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Abstract In this paper, we present a diagonal-intersection-
based routing (DIR) protocol for vehicular ad hoc networks.
The DIR protocol constructs a series of diagonal intersec-
tions between the source and destination vehicles. The DIR
protocol is a geographic routing protocol. Based on the geo-
graphic routing protocol, source vehicle geographically for-
wards data packet toward the first diagonal intersection, sec-
ond diagonal intersection, and so on, until the last diagonal
intersection, and finally geographically reach to the destina-
tion vehicle. For given a pair of neighboring diagonal inter-
sections, two or more disjoint sub-paths exist between them.
The novel property of DIR protocol is the auto-adjustability,
while the auto-adjustability is achieved that one sub-path
with low data packet delay, between two neighboring diag-
onal intersections, is dynamically selected to forward data
packets. To reduce the data packet delay, the route is au-
tomatically re-routed by the selected sub-path with lowest
delay. The proposed DIR protocol allows the mobile source
and destination vehicles in the urban VANETSs. Experimen-
tal results show that the DIR protocol outperforms existing
solutions in terms of packet delivery ratio, data packet delay,
and throughput.
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1 Introduction

The intelligent transportation system (ITS, [12]) is an emer-
gent system to integrate with the advanced electronics, com-
munications, information, and wireless sensor technology to
provide safety and comfort of drivers in highway and ur-
ban. ITS is typically classified into two categories, road-
to-vehicle communications (RVC) and inter-vehicle com-
munications (IVC). Vehicular ad-hoc network (VANET) is
a representative model for IVC. VANET becomes the im-
portant issue on providing safety and comfort of passen-
gers. VANET is a restricted form of mobile ad-hoc network
(MANET) to provide instant and emergency communica-
tions among nearby vehicles. VANET consists of several
vehicle devices that contain the distributed operations, self-
organization, and multi-hop transmission functions on mo-
bile network environment. The VANET contains highly dy-
namic topology to support the high speed to vehicles.
VANET, although being a subclass of MANET, has
unique characteristics which differentiate VANET from tra-
ditional MANET. VANETSs are not constrained by scarce
energy resources but are rather characterized by high mo-
bility pattern and confined movement. This vehicular net-
work is interconnected with vehicles which have wireless
interface and adding antennas or additional communication
devices does not cause major problems. Vehicular ad hoc
networks (VANETSs) have been investigated to be useful
in road safety applications to support the intelligent trans-
portation system (ITS) for drivers. Examples of e-safety
applications are emergency vehicle approaching warning,
vehicle-based road condition warning, intersection collision
warning, and lane change warning, etc. To support the e-
safety applications, VANETS can be used to alert drivers for
e-safety applications by propagating the emergency warn-
ing to drivers behind a vehicle [2, 9, 20]. To encourage their

@ Springer


mailto:yschen@mail.ntpu.edu.tw
mailto:jyneda@gmail.com

300

Y.-S. Chen et al.

development the US FCC commission allocated 75 MHz of
dedicated short range communication, or DSRC [27], spec-
trum at 5.9 GHz to be used for vehicle-to-vehicle, or V2V,
communications in VANET.

Routing protocols [7, 10, 16, 17, 19, 23, 24, 26] are
emerging and necessary research problem in vehicular ad
hoc network (VANETS). One of the challenges posed by
this problem is how to develop an efficient routing result
in VANETSs characterized by the predictive mobility and
highly changeable topology. This work attempted to develop
a more efficient routing protocol in VANETs.

In this paper, we develop a diagonal-intersection-based
routing (DIR) protocol for urban vehicular ad hoc networks.
The DIR protocol constructs a routing path, while the DIR
routing path is constructed by a series of diagonal intersec-
tions between the source and destination vehicles. The DIR
protocol is a geographic based routing protocol. Accord-
ing to the geographic routing protocol, source vehicle sends
data packet toward the first diagonal intersection, and then
the second diagonal intersection, and so on, until toward the
last diagonal intersection, and then reach to the destination
vehicle. For given a pair of neighboring diagonal intersec-
tions, multiple sub-paths exist between them. One contribu-
tion of the proposed DIR protocol is the auto-adjustability,
while the auto-adjustability is achieved by each sub-path is
dynamically selected with consideration of the data packet
delay. To reduce the data packet delay, the route is automat-
ically re-routed by the selected sub-path with lowest delay.
The DIR protocol with diagonal intersections is designed
to allow the mobile source and destination vehicles exist in
the urban VANETSs. Experimental results show that the pro-
posed DIR protocol outperforms existing solutions in terms
of packet delivery ratio, data packet delay, and throughput.
The distinctive character of DIR routing protocol is suitable
for supporting some real-time applications, such as video
streaming [3], video advertisement [25], and online game
[18]. Such real-time applications should achieve high packet
delivery ratio, throughput and low data packet delay. DIR
routing protocol can satisfy the requirement of real-time ap-
plications.

The remainder of the paper is organized as follows. In
Sect. 2, related works are described. Section 3 overviews
the system model, motivation, and basic idea of the devel-
oped mechanisms. Section 4 describes the developed DIR
protocol. Performance study is presented in Sect. 5. Finally,
Sect. 6 concludes the paper.

2 Related works

Geographic routing protocol, such as GPSR [7], is devel-
oped for MANETSs which always chooses the next hop
closer to the destination. The geographic routing proto-
cols are very efficient for the data delivery in MANETSs
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[14, 21, 22], but may not be suitable for sparsely con-
nected vehicular networks. Therefore, new and more effi-
cient geographic routing protocols are recently developed
for VANETS in the literatures [5, 6, 10, 23, 24]. First, Nau-
mov et al. [16] incorporated a velocity vector of speed and
direction to improve the GPSR protocol by accurately de-
termining the location of a destination. Naumov et al. [16]
also introduced AODV [19] with preferred group broadcast-
ing (PGB) that reduces control message overhead by adap-
tive beaconing based on the number of nearby neighbors.
Lochert et al. [11] proposed GPCR, a solution that does
not relay on planarization of nodes by taking note of that
fact that an urban map naturally forms a planar graph. Lee
et al. [8] proposed GpsrJ+ protocol to improve GPCR in
delivery ratio and hop count. Ma et al. [13] presented a path
pruning algorithm that exploits the channel listening capa-
bility to reduce the number of hops in perimeter mode. All
of these geographic routing protocols are developed to im-
prove GPSR [7] to provide a suitable routing solution for
sparsely connected vehicular networks. Mo et al. [15] pro-
posed the MURU scheme which uses the calculated of ex-
pected disconnection degree (EDD) to determine which path
is the most robust from source to destination. Granelli et al.
[4] proposed the MORA scheme to utilize the distance to
destination and the movement direction to choose a better
vehicle for data forwarding. Jerbi et al. [6] proposed the Gy-
TAR scheme which the forwarding vehicle greedily selects
the next junctions by the vehicle density of a street to for-
warding the data packet.

Zhao and Cao developed a vehicle-assisted data delivery
(VADD) for VANETS in [26]. The data delivery in VANETSs
is more complicated by the fact that VANETSs are highly
mobile and frequently disconnected. To address this issue,
VADD protocol adopt the idea of carry and forward, where a
moving vehicle carries the packet until a new vehicle moves
into its vicinity and forwards the packet. The idea of carry
and forward is very attractive and suitable for the VANETS.
In addition, Zhao and Cao [26] formally define the VADD
delay model. Based on the existing traffic pattern and pro-
posed VADD delay model, VADD protocol can find the best
road to forward the packet with the lowest data delivery de-
lay. The most important of VADD protocol is to select a for-
warding path with the smallest packet delivery delay. Ob-
serve that VADD only considers how to find a path from a
mobile vehicle to a coffee shop with a fixed location. How-
ever, it is not easily collect the in-time traffic pattern and
information. By the inaccurate traffic information, VADD
protocol possibly finds the road to forward the packet with
the greater data delivery delay. VADD protocol is suitable
for finding a path from a mobile source to a fixed-location
destination.

To address this problem, Naumov and Gross presented
a location-based routing scheme called connectivity-aware
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routing (CAR) for VANETS [17]. The main property of CAR
protocol is the ability to not only locate positions of desti-
nations but also to find connected paths between source and
destination vehicles. These paths are auto-adjusted on the
fly, with a new discovery process. Following VADD delay
model [26], this work aims to develop a new routing pro-
tocol to improve the CAR protocol [17] in terms of packet
delivery ratio, data packet delay, and throughput.

3 Preliminary

This section describes the system model, delay model, and
assumptions, and then explains the basic idea, challenges,
and main contributions of this work.

3.1 System model

In this paper, our new delay model is modified from the
VADD delay model [26]. Before describing our new delay
mode, we first review VADD delay model as follows. The
packet delivery delay is formally defined in [26]. Let I,
denote an intersection in a city environment. From VADD
delay model [26], Denote d,, y1,x2y, as the expected packet
forwarding delay from to if Iy, is a neighboring intersec-
tion of Iy,y,, such that
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where 1y y, x,y, denotes the road from Iy, to Iy,y,,
Lx\y1.x2y, 18 the Euclidean distance for 7y, y; xsyys Ox;y;,x2y
is the vehicle density on 7y, y; x,y,, and vy, y, x,y, is the aver-
age vehicle velocity on 7y, y, x,y,. R represents the transmis-
sion range of each vehicle, and c is a constant used to ad-
just expected packet forwarding delay to a more reasonable
value. The vehicle density py,y, x,y, Obtains from regular
hello message exchange. Hello message records in terms of
the number of knew vehicle and the collected velocity infor-
mation of other vehicle in the same street. Each vehicle can
collect the total number of vehicle in a street by accumulat-
ing the number of knew vehicle, and add the new informa-
tion into hello message. Similarly, each vehicle can collect
the average vehicle velocity vy, y, x,y, from hello message.
Although the information about vehicle density and aver-
aged velocity is not real-time precise since the moving ve-
hicles quickly enter and exit the street, the information can
still assist us to make routing decision. A recursive function
Dy =dmn + ZjeN(n)(P”J X Dy, ;) is formally defined
in VADD delay model [26] to estimate the total expected
packet forwarding delay. This work will modified the recur-
sive function Dy, , to construct our DIR protocol to signif-
icantly improve the packet forwarding delay than the CAR
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Fig. 1 Our delay model

protocol [17]. For instance, expected packet forwarding de-
lay 311712, 311’21 s 312722, and 221,22 are given in Fig. 1. Ob-
serve that, no traffic light is considered in d, V1.X2y2-

In this paper, we modified VADD delay model by adding
the model of the red/green light in the intersection. Let Cy,y,
denote the interval of time when light changes from red to
green at intersection Iy, y,, and oy, y, denote the ratio of the
residual red light time in Cy,y,. Let Py,,, denote the prob-
ability of the green light when a vehicle just arrives at in-
tersection Iy,y,. To consider the traffic light at intersection
Iyy,, denote dy,y, x,y, as the expected packet forwarding
delay from to if Iy, is a neighboring intersection of Iy,y,,
such that

dxw‘l,xwz = PX1y1 'dxlwazyz +1- PX1y1) ! me Ty -

Let  Dyyx+iy+1 = min{diy x+1y + ditiyx+iy+1,
dyy,xy+1 + dxy+1,x+1y+1}. In this case, two disjoint sub-
paths Ivy — Ii11y = Lpry+1 and Iy — Iy — Lepry41
are existed between Iy and Iyy1y41. That is, sub-path
Iyy = Ixy1y = Ixy1y41 is used in our DIR protocol if
dxy,x—Hy +dx+1y,x+ly+l < dxy,xy+l +dxy+l,x+1y+l' In ad-
dition, sub-path Iy, — Ity4+1 — ILey1y+1 is used in our
DIR prOtOC()l if dxy,xy—i—l + dx)’+l,x+1y+l < dxy,x—Hy +
dxy1y,x+1y+1. This provides the auto-adjustability capa-
bility of our DIR protocol. Our DIR protocol adopts ex-
pected packet forwarding delay instead of density and dis-
tance to select the diagonal intersection due to tempo-
ral network fragmentation problem. Figure 2 shows two
common scenarios on road 7y, y, x,y, and Fi;ys x4y, Where
Leiyi,x2y2 = lxsyy,xays- ROAd Fyy yy x,y, in Fig. 2(a) has higher

_ 14
= le“Jm) than road ryyy;,xyy4

). However, road 7y, y; x,y,

network density (0x;y;,x;y,

in Fig. 2(b) (0x3y3,x4ys = I —
in Fig. 2(a) has the tempofél network fragmentation prob-
lem. Packets should be carried to forward by a vehicle
between different network fragmentations. The expected
packet forwarding delay intensely grows since packets can-
not transmit by multi-hop wireless transmission. Vehicles
in Fig. 2(b) has well connectivity; therefore, packets can
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transmit with multi-hop wireless transmission manner. The
expected packet forwarding delay can keep low growing.
Observe that, the expected packet forwarding delay can ef-
fectively evaluate to selection the diagonal intersection. To
consider the traffic light model, new expected packet for-
warding delay times d11,12, d11,21, d12,22, and da] 22 are also
illustrated in Fig. 1.

Therefore, let Dy, y; x;y; = Dx;y; xi+1y+1 if diagonal in-
tersection of Iyy, is Iy 41y+1 as shown in Fig. 3(a). In
this work, we also consider Dy, y, x;y; = Dx,y; x;+2y;+1 OF
Dy, y; .xi+1y;+2 if diagonal intersection of Iy, y, is Iy, 42y, 11
or Iy, +1y;+2, respectively. Figure 3(b) shows that if we con-
sider Dyy, x;y; = Dx;y; xi+2y,+1, there are three different
sub-paths Iy, y, = L,y 11 = Lgy;42 = Lyp1y;42 08 Ly, —
Liyiv1 = Dyviyi+1 = Dyviy+2 o Ly, —> Lytry, —
L1y +1 = I 41y,42 exist between Iy, and Iy 11y,42.

Thus,  Dyyxjy; = Dxyiviy+2 = min{dyy, xy+1
+  dyytixyt2 T+ dayi2x+y42, dx; y; x;yi+1
T ey x
. .- L AW X)) "
e O oPa™
11 L 2
Y gy ™ ™ o)
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Fig. 2 (a) hight density with temporal network fragmentation prob-
lem, (b) low density with well connectivity

+ dx,~y,~+l,x,~+1y,-+l + dx,~+ly,-+l,x,'+1y,-+2, dxiyi,x,-yi+l
+ dyiyi+1xi+1y+1 + do41y+1,x+1y+2} 18 calculated to
choose one sub-path with the low expected packet forward-
ing delay between Iy, and Iy, 1y,42 from the three differ-
ent sub-paths. The similar condition is occurred in Fig. 3(c)
if considering Dyiyixiy; = Dixiyixi+1yi+2, three differ-
ent sub-paths Iy, — Igy41 = Lytiy+1 = Lgt2y41
or Ly, = Lty = Iy+iy+1 = Dgt2y+1 OF Iy, —
LIyv1y, = Iyvoy, = Iga2y,41  €xist between [y,
and Iy 42y+1. The sz'yi,xj'yj = Dyyxit2p+1 =
min{dy;y; x;yi+1 + eyl x+ly+1 T Aotly+1x+2y+1
dyiyixi+1yi T dytlyx+iy+l T Ay +1x+2y+1s
dxl-yl-,xi+1y,- +dx,-+1yi,x,-+2yi +dxi+2yi,x,-+2yi+l} is calculated
to choose one sub-path with the low expected packet for-
warding delay between Iy, and Iy, 12y,+1 from the three
different sub-paths.

3.2 Basic idea and challenges

The CAR protocol [17] works with anchor points. In CAR
protocol, a data packet is forwarding to a neighbor that is
geographically closer to the destination. A neighbor clos-
est to the next anchor point is chosen. The process con-
tinues until the packet reaches the destination. Therefore,
CAR path is constructed by a series of anchor points,
let[11, I, ..., 1, Ii+1, ..., I,] denote the anchor-point list,
where [; is the i-th anchor point in the anchor-point list,
where 1 <i <m. Example is given in Fig. 4, anchor-point
list [111, I21, 122, 132, 134] is constructed between a pair of
source and destination vehicles. The data packet is sent from
source vehicle and geographically closer to I11, I, 22,
I3, and [34. Finally, the data packet reaches to destina-
tion vehicle. Asrecalled Dyy xy1y+1, D11,22 = min{d11 21 +
da1.22,d11,12 + d12,22}. It is possible to obtain a low packet
forwarding delay to change the sub-path from I} — I; —
I to be Ijy — I1p — I if dij 12 + diz22 < dio +
da1,22. However, CAR protocol [17] follows the anchor-
point list [111, Io1, 122, 132, 134] to forward data packet from

Xi¥Yit+1

Xi+1Yi

(a)

Fig.3 Dy x;y; = (@) Dxy; i +1yi+1> (B) Dy xi42y,415 08 (€) Dy x4 1342
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Fig. 4 Example of CAR protocol

the source to the destination even if Djj 2 is already
changed from d11,21 + d21,22 to d11,12 + d12’22 due to the
traffic status is rapidly changed. This condition is simi-
larly occurred in Dy; 34 in the routing path. This implies
that if the route path has auto-adjustability capability to re-
route from Iy — Ip1 — Iy to Iy — I1o — I and from
Iy — I3y — I33 — 134 to Ipp — I3 — I33 — I34 then a
path with the lower packet forwarding delay is obtained.

To overcome the problem, we develop a diagonal-
intersection-based routing (DIR) protocol for VANETsS.
Given a [I1, I, ..., ;] from CAR protocol, a diagonal-
intersection list DIL = [DI, DI, ..., DI,], where DI; is
the i-th diagonal intersection in DIL, where 1 <i <n and
n < m. Following the sample example in Fig. 4, a diagonal-
intersection list DIL = [DIy, DI, DI3] = [I11, I22,134] is
constructed, as shown in Fig. 5, between the same source
and destination vehicles. The data packet is sent from
source vehicle and geographically closer to I11, 22, and
I34. When a data packet is start at intersection Ijj, the
value of Djj 22 is re-calculated to determine the sub-path
from Iy to Ipp. If D122 =d11,12 + d12,22, then a sub-path
I11 — I1» — I»; is determined. Sub-path 11y — Iy — I»
isused if D11 22 = d11,21 +d21,22. This condition is occurred
in Iy to determine the sub-path from I, to I34, which is de-
pended on the value of Dy 34. If Inp — I3 — I33 — 34 is
used if D 34 = d22,23 + d23,33 + d33,34. In addition, an-
other sub-path Iy — I3 — I33 — I34 is possibly used if
D3 34 = dn 32 + d32,33 + d33,34 is obtained. Example is

given in Fig. 5, compared with CAR protocol [17], a new
routing path, I1] — I1p — Ipp — I3 — I33 — I34, with the
lower packet forwarding delay is obtained. Efforts will be
made in this work to develop a diagonal-intersection-based
routing protocol to provide the auto-adjustability capability
to search for a routing path with the lower packet forwarding
delay.

4 DIR: diagonal-intersection-based routing protocol

The DIR: diagonal-intersection-based routing protocol is
split into destination discovery, data forwarding, and path
maintenance phases as follows.

4.1 Destination discovery

We provide two algorithms, A and B, for the destination dis-
covery. Algorithm A is extracted DIL = [DI, DI, ..., DI, ]
from CAR’s anchor-point list [y, I>, ..., I,]. Algorithm
B is directly constructed DIL = [DIy, DI>, ..., DI,] with-
out considering CAR’s identified anchor-point list [I1, I3,
v Iyl

We first present algorithm A. Consider anchor-point list
[11, I, ..., I] is identified from CAR protocol [17], the
main work of destination discovery phase is to construct a
diagonal-intersection list DIL = [DIy, DI, ..., DI, ], where
DI; is the i-th diagonal intersection in DIL, where 1 <i <n
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Fig. 5 Example of DIR protocol using algorithm A

and n < m. Without loss of generality, let anchor-point list
[Leyys Lagyys - -5 Ly, ] Be U1, Do, ..., Iy]. To construct a
DIR route with least-delay, the algorithm A is given as fol-
lows.

S1. Initially, let DIy = Iy, = I, Ixayﬁ = Iy, y, = Im. Set
index variable i be 1, where variable i indicates the tra-
versal index in anchor-point list [, y;, Dxyyys - - - 5 Dxpy v 1-
Let initial diagonal-intersetion list DIL = [DI].

S2. Let d’xl-,v,- (Ixyy) = Dxm_ ey —i—d;va{ (Lxgyp)- If the equa-
tion satisfies one of the follllowingl éonditions,

if |x; —x/|=1N[y; —y/|=1 or
if |x; —x/|=2N01]y; —y/|=1 or
if [x; —x/|=10N1y; —yjl=2,

and le_/yl_/ isin [Ly ys Lryyy,s - -
into DIL.

S3. If algorithm A cannot find a suitable diagonal intersec-
tion from L,y , let Iy = Ly -

S4. Let Iyy, = Ly If Iyy # Ly,y,. then go to step
S2. Otherwise, DIL = [DI, DI», ..., DI, ] is extracted
from [Iyy,, Ixyyys - - s Ixyy, ), Where 1 < i < n and

- Iy, 1, then insert Iy

n<m.

Observe that, step 3 is used to solve the case if algo-
rithm A cannot find a suitable diagonal intersection from
Iy;y;. In the worse case, our identified result is same as
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given [Iy, I», ..., I,]. For example as shown in Fig. 4,
[111, I21, o2, 132, 134] is constructed by CAR protocol [17].
As illustrated in Fig. 5, [DIy, DI», DI3] = [111, I22,134] is
extracted from [/11, I21, 122, 132, 134].

Algorithm B is directly constructed DIL = [DIy, DI,
..., DI,] without using the input of CAR protocol. Let
di,,, (Ix,,y,) denote cost of least-delay path from intersec-
tion Iy, to Iy,y,, where Iy, ,, is the closest intersection
to the destination. Then, dy, , (I,y,) = min{D, .+
di,,,, (Ix,y,)}, where I,,, is one neighboring diagonal in-
tersection of Iy, and Dy,y, x,y, 1S the expected packet for-
warding delay from Iy, to I,y,. The dynamic program-
ming is used to construct the least-delay path from intersec-
tion Iy, y, to Iy, y, -

S1. Initially, let DIL = [I,,y,] and I,y = Iy, ,.
$2. 1fdy, , (Iy,y,) = min{D +dy,,,, (I, y,)} and

XY oXjVj

if|x; —x;|=1N]y; —yjl=1 or
if |x; —xj|=2N]y; —yjl=1 or
if |x; —xj|=1N]y; —yj|=2 or
if |x; —x;|=1N1]y; —yj|=0 or
if [xj —x;|=0N]y; —yjl=1
and if IXJ'yj is more closer to destination than Iy, ,, then

insert / Xjyj into DIL. Observe that, two more cases of
lxi —x;|=10]y; —y;|=0and |x; —x;| =0N|y; —
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Fig. 6 Example of DIR protocol using algorithm B

yj| =1 are considered if algorithm B cannot find a di-
agonal intersection from Iy, , .

S3. Let Iyy, = Lyjy;. If Iyy, # Iy,y,, then go to step S2,
where I, y,, is the closest intersection to the destina-
tion. Otherwise, go to step S4.

S4. DIL = [DI,DI>, ...,DI,] is constructed, where 1 <
i <n.

For example as given in Fig. 6, we initially have [DI] =
[111], dp,(Izs) = min{Di122 + d,(I34),D1123 +
dp,,(I34), D11,32 + di5,(134)}, 123 is selected and appended
into [DIy,DI>] = [I11,1»3]. Finally, [DI,DI>, DI3] =
[111, 123, I34] is constructed by algorithm B, which is not
obtained from CAR’s [111, I21, 122, 132, I34].

4.2 Data forwarding

Given that DIL = [DI,DI>,...,DI;,DIj,...,DI,] has
been constructed by the destination discovery phase, data
forwarding operation between DI; and DI; is described as
follows, where 1 <1i, j <n — 1. Specially, if I,,, = DI;
and Ix_/. v, = DI;, and we have the following limitation in
this work.

lxi —xjl=1N0]yi —yjl=1 or
lxi —xjl=2N01]yi —yjl=1 or
lxi —xjl =101y —y;l=2

°
°
e
g
» 90080000, oooooooo.‘@ oe

~
(o]

This is because that the link cost and traffic information
between Iy;y, and Iy;y; is needed to maintain at Iy, by
sending control messages through any possible sub-paths
between Iy, and I Xjy) It is surely that more different sub-
paths exist between Iy, y, and Iy, y; to obtain more lower ex-
pected packet forwarding delay if we relax this limitation as
|x; —xjl =aN]y; —yj| =B, where a and B > 2. How-
ever, this control message cost is high. To keep the low mes-
sage overhead, we only consider this limitation in this pa-
per. Observe that DIR protocol does not consider the case
of |[x; —xj| =0 or |y; — y;| = 0. There exist multi-paths
from a pair of adjacent intersections, Iy,y, and Iy,y;, where
|x; — x| #0 and |y; — y;| # 0. DIR protocol tries to se-
lect one sub-path with low packet forwarding delay among
multi-paths.

Thus, expected packet forwarding delay D, v is re-
calculated between Iy,,, and Iy, ¥ The data forwarding
operation is adjusted based on the new re-calculated ex-
pected packet forwarding delay D, g . The main work
of data forwarding operation is to determine a routing sub-
path with lowest expected packet forwarding delay D, v
from Iy, to Iy;y;. The data forwarding operation is for-
mally given as follows if the data packet is at intersection
I

XiYi+

S1. Data packet is at intersection Iy,y,. The link cost be-
tween Iy;y, to Iy;y; is periodically maintained at Iy, y,,
such that node in Iy, y, can keep the most accurate traffic
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Fig. 7 Example of path maintenance
information to re-calculates Dm’i’xj- y; as follows, where forwarding delay between Iy,y, and Iy, 11y,4+2 from the
three different sub-paths. Packet is forwarding along
lxi —xjl=1N|y—yjl=1 or with this selected sub-path.
i —xi|=20 |y —yjl=1 or S4. If |x; —xj| = 1N|y; — y;| = 2, three different sub-paths
|xl- —x]-| —1Nn |yl. B yj_| 9 as follows Liyi = Lyyit1r = Lotiyi+1 = Lgtoy41 08 Ly, —
1 JI— 1 JlI— < .

S2. If |x; — xj| =1N[y; — y;| = 1, two different sub-paths
Ly, = Loyivt = Dyviyer of gy, = Ligiy —
Iy; 41y, +1 existbetween Iy, and Iy, 11y, 41. Dyiyixjy; =
Dyiyi xitiyi+1 = min{dyy, xiyi+1 + dyi+1x+1y+2,
dx; i xi+1y; Fdx; +1y; . x;+1y,+1} 1s re-calculated to choose
one sub-path with the low expected packet forwarding
delay between Iy, y, and Iy, 11y, 41 from the two different
sub-paths. Packet is forwarding along with this selected
sub-path.

If |x;

le-yl

S3. —.Xj|=20|y,'—

= Loiyi+t = Loyiv2 = Loviy2 of Iy, —
Liyit1 = Lyl = Dogtty2 oF Ly, = Dogry, —
L1y 41— Ix; 41y, 42 exist between Iy, y, and Iy, 41y, 42.
Dy yi.xjyj Dyyixitiyi+2 = min{dyy, yy+1 +
dyyitlayi+2 T dyyt2xi+ly+2,  dyyxy+l +
dx,~y,~+],x,-+1y,~+l + dxi+1yi+l,xi+ly,'+2, dx,-y,-,xiyiJrl +
dyiyi+1,x+1y+1 T dx+1y,+1,x,+1y,+2} 1s re-calculated
to choose one sub-path with the low expected packet

yjl = 1, three different sub-paths

@ Springer

Liv1y, = Dyt1y+1 = Dg2y41 OF Ly, = Iq1y, =
Iy, 42y; = Ix;42y,+1 exist between Iy, and Iy, 12y, 4+1.
Dyiyixjy; = Dxiyixit2yi+l = min{dy;y, x;y+1 +
dyyirlo+lyi+l T dgtlytla+2yi+l Aoy oty +
dxit1yxi+1yi+1 + dorly+1x4+2y+1 ey xi 1y, +
dy; 11y, xi+2y; + dx;42y; xi+2y;+1} 1s re-calculated to
choose one sub-path with the low expected packet for-
warding delay between Iy,y, and Iy, 42y,4+1 from the
three different sub-paths. Packet is forwarding along
with this selected sub-path.

Example is given in Fig. 6, packet is forwarding along
sub-path Iy — Ijo — 113 — I3 and then packet is for-
warding along sub-path 1,3 — Iy — [34.

4.3 Path maintenance

If source and destination are fixed, the data forwarding is
done based on the constructed DIL = [DI, DI>, ..., DI, ] in
the data forwarding phase. However, if source and destina-
tion are mobile, then DIL = [DI, DI>, ..., DI,] is needed
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Fig. 8 Example of path maintenance

to be adjusted and maintained. In the following, we will de-
scribe how to adjust and maintain the DIL when source or
destination are moving to different locations. Without loss
of generality, we only investigate how to dynamically ad-

justthe DIL = [DI, DI, ..., DI,_1, DI,] to be new DIL' =
[DI},DI,,...,DI, _,, DI if the destination is moving to

different locatlon The formal algorithm to have the adjusted
DIL’ is given as follows.

S1. If the destination is moving and far away the last
DI ¢yyrent_last 10 the current DIL, a new DLy, jas 1S
identified and appended into DIL. Repeatedly perform
S1 step until the destination is fixed. A new DIL' =
(DI, DI,,...,DI, DI, ] is constructed. Go to S3
step.

S2. If the destination is moving and near to a DI;, where
DI; is in the current DIL, and DI; is a diagonal-
intersection of DI;, then DIL' = [DIy,DI,,...,
DlI;, DI ] is constructed.

S3. A new DIL is constructed.

Example is given in Fig. 7 if the destination is mov-
ing from I34 to Iys, DIL' = [I}1, I3, I34, I45] is constructed
by adding I5 into DIL = [I11, 122, I34]. Similar example is
given in Fig. 8 if the destination is moving to I3, DIL' =
[111, Iz, 143] is obtained. Based on the descriptions, we may
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have the similar result if the source is moving to a different
location; the details is omitted herein.

5 Simulation results

Our paper presents a diagonal-intersection-based routing
(DIR) protocol in VANETS. To evaluate our DIR protocol,
Naumov et al.’s CAR protocol [17] and our proposed DIR
protocol are mainly implemented using NCTUns 4.0 simu-
lator and emulator [1]. Our simulator considers a 4000 m x
4000 m square street area and adopted the random mobility
model. Table 1 gives all simulation parameters.

Before discussing with the simulation results, some no-
tations are defined. We first define network density (ND),
ND is the average number of vehicles divided the maxi-
mum number of vehicles in a VANETs. The high prob-
ability of the data forwarding through vehicles will be if
ND is large. Let Pgreen_jigh: denote the probability of the
green light when a vehicle arrives at each intersection, where
0 < Pgreen_light < 1. To discuss with the effect of Pgreen_ights
all intersections are assumed to have the same Pgreen_iight
in the simulation discussion. Let Pygfic_changeda denote the
probability that the traffic status is changed between inter-
section I and I, where I, is a neighboring intersection of /
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and O < Pyufic_changed < 1. Observe that if the traffic status
is changed between intersection I and I, it indicates that
the different sub-path with the lower packet forwarding de-
lay should be used to reduce the total packet delivery delay
from the source to the destination. Basically, our DIR pro-
tocol improves more packet delivery delay if Pyqfic_changed
is large. In our simulation, the performance metrics to be
observed are:

e The packet delivery ratio (PDR) is total number of pack-
ets successfully received by destination vehicle divided
by the total number of packets sent by the source vehicle.

e The packet delivery delay (PDD) is the average time cost
of data packet traveled from the source to the destination.

e The message overhead (MO) which includes both control
and data messages is the amount of total packets transmit-
ted by source vehicle.

Table 1 Simulation parameters

Parameter Value

Simulation area 4000 m x 4000 m

Number of vehicles 60-600
Transmission range 250 m

Vehicle speed 10 or 60 km/h
Intersection distance 1 km

Data packet size 1400 bytes
Beacon interval 2 beacon/sec
Packet TTL 60 sec

Time of traffic sign 100 sec
Simulation time 300 sec

" o car

0.9 DIR_A F

os —5-DIR B /Eﬁ x/é*/é
§0.7 / — 3
E e
-
N &
§ 03 /

02

0.1

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Network density

P

green_light = traffic_changed

(a)

0.8 0.9 1.0

0.5, P = 0.5, speed=10 Km/h)

e The throughput (TP) is the total number of data packets
the destination vehicle received per second.

An efficient routing protocol in a VANETS is achieved
with a high PDR, low PDD, low MO, and high TP.

5.1 Packet delivery ratio (PDR)

The simulation results of PDR under various NDs, B een_tight
and Pyqaffic_changed are shown in Figs. 9-11. Figure 9 shows
that the observed PDR under various ND, where Pgeen_jight
and  Pygffic_changea are fixed at 0.5. Figures 9(a) and (b)
illustrate the average PDR under speed is 10 Km/h and
60 Km/h, respectively. For each case, the curve of DIR_B
was higher than that of the DIR_A, and the curve of DIR_A
was higher than that of CAR. The PDR was high where the
ND is high. This is because that the higher network density
provides more successful transmission opportunities for ve-
hicles to forward message to the next vehicle more closer to
destination. For the effect of ND, it was observed that when
the moving speed is high, then the corresponding PDR of
DIR_A, DIR_B, and CAR decreases.

Figures 10 shows the performance of the PDR under var-
ious Pgreen_light, Where the ND and Pryfic_changed 1S fixed at
0.5 and speed is fixed at 10 Km/h and 60 Km/h. Similarly,
the curve of CAR was lower than that of the DIR_A, and
the curve of DIR_A was lower than that of DIR_B. It is ob-
served that the higher Pgeen_jigns 15, the higher the PDR will
be. This is because that high Pgye.y_jigh: implies that a vehi-
cle can more successfully pass the intersection. This possi-
bly increases the value of PDR. For the effect of Pgeen_sight,
it was observed that when the average moving speed is high,
then the corresponding PDR of DIR_A, DIR_B, and CAR
decreases.
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(Pgreenilight =

Fig. 9 Performance of the packet delivery ratio (PDR) vs. network density, where speed is fixed at (a) 10 Km/h and (b) 60 Km/h
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Fig. 10 Performance of the packet delivery ratio (PDR) vs. Pgeen_sighs, Where speed is fixed at (a) 10 Km/h and (b) 60 Km/h
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Fig. 11 Performance of the packet delivery ratio (PDR) vs. Pyyfic_changed>

Figure 11 give the performance of the PDR under vari-
ous Pyaffic_changed» where the ND and Pgeen_jign: are fixed at
0.5 and moving speed is fixed at 10 Km/h and 60 Km/h.
The curve of CAR was lower than that of the DIR_A, and
the curve of DIR_A was lower than that of DIR_B. For the
curve of DIR_A and DIR_B, the higher Pyqfic_changed 1S,
the higher the PDR will be. This indicates that the design
of CAR protocol does not consider the important factor of
Prraffic_changed- The PDR of DIR_A and DIR_B is high as
the Prafic_changea increases. But, the PDR of CAR is fixed
as the Pyqfic_changea increases. This implies that DIR proto-
col has better performance of PDR than CAR protocol. For
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where speed is fixed at (a) 10 Km/h and (b) 60 Km/h

the effect of Piufic_changed, it Was observed that when the
average moving speed is high, then the corresponding PDR
of DIR_A, DIR_B, and CAR decreases.

5.2 Packet delivery delay (PDD)

The simulation results of the PDD under various ND,
Pgreen_iight and  Pyyfic changea are shown in Figs. 12-14.
Figures 12(a)(b) show the performance of the PDD for all
possible ND (ranging from 0.1 to 1), where Pgreen_jight =
Puraffic_changea = 0.5 and the moving speed is fixed at
10 Km/h and 60 Km/h, respectively. For each case, the
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Fig. 12 Performance of the packet delivery delay (PDD) vs. network density, where speed is fixed at (a) 10 Km/h and (b) 60 Km/h
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Fig. 13 Performance of the packet delivery delay (PDD) vs. Pgreen_jighs,» Where speed is fixed at (a) 10 Km/h and (b) 60 Km/h

curve of DIR_B was lower than that of the DIR_A, the curve
of DIR_A was lower than that of CAR, and the curve of
CAR was lower than that of GyTAR. In general, the PDD
drops as the ND increases. This is because that the higher
network density provides more successful transmission op-
portunities for vehicles to significantly reduce the PDD.
For the effect of ND, it was observed that when the mov-
ing speed is high, then the corresponding PDR of DIR_A,
DIR_B, CAR, and GyTAR increases.

Figures 13(a)(b) give the performance of the PDD vs.
Pgreen_iighr (ranging from 0.1 < Pgreen_tighs < 0.9), where

ND = Pyyfic_changea = 0.5 and the moving speed is fixed to
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10 Km/h and 60 Km/h, respectively. The curve of GyTAR
was higher than that of the CAR, the curve of CAR was
higher than that of the DIR_A, and the curve of DIR_A was
higher than that of DIR_B. It is observed that PDR drops
as Pgreen_ligh: increases. This is because that high Pgreen_jigns
implies that a vehicle can more successfully pass the inter-
section. This surely decreases the value of PDD. For the
effect of Pgreen_iighs» it was observed that when the mov-
ing speed is high, then the corresponding PDR of DIR_A,
DIR_B, CAR, and GyTAR increases.

Figures 14(a)(b) illustrate the performance of the PDD
Vs. Ptraﬁ‘ic_changed (ranging from 0.1 < Plraﬁ‘ic_changed <0.9),
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Fig. 15 Performance of the message overhead (MO) vs. network density, where speed is fixed at (a) 10 Km/h and (b) 60 Km/h

where ND = Pgeen_jigh = 0.5 and the moving speed is fixed
to 10 Km/h and 60 Km/h, respectively. The curve of Gy-
TAR was higher than that of the CAR, the curve of CAR
was higher than that of the DIR_A, and the curve of DIR_A
was higher than that of DIR_B. For the curve of DIR_A
and DIR_B, the higher Pjqfic_changea 18, the lower the PDD
will be. This indicates that the design of CAR protocol does
not consider the important factor of Pyqfic_changea. GYTAR
selects the next street at junctions; therefore, there is only
slight effect by the changed traffic. The PDD of DIR_A,
DIR_B, and CAR are increased as the Pyufic_changed increas-
ing. But, the PDD of GyTAR is slightly increased as the

Puraffic_changea increases. This implies that DIR protocol has
better performance of PDD than CAR protocol. For the ef-
fect of Piqffic_changed, it Was observed that when the mov-
ing speed is high, then the corresponding PDD of DIR_A,
DIR_B, CAR, and GyTAR increases.

5.3 Message overhead (MO)

Message overhead which includes both control and data
messages is the amount of total packets transmitted by
source vehicle. Figures 15—17 shows the simulation results
of the message overhead (MO) for the CAR, DIR_A and
DIR_B. The higher the value of MO is, the larger the number
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Fig. 17 Performance of the message overhead (MO) vs. Pyafic_changed, Where speed is fixed at (a) 10 Km/h and (b) 60 Km/h

of packers will be. Figures 15(a)(b) show the performance
of the MO vs. various ND (ranging from 0.1 to 1), were
Pgreen_light = Prraffic_changea = 0.5, where the moving speed
is fixed at 10 Km/h and 60 Km/h, respectively. The curve
of DIR_B was higher than that of the DIR_A, and the curve
of DIR_A was higher than that of CAR. The MO drops as
ND decreases. For the effect of ND, when the moving speed
is high, then the corresponding MO of DIR_A, DIR_B, and
CAR increases.

Figures 16(a)(b) give the performance of the MO vs.
various Pgreen_jighy (ranging from 0.1 < Pgreen_jign: < 0.9),
were ND = Pyyfic_changea = 0.5, where the moving speed
is fixed at 10 Km/h and 60 Km/h, respectively. The curve

@ Springer

of CAR was lower than that of the DIR_A, and the curve
of DIR_A was lower than that of DIR_B. The MO drops
as Pgyeen_light increases. For the effect of Pgreen_jign, When
the moving speed is high, then the corresponding MO of
DIR_A, DIR_B, and CAR increases.

Figures 17(a)(b) illustrate the performance of the MO vs.
various P, traffic_changed (ranging from 0.1 < P, traffic_changed =
0.9), were ND = Pgreen_jighs = 0.5, where the moving speed
is fixed at 10 Km/h and 60 Km/h, respectively. The curve
of CAR was lower than that of the DIR_A, and the curve of
DIR_A was lower than that of DIR_B. The MO of CAR_A
and CAR_B drops as Pyfic_changea decreases. The MO of
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Fig. 19 Performance of the throughput (TP) vs. Pgreen_iigh:» Where speed is fixed at (a) 10 Km/h and (b) 60 Km/h

CAR is fixed as Pyyffic_changea increases. For the effect of
Prraffic_changed, When the moving speed is high, then the cor-
responding MO of DIR_A, DIR_B, and CAR increases.

5.4 Throughput (TP)

Figures 18-20 provide the simulation results of throughput
(TP). The higher the value of TP is, the higher the perfor-
mance of the DIR protocol is. Figures 18(a)(b) show the
performance of the TP vs. ND (ranging from 0.1 to 1), were
Pgreen_light = Piraffic_changea = 0.5 and the moving speed is
fixed at 10 Km/h and 60 Km/h, respectively. The curve of
DIR_B was higher than that of the DIR_A, and the curve

of DIR_A was higher than that of CAR. The TP drops as
ND decreases. For the effect of ND, when the moving speed
is high, then the corresponding TP of DIR_A, DIR_B, and
CAR increases.

Figures 19(a)(b) illustrate the performance of the TP
VS. Pgreen_ight (tanging from 0.1 < Pgreen_jighr < 0.9), were
ND = Pyufic_changea = 0.5 and the moving speed is fixed at
10 Km/h and 60 Km/h, respectively. The curve of CAR was
lower than that of the DIR_A, and the curve of DIR_A was
lower than that of DIR_B. The TP increases as Pgeen_iighr in-
creases. For the effect of Pgyeen_sigh, when the moving speed
is high, then the corresponding TP of DIR_A, DIR_B, and
CAR increases.
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Fig. 20 Performance of the throughput (TP) vs. Pyyfic_changed» Where speed is fixed at (a) 10 Km/h and (b) 60 Km/h

Figure 20(a) display the performance of the TP vs.
Prraffic_changed (ranging from 0.1 < Pyygic_changea < 0.9),
where ND = Pyeen_jighs = 0.5 and moving speed is fixed to
10 Km/h and 60 Km/h, respectively. The curve of CAR was
lower than that of the DIR_A, and the curve of DIR_A was
lower than that of DIR_B. The TP of CAR_A and CAR_B
drops as Pyqffic_changed decreases. The TP of CAR is fixed
as Pyqffic_changea increases. For the effect of Pyufic_changeds
when the moving speed is high, then the corresponding MO
of DIR_A, DIR_B, and CAR increases.

In summary, our DIR protocol is a truly efficient rout-
ing protocol which achieve high packet delivery ratio, a low
packet delivery delay, and a high throughput.

6 Conclusion

In this paper, we present a new “diagonal-intersection-
based” routing (DIR) protocol for vehicular ad hoc net-
works. The main results of the DIR routing protocol are
summarized as follows; (1) the DIR protocol builds a new
“geographic” routing protocol which is a fully distributed
algorithm to possibly collect a series of diagonal intersec-
tions as the anchor points for the geographic routing oper-
ations, (2) the DIR protocol offers an auto-adjustability ca-
pability to dynamically select a sub-path with low packet
delivery delay between a pair of adjacent diagonal inter-
sections, (3) the DIR protocol can significantly reduce the
packet delivery delay, packet delivery ratio, and through-
put. Performance achievements compared to existing pro-
tocols. In the future works, the performance of algorithm
B can be further improved by considering more charac-
teristics of a VANET since the algorithm B costs high

@ Springer

time complexity to consider the multiple diagonal intersec-
tions to obtain the minimum expected packet forwarding
delay. Besides, the irregular street model is also develop-
ing as a new DIR protocol. Moreover, future work involves
developing a diagonal-intersection-based multicast proto-
col which supports applications of multiple destinations in
VANETS.
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