routing, whose goal is to de-rou“.ng .prOtoFOI_’ whose 9,°a' is to deliver rn_es;ages to the
liver messages to the destination within user-defined delagnd ~ destination within user-defined delay and minimize the asag
minimize the usage of radio. The messages can be deliveredof radio so as to save more radio resource for other users.
to the destination by the hybrid of data muling (carried by The delay-bounded routing protocol is first proposed in
the vehicle) and forwarding (transmitted through radio). In 51 gince a vehicle moves much faster than a pedestrian, it

the existing protocol, a vehicle may only switch the deliver . -
strategy (muling or forwarding) at an intersection according to 2SSUMes that the messages can be delivered to the destinatio

the available time of the next block. To improve previous woks, DY the hybrid of data muling (carried by the vehicle) and
our protocol uses linear regression to predict the availa# time forwarding (transmitted through radio). To minimize thegs

and the travel distance and thus the vehicle can switch to a jmper  of radio, the messages should be carried by the vehiclesigs lo
delivery strategy at a proper moment. Therefore, our proto®l ¢ ihe time is enough. Two delay-bounded routing schemes

can reduce the number of relays by radio. Our protocol contans X .
two schemes: the greedy and centralized schemes. The greedyh"’“’e been proposed in [5], the greedy and centralized scheme

scheme uses only the local vehicle’s speed to predict the dable 1IN the greedy scheme (named as D-Greedy) messages are
time and to decide when to switch the delivery strategy; whi¢ delivered along the shortest path; while in the centralized

the centralized scheme uses the global statistical infornian to  scheme (named as D-MinCost), messages are delivered along
make the decision. Simulation results justify the efficieng of the the minimum-cost path, where cost stands for the usage of the
proposed protocol. . .
radio. The greedy scheme has only the average velocity af nex

block; while the centralized scheme has the average veglocit
of every block. Therefore, the centralized scheme can apply

Many vehicles are equipped with wireless communicatiatynamic programming to calculate the minimum-cost path.
devices nowadays. Based on the idea of mobile ad hoc ndbwever, in both of the schemes, a vehicle may only switch
works (MANETS), vehicles equipped with wireless communihe delivery strategy (muling or forwarding) of messageanat
cation devices may also form an ad hoc networks named as iiersection according to the available time of the nextklo
Vehicular Ad Hoc Network (VANET). Vehicles on VANETS and thus cannot switch to a proper delivery strategy at agsrop
may communicate through inter-vehicle communication (JlVGnoment.
or roadside-to-vehicle communication (RVC) [1]. Through To improve previous works, we proposed a novel delay-
IVC and RVC, a vehicle in a VANET would be able to gebounded routing protocol, which uses linear regression to
the information of real-time traffic and emergent notifioati predict the available time and the delivery distance atyever
and thus improves road safety. sampling moment. Each time after sampling, the predicting

Routing protocols for VANETs have attracted a lot ofine is calculated and the vehicle may switch its delivery
attention recently [2][3][4]. Most of the researches engib@ strategy according to the predicting line. If the available
on minimizing the end-to-end delay. However, differentlapp time is not enough, the delivery strategy can be switched to
cations have different requirements for end-to-end ddlag  forwarding, otherwise, the delivery strategy can be sveitth
natification of car accident and emergency is urgent andsiead muling. This way, a vehicle can switch to a proper delivery
to be sent to the destination immediately; while file transfatrategy at a proper moment. Therefore, our protocol caremak
and e-mail can tolerate longer delay time and thus can aeetter usage of the available time and reduce the number of
considered as lower priority messages. relays by radio.

Since radio is a precious resource, minimizing the end-to-Our protocol also contains two schemes: the greedy and
end delay is not that important for lower priority messagesentralized schemes. Both of the schemes are based on liner
Delivering messages to the destination within the threshalegression. However, the greedy scheme uses only the local
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Fig. 1. System model increases communication cost but saves delivery time;ewhil
data muling increases delivery time but saves communitatio
cost.

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 theThe major drawback of the existing delay-bounded routing
decision. Simulation results show that our protocol makesPgotocol [5] is that it can only switch the delivery strategy
better usage of the available time and performs better than it the intersection and thus cannot switch to an appropriate
existing protocol in terms of delivery ratio and the usage éfelivery strategy at the appropriate time. For example, if a
radio. vehicle determines to forward the message by radio in the
The rest of this paper is organized as follows. Prelimirsari®lock, but the speed of the vehicle becomes high in the middle
are given in section 2. Section 3 presents the proposed linehthe block (or it determines to carry the message by itself,
regression-based delay-bounded routing protocol. Sectio but the speed of the vehicle becomes low in the middle of the
evaluates the performance of the proposed protocol. $estioblock), the vehicle should switch its delivery strategy e t
concludes this paper. middle of the block. Therefore, our goals are to design aydela
bounded routing protocol which can select an appropriate
Il. PRELIMINARIES strategy at the appropriate time and make the best usage of th
This section describes the system model and assumpti@iugilable time. To achieve our goals, we use linear regrassi
first, followed by the description of the motivation and lsasito guide the switch of delivery strategy.
idea. In statistics, linear regression is a regression schemte tha
) models the relationship between a dependent varidble
A. System Model and Assumptions independent variableX; , and a random terra. The model
The proposed delay-bounded routing protocol is modifiein be written as the following equatioyi:= 5, X1+ 82 X2+
from D-Greedy and D-MinCost [5] and is designed for urban - + 5, X, + €, whereg; is the respective parameter of the
area. Du to the limitation of the budget, only a few accessdependent variabl&’;, andp is the number of parameters to
points can be deployed in the urban area and these acdes®stimated in the linear regression. Since our protoces us
point cannot cover the whole area. Therefore, a vehicle magly one independent variable, the linear regression ftamu
need to send messages to the access point via multi-hop "

Motivation and Basic Idea

communications if it cannot communicate with the access ) Z(Ii — o)y —7)
point directly. In our protocol, vehicles are assumed toigquis simplified asY” = bX +a, whereb = *=—; ,
with on-board computers, wireless communication devices, Z(zi —z)?

GPS, and digital maps so as to get geographical locations. _ i=1 )

Access points can only be installed in the intersection heitt ¢ = ¥ — bZ, T is the average of all recorded andy is the
locations are known by vehicles. Our protocols assume tiferage of all recordeyl _ _

vehicles can record the travel time and distance in memory.HowW we apply linear regression to our protocol is shown as
Vehicles can obtain traffic statistic information when it follows:

with access point. When a message is generated by a vehicle, Form a criterion line according to the path length D and
that message is involved with a time-to-live value (TTL)e€Th  constrained time.

time-to-live value is considered as a threshold to resthiet ¢ Record delivery distance and delivery time periodically.
message to reach the destination before expired. The goal of Compute the linear regression equation according all the
our protocol is to make the best usage of the available time recorded data to form a predicted line periodically.

and reduce the usage of radio. There are two strategies to If the slope of the predicted line is greater than that of the
deliver messages: data muling (carried by the vehicle) and criterion line, forward the message by radio, otherwise,
forwarding (transmitted through radio) as shown in Fig. 1. carry the message by the vehicle.

Switching between the two strategies is a tradeoff betweenAn example is shown in Fig. 2, whefE. is TTL of the
transmission delay and communication cost. Data forwardimessageT), is the predicted time calculated by the equation of



linear regression. Vehiclg, starts at intersectiofy ; and uses L.
data muling strategy to deliver message. As the vehicle has .7
arrivedVy’, T, becomes smaller thdh,. Vehicle V; forwards :
the message immediately to next vehidfe by radio. The

predicted timeT, is decreased because the delivery distance
increases greatly in a very short period. So vehiglean carry ,
the message by itself for a while. Whé&h has arrivedvs’, T.. : =g o earesion Line
is smaller tharf,. The message is forwarded to vehitleby 2 '
radio butT, is still smaller thanl,. So vehicleVs forwards

Time (sec)

H H d, dlq e d, Traveling distance (m) D
the message to vehiclé, by radio. Theril}, becomes smaller 0oL ’ AR i -
thanT, and vehiclel, carries the message unfil is smaller b €D €B - &Il - 2 ﬁ

o v, v V—‘ 1 7 T j T 71
thanT,. :

IIl. LINEAR REGRESSIONBASED DELAY-BOUNDED
RoOUTING PrROTOCOLS

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

A. Reduce the Sze of Control Packets
To make an accurate estimation, the regression line needs

Fig. 3. WhenT), < T, vehicle carries data by itself
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to be regenerated periodically according to the latest §agp 0| o B : : :
data. However, as time goes by, the amount of the sampling d d - d d., Traveling distance (m) D
data will become too large and too costly to be passed to next - N TR T A o
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vehicle. To reduce the size of the control packet, which can RNz e N R i

be used to generate the regression line, a vehicle needs not t
transmit all the sampling data. It only needs to transmit the
data which is essential.

As mentioned in section I1I-B, th% formula of linear

Z(xi —z)(y; —y) length of the shortest path i3 and the TTL threshold ig... A

Fig. 4. WhenT}, > T, vehicle forward data by radio

=1

regression ist” = bX + a, wherebh = =L

criteria line, whose slope I%— can be derived. As the message
is delivered by the vehicle either through data muling oadat
forwarding strategies, the vehicle will record the delwéme
(t;) and delivery distancedf) of the message periodically.

anda = y — bz. Expandb, we have ) ) )
p — @yitesystetenyn) —g(@iteetten) —3(yityatFya)+nzg  After each sampling, the vehicle can calculate the regrassi

We can see tr(létszx;”_f) Qim.%:zéﬁden—);rZ;z—F' .4y, limeaccordingto all the sampling data and then the vehidle w
n+1 switch the delivery strategy according to the predictedetim

can be derived fromz and 7, respectively.inyi can (T, = bD + a) calculated by the equation of the regression

, i=1 line. As shown in Fig. 3, iff}, < T, which indicate that the
be derived fromziy, + za2y> + -  Enbn and the new yemaining time is enough, the vehicle will carry the message
by itself. On the other hand, if,, > T., which indicate that
the remaining time is not enough, the vehicle will forward th
from 22 + 23 +--- + 22 and the new sampling data, ;. Mmessage by radio as shown in Fig. 4.

Therefore a vehlcle only needs to keep (or pass) 5 numbers :
C. Centralized Forwarding Scheme (LR-Centralized)

sampling data(z,+1,yn+1); While Zx can be derived

Ty Y 0y lelyz a”dzx- By combining the new sampling , oy 1o predict the delivery time more accurately and
-

data(zp i1, Yni1), @ veh|cle will be able to generate the nev@hsure that messages can be transmitted to AP in time, LR-
regression line. Centralized scheme is proposed. The LR-Centralized scheme
assumes that each vehicle has the global information, ssich a
B. Greedy Forwarding Scheme (LR-Greedy) the average velocity and traffic records of each block. With
The LR-Greedy scheme uses only the average velocity tbe global information, the vehicle can generate a criterio
the current block and digital map to make prediction. At thiine for each block and use dynamic programming to find
beginning, the LR-Greedy scheme uses Dijkstra’s algorithenminimum-cost path, where the cost is defined as the total
to find the shortest path and then the message is delivereomber of relays by radio.
along the shortest path to the destination AP. Assume tleat th To find a minimum-cost path, the source vehicle will



TABLE | 80 M= D-Greedy

SIMULATION PARAMETERS i
= 50 —#— LR-Centralized
é 45 1
Parameter Value 3@
Simulation area 8km x 8km g SR
Number of a lanes 4 s e L e
Transmission range 250m B : Lt /2/' "
Number of vehicles 200 - 600 gl —
Beacon period 5s T
De|ay threshold 200 - 1100s 0 250 a0 350 400 40 500 560 600
uumber of generated messag 35180}(8 el 00
essage size
gltrate;_ ; éL)OSOOKbps Fig. 5. Total transmitted bytes VS. number of cars
ampling cycle .5s
1100
1000 Z
900 /
compute the cost of each block as follows: 5 o F
COStwiyiamHin = (BL - Vwiyivm'H»lyi X tmiyiawi+lyi)/TT’ where % 700 ///.//d
BL denotes the block length;. denotes the transmission g oo ;/
range,Vy,,, 2.y, denotes the average velocity between in- < P
tersectionsl, ,, and I, ., twiyi.zii1y: denotes the avail- N
able delivery time from/,, ,, to I, , ., in traffic records, I 7 A T R N R
’ . . . 300 400 500 600 700 800 900 1000 1100
Viiyiaisryi X tasyseiy1y, denotes the possible muling distance ety Theshold
of the block, BL — Vi, 2i41y: X ta,yie.y denotes the (rumberofean =50
remaining distance which needs to be forwarded by radio. Fig. 6. Average delivery delay VS. delay threshold

When the source vehicle is located on intersectigp, ,
the possible next intersections afg,, ,, and I, ,..,. The
recursive function to find the minimum-cost path can be

defined as follows: A )
. COSly,y; z; + f(Zit1, Y5 Tms YUn
€T .o = min iYj,Ti4+1Yj v J] 9
f( i Yjs mvyn) { COStIy‘,yj,wiyj+l + f(x“yj_‘_l,xm,yn)
f(xma Yn—1,Tm, yn) = COStmwnynfl Y TmYn
f(xm—lyn7 L s y’ﬂ,) = COStwmfllhumwnyn’

routing process.
o Délivery 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
where the source vehicle is located on intersection,,, of all successful delivered messages within the delay
and the destination AP is located on intersectihy), ., . threshold.
Dynamic programming can be used to solve the aboveThe correlation coefficient used in our simulation is defined
recursive function and derive the minimum-cost path. Th&s a value which indicates the correlation between traffic
message is then delivered along the minimum-cost patBcords and current traffic states. In the simulations, the
Similar to LR-Greedy scheme, as the message is delivergstrelation coefficient is tuned between 0.5 and 1. The great
by the vehicle, the vehicle also needs to record the delivethe correlation coefficient is, the more accurate the traffic
time and delivery distance of the message periodicallyeAftrecords are.
each sampling, the vehicle also needs to recalculate the new
regression line and compare its slope with that of the daiter .
line and the result can guide the switch of the deIive@' Total Transmitted Bytes
strategy. The major difference is that each block has its owngjg. 5 shows the impacts of the number of cars to total

criteria line which is derived from traffic records, and thugansmitted bytes. The total transmitted bytes of the LR-
this scheme can allot a more proper amount of availaligntralized scheme is the the lowest followed by the D-
delivery time to each block. 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

To evaluate the performance of the proposed LR-Greedy af\gh schemes can switch the delivery strategy whenever the
LR-Centralized schemes, we compare them with D-Greeglygression line is moving from the upper side to the the lower
and D-MinCost schemes. NCTUns-5.0 [6] is adopted as tBRje of the criteria line (or vice versa). Hence, our schecas
Simu|ati0n tOO|S. The Simulation parameters are ShOWn §0V|tch to proper de“very Strategy at proper moment and thus
Table I. can reduce the number of relays by radio. As the number of

The performance metrics observed in the simulations argar increases, the total transmitted bytes also increasesibe

« Total transmitted bytes: the total amount of control and higher density of cars will slow down the moving speed of

data messages that have been transmitted during tehicles and thus increases the number of relays by radio.

IV. SIMULATION RESULTS
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B. Average Delivery Delay

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 iseea
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 ise®a
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 alsceaszs
because the vehicle has more available time to deliver the
messages. Higher correlation coefficient brings highaveisi

ratio because higher correlation coefficient indicates emor
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 comsai
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 t
decide when to switch the delivery strategy; while the LR-
Centralized scheme uses the global statistical informatio
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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