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Abstract—Vehicular ad hoc networks (VANETS) present
a multilevel feature when vehicles move in multilevel
scenarios, such as viaducts, tunnels and ramps. Different
from the city and highway scenarios, the complicated node
distribution and transmission condition make the routing
decision more challenging in the multilevel environment.
To address the issue, this paper investigates geographic
routing protocols for the multilevel scenario of VANETS.
We first reveal the impacts of the multilevel feature
on network characteristics by an outdoor transmission
experiment and a stochastic analysis. In particular, the
measured data and analysis results show that the wireless
transmission range dramatically degrades, which deteri-
orates the connectivity probability and the performance
of geographic routing protocols in the network. Motivated
by the above results, we propose a Multilevel scenario
oriented Greedy Opportunity Routing protocol (M-GOR).
In the protocol, we present a calculation method for
the connectivity probability, and a greedy opportunity
forwarding algorithm to respond the impacts of the mul-
tilevel structure. Both the analysis and simulation results
demonstrate benefits of M-GOR in terms of the average
hop count and delivery ratio.

Index Terms—VANET, multilevel, routing.

I. INTRODUCTION

Vehicular ad hoc networks (VANETS) facilitate a
variety of attractive applications related to safety (e.g.,
collision detection and warning) and infotainment (e.g.,
information sharing and mobile office). The potential
market value motivates the rapid development of new
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communication technologies [1]. Among all, the routing
protocol is one of the most crucial technologies due to
its responsibility for the route selection [2].

Originally, noteworthy pioneering works [3] [4] have
laid the foundation that using the greedy forwarding (GF)
algorithm for the routing decision in VANETS. Recently,
lots of efforts are devoted to dealing with the challenges
posed by special scenarios, such as the city [5] and
highway scenarios [6]. Then, some notable achievements
are motivated [7]. However, besides the two scenarios,
the multilevel structure becomes increasingly popular
due to its effectiveness on the land use. The structure
contains viaducts, tunnels and ramps, which attracts not
only counties with limited land resources but also coun-
tries with abundant land resources. Therefore, the high
quality routing protocol is necessary for the multilevel
scenario due to the popularity. However, the existence of
the multilevel structure makes the node distribution more
complicated, which induces new problems to routing.

Firstly, the node distribution becomes more compli-
cated, because vehicles are on different road levels. Thus,
two communication modes are induced, i.e., the intra-
level and inter-level communications. The intra-level
communication occurs if the transmitter and receiver
are on the same level, while the inter-level communi-
cation occurs if the two nodes are on different levels.
In particular, the channel quality gets worse due to
more serious path loss and interference induced by the
multilevel structure, which leads to a degradation of
the transmission range in the inter-level communication
[8] [9]. Then, the degradation potentially influences the
routing performance [10]. Secondly, the connectivity
probability [11] depends on the transmission range and
node distribution in the network [12]. It reduces with
the transmission degradation in the multilevel VANET,
which then influences the routing performance. Thirdly,
the relay is selected in the relay selection region (RSR)
that is the available neighbor set of the transmitter (as
shown in Fig. 1) [10]. However, RSR contains two
kinds of nodes in the multilevel VANET, i.e., the intra-
level neighbor and inter-level neighbor. The intra-level
neighbor indicates the neighbor locating on the same



level with the transmitter, while the inter-level neighbor
is the neighbor locating on different levels respecting to
the transmitter. The relay selection needs a balance when
the inter-level neighbor has the furthest routing progress
and the intra-level neighbor has better quality of channel.
For instance, the inter-level neighbor of S1 (i.e., node A
in Fig. 1) has the furthest routing progress, because the
distance between A and S1 is longer than the distance
between S1 and B, where B is an intra-level neighbor
of S1. Conversely, B has good channel quality without
obstacles. This makes the routing decision more difficult.

All above problems make the existing system model
and mobility model inapplicable, and routing more dif-
ficult. However, the research of the routing protocol in
the multilevel VANET is rarely involved [13]. To address
the issue, this paper investigates routing protocols for the
multilevel scenario in VANETSs. We first build the system
model according to the real traffic system. Based on the
model, an outdoor transmission experiment is introduced
and closed-form equations are derived, which reveal the
impacts of the multilevel structure. In particular, we
present three important results in the multilevel VANET.
(1) The transmission range dramatically degrades in the
inter-level communication. (2) The connectivity prob-
ability reduces compared with the value without the
transmission degradation. (3) The traditional geographic
routing protocol deteriorates in terms of the average
hop and delivery ratio. Motivated by the above results,
we propose a Multilevel scenario oriented Greedy Op-
portunity Routing protocol (M-GOR). In the protocol,
we present a calculation method of the connectivity
probability for the direction selection at the intersection,
and a greedy opportunity forwarding algorithm for the
relay selection on the road segment. In the end, we
execute simulations on the network layer and system
level. Both analysis and simulation results show benefits
of M-GOR in the multilevel vehicular network. The main
contributions of the paper are summarized as follows.

e By an outdoor transmission experiment and a
stochastic analysis, we reveal that the existence
of the multilevel scenario causes dramatic degra-
dations in the wireless transmission range and
connectivity probability, which then deteriorate the
performance of geographic routing protocols.

e We propose M-GOR for routing in the multilevel
VANET. In particular, a calculation method for the
connectivity probability and a greedy opportunity
forwarding algorithm are presented in the protocol.

o We conduct simulations from both the network layer
and system level. Specifically, the proposed M-GOR
and two existing protocols are simulated by the

network simulator NS-2.34. Results show that M-
GOR performs well in multilevel VANETsS.

The remainder of the paper is organized as follows.
We describe the related work and motivation in Section
II. We build the system model according to the real
multilevel structure in Section III. Section IV describes
the impacts of the multilevel scenario on VANETS.
In Section V, we propose M-GOR for the multilevel
VANET, and analyze its performance. We make simu-
lations in Section VI. In the end, we conclude the paper.

II. RELATED WORK AND MOTIVATIONS
A. Related Work

Routing enables a message to pass from the source to
destination, which is a key feature of wireless networks.
In VANETsS, different types of routing protocols are pro-
posed to deal with challenges in vehicular environments,
which are ad hoc, geographic, cluster based, broadcast
and geocast routing [14]. Among all, the geographic
routing protocol is one of the most attractive routing
technologies for VANETS.

In the protocol, a node makes the routing decision only
depending on its local location information. Utilizing
the GPS device, hello scheme [15] and location service
system [16], any node can obtain locations of itself, its
neighbors and the destination. Without the route con-
struction and maintenance phases, the geographic routing
protocol is suitable and widely adopted in VANETS.
The pioneering achievement is GPSR [3]. In this work,
Karp and Kung use the GF algorithm to select the
next relay. The transmitter transmits the packet to the
neighbor that is geographically closest to the destination.
However, the complex traffic environment contains dif-
ferent terrains, such as the city and highway, which pose
separate challenges to routing protocols in VANETsS.
Intersections place a unique challenge to routing in the
city vehicular network [17]. The highway environment
induces a serious issue of intermittent connection [18].
Later on, new studies are developed for these spe-
cial scenarios. Focusing on the serious intermittently
connected problem, Wisitpongphan et al. [19] develop
a linear analysis framework to discuss the network
characteristics in the highway VANET. For the single-
hop communication, Abboud and Zhuang [20] make
analysis on the link characteristics, while Luan et al.
[18] discuss the integrity-oriented content transmission.
In [21], authors use the prediction algorithm to deal
with the intermittent connectivity problem in multi-hop
communication. In the city VANET, noteworthy works
make the routing decision at the intersection and on
the road segment separately to circumvent the challenge
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Fig. 1. TIllustration of the multilevel scenario.

placed by the intersection. These works include greedy
perimeter coordinator routing (GPCR) [4], connectivity-
aware routing (CAR) and its improved versions[22-24],
static-node-assisted adaptive data dissemination protocol
(SADV) [25] and back-bone-assisted hop greedy routing
(BAHG) [17]. In the type of protocols, the packet is
transmitted along the road segment by GF algorithm
hop by hop. The transmitter will choose the next trans-
mission direction/segment based on the distance or the
connectivity probability at the intersection. The issue of
intermittent connectivity also exists in the city VANET.
To address the issue, protocols, such as greedy traf-
fic aware routing protocol (GyTAR) [26] and vehicle-
assisted data delivery (VADD) [27], utilize the carry and
forward algorithm, in which the transmitter will carry
the packet by itself if it cannot find an available neighbor
for delivery. In addition, the methods of mobility-aware
[28] and multipath [29] are also introduced to address
the issue.

However, almost all geographic routing protocols are
designed for 2D scenarios containing the city and high-
way [30] [31], while the issue of routing is rarely
involved in 3D scenarios, such as the multilevel VANET
[32]. In 2013, Lin et al. [13] propose a three-dimensional
routing protocol for the multilevel VANET. However, the
protocol defines that only the intra-level neighbor of the
transmitter can be selected as the next relay, although
it might be an improper relay. Furthermore, both the
calculation method of the connectivity probability and
the intermittently connected problem are not addressed.

B. Motivation

Intuitively, a degradation of the wireless transmission
range should exist due to more complicated node dis-
tribution, more serious signal fading and worse channel
quality in the multilevel scenario. Based on the degra-
dation, the connectivity first has a reduction. Therefore,

TABLE I
MAJOR NOTIONS
i Node density of traffic lane Lane;.
Vi The jth vehicle on Lane;.
Sij Spacing between node V; ;1 and V; ;.
R Transmission range of intra-level communication.
R Transmission range of inter-level communication.
0 Degradation rate of transmission range § = R/ R.
Spacing between the reference node and its nearest
X Near .
intra-level node.
Spacing between the reference node and its nearest
YN ear .
inter-level node.
X; The ¢th one-hop progress when routing on Lane;.
Y: The ¢th one-hop progress when routing on Lanes.
Niap] | The number of node in the range [a,b] on Lane;.
la Coordinate of node A.
A ID of node A.
Da B Distance between node A and node B.
Clideal Probability without available neighbors when § = 0.
Clreal Probability without available neighbors when § # 0.
The probability of hop increase caused by the inter-
PGRIPTh | jovel delivery in GF/GOF.
The probability of delivery decrease caused by the
pGalpra inter-level delivery in GF/GOF.

geographic routing protocols suffer the influences of the
poor routing decision at the intersection.

Moreover, the GF algorithm has a predominant posi-
tion in routing protocols of VANETS. In the algorithm,
the transmitter selects the neighbor who makes the
longest progress towards the destination as the relay.
However, the chosen node might be a bad relay in the
multilevel VANET, if the node is an inter-level neighbor
of the transmitter. Then, the bad relay induces the issues
of hop count increase and delivery ratio decrease. We
can give two instances as follows.

Scene 1 depicts the issue of hop increase in Fig. 1.
The transmitter S7 has two neighbors, i.e., the inter-level
neighbor A and intra-level neighbor B. Depending on
the GF algorithm, S; selects its furthest neighbor A as
the relay. Then, the packet arrives at the destination D
along path S; — A— C — E — D; with 4 hops. However,
node B can touch a better node E directly, because the
intra-level communication has longer transmission range.
The route Sy — B — E — D just needs 3 hops. Hence,
the GF algorithm potentially causes a higher hop count
due to the existence of two kinds of neighbors in the
multilevel VANET.

Scene 2 indicates the issue of delivery ratio decrease.
The transmitter So delivers the packet to its inter-level
neighbor GG based on the GF algorithm. Then, G will
drop the packet without available neighbors. However,
the performance will be better if S originally transmits
the packet to its intra-level neighbor F'. Therefore, the
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Fig. 2. The system model.

GF algorithm potentially induces a decrease on the
delivery ratio in the multilevel VANET, because a bad
inter-level neighbor is selected as the relay.

In the following, we will give our system model and
prove the issues theoretically.

ITII. SYSTEM MODEL AND PROBLEM STATEMENT

In the section, we define notations, the problem state-
ment and system model. Without loss of generality (W.
L. O. G.), we consider a multilevel VANET composed of
vehicles that are distributed in a two-level street. Major
notions used in this paper are summarized in Table I.

A. System Model

The two-level scenario is extracted based on realistic
traffic environments. Based on the scenario, our model is
extracted as shown in Fig. 2. Two traffic flows exist in the
model, where Lane; is on the lower-level and Lanes is
on the upper-level. The two flows are independent from
each other. The width of the street is much smaller than
the transmission range such that the road can be taken
as linear [18]. We number the jth node on Lane; by
Vij» where j is an integer. W. L. O. G., we build a
one-dimensional coordinate axis along the direction of
the traffic flow with node Vi g as the reference. Drivers
tend to maintain a constant spacing with their leader
based on the car-following regime [33] [34]. Thus, we
assume all vehicles have the same velocity v; on Lane;.
The Poisson point process is used to model the node
distribution. Let the inter-vehicle spacing between the
node V; ;1 and V;; be S; ;. Then, the sequence {S; ;}
is i.i.d. and S; ; follows the exponential distribution with
density A; [18].

The communication model comes from [35]. A pair
of vehicles can communicate if the distance between
them is smaller than the transmission range. We de-
fine the transmission range by the horizontal distance
between the transmitter and the receiver. However, two
kinds of communications exist in the network. Let the

range of intra-level transmission be 12 and the inter-level
range be R'. Thus, two node can communicate with each
other if and only if the horizontal distance between them
is smaller than R when they are on the same-level, or
smaller than R when they are on different levels.

B. Problem Statement

The node distribution, communication mode and RSR
all change in the multilevel VANET. These variations
might impact the performance of geographic routing
protocols which depends on the connectivity probability
and GF algorithm. In this paper, we try to prove and
response the impacts. In particular, we are interested in
answering the following four questions.

Problem 1. Both the intra-level communication and
the inter-level communication exist in the multilevel
VANET. However, what is the relation of the two trans-
mission ranges in the two communications? We can
answer the question by comparing values of R and R’.

Problem 2. The network connectivity probability is
described by the probability that a node cannot find an
available neighbor. Then, does the multilevel structure
have impact on the connectivity? Let the probability
be Cjgeqr Without considering the transmission range
degradation (i.e., R’ = R). The probability is C..,; when
we consider the degradation (i.e., R’ < R). The question
equals to find the relation of Cjgeq; and Chreq;.

Problem 3. Given the distance between the source
and destination, the average hop is the average hops
that a packet travels from its source to the destination.
The delivery ratio is the ratio between the number
of successfully received packets and the total number
of packets. Compared with 2D VANETSs, what is the
variation of the two metrics on the GF algorithm in
the multilevel VANET? Let the probability of the hop
increase caused by GF be pgp, and the probability of
the delivery ratio decrease be pgy. We try to solve the
problem by derive expressions for pgp and paq.

Problem 4. Can we handle these impacts on geo-
graphic routing protocols, if all above three questions
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have negative answers in the multilevel VANET?

IV. IMPACTS OF THE MULTILEVEL STRUCTURE

This section concerns the first three problems. We
execute an outdoor transmission experiment to measure
the two transmission ranges for the first problem. Fur-
thermore, we focus on problem 2 and 3, and make a
stochastic analysis for the performance of the existing
geographic routing protocol.

A. On Transmission Range

We execute the transmission experiment [32] on
Taibai Interchange in Xi’an with latitude and longitude
(34.23325,108.92213). Fig. 3 shows a snapshot of the
experiment environment. The interchange is a three-level
interchange. Respecting to the lowest level, heights of the
two upper levels are 6 meters and 10 meters respectively.

Composed of a laptop, a GPS device and a high power
WiFi module, the sender delivers packets continuously
during the experiment. In addition to the same equip-
ments of the sender, the receiver use a N9912A FieldFox
handhold BF combination analyzer to detect the received
power. We measure the distance between the receiver and
the sender when they can normally communicate (Rp),
as well as the distance that the two nodes can connect to
each other but can not realize the normal communication
(Rc). We test the two distances in three scenarios and on
two frequency bands, i.e., 2.4G and 5.9G. The statistical
average results are shown in Table II.

The first scenario is a 2D scenario, in which both the
sender and receiver are on the same level. Only the intra-
level communication occurs in the scenario. Test results
are shown in the third and fourth rows. In the 3D(6m)
scenario, the two nodes are on the lowest level and
middle level respectively, while they are on the lowest
level and highest one separately in the 3D(10m) scenario.

TABLE 11

TEST RESULTS OF THE TRANSMISSION RANGE
Scenario | Type 246 59G

P¢ "Data [ 5(%) | Data | 5(%)

D Rowa | 144 - 139.5 -
Reom | 20205 | - | 179.18 | -

Rowa | 8975 | 623 | 515 | 369

D6m) T 146 | 723 | 965 | 530
Rowa | 1625 | 11.3 5 36

3DAMm) e 5545 | 25 383 | 214

The two 3D scenarios represent the case of the inter-level
communication, whose results are given in the last four
rows. In case of 5.9G, we compare results in 2D and
two 3D scenarios. Taken results in the 2D scenario as
references, the value of Rp is reduced by 60% in case
of 3D(6m) and up to 90% in case of 3D(10m). This is
because larger fading, path loss, noise and interference
exist in inter-level communication. We get that the inter-
level transmission range is much smaller than the intra-
level communication range. The transmission range in
3D(6m) is bigger than that in 3D(10m), which means
that the higher the inter-level spacing is, the higher the
degradation of the inter-level transmission range is. In
case of 2.4G, similar results can be concluded.

In particular, the transmission range dramatically
changes with the highly dynamic traffic flow [9]. It
makes channel modeling extremely complicated. How-
ever, this is out of our scope. Our experiments have
revealed the existence and severity of the transmission
range degradation. Therefore, we assume that the two
transmission ranges follow R’ = R in this paper, where
0 is the transmission range degradation and satisfies
0<d< 1

B. On Connectivity Probability

The connectivity probability is an important factor for
the direction selection in geographic routing protocol.
The wrong evaluation of the probability leads to a reduc-
tion of the routing performance. In this Section, we de-
duce closed-form expressions for Cjgeq; and Cpeqy, Which
can reveal the variation of the connectivity probability in
the multilevel VANET. According to the definition, the
connectivity probability depends on the spacing between
the reference node and its nearest node. Thus, it can
be calculated if we have the distribution of the spacing.
However, a node potentially has two kinds of neighbors
in the network. It results in two kinds of spacings, which
can be portrayed by the following lemma.

Lemma 1. In the multilevel VANET, let the inter-vehicle
spacing be exponentially distributed with the parameter



A on Laney and o on Lanes respectively. Let R’ =
OR, where 0 < 6 < 1. Then, we have
(i) the CDF of the spacing between the reference node
and its nearest intra-level node (i.e., X neqr) s given by
-z

Fxy. () =1—e"" 2 €(0,00), (1)

(ii) and the CDF of the spacing between the reference
and its nearest inter-level node (i.e., Yneqr) is given by
Py, (y)=1- e MY — \yyFi (=X2y), y€ (0,00). (2)

Proof. (i) Immediately by the definition.

(i1) Vo0 and V5 1 are the nearest inter-level nodes of the
reference V1 o. Thus, V7 o can be seen as a node randomly
distributed between V5o and V51 along the coordinate
axis. The horizontal distance between V7 and V51 is
YNear, Which uniformly distributes in (0, .S21). Thus,
the CDF of Yjeqr is given by

FYNea,r (y) =Pr {YNear < y}
= / Pr{Ynear <y |52,1 = S}f52’1 (s)ds
v ) 3)
= / Aoe % ds + / Zge 2% ds
=1—e Y — \yFi(=Xay), y € (0,00).
O

After deducing Xpneqr and Yyeqr, we can evaluate
Cidear and Cl.qq;. Without considering the transmission
degradation (§ = 1), the connectivity is portrayed by
Clideal, Where

Cideal = (1 - FXNear (R)) (1 - FYNear (R))
=e M (e £ \REi (-\2R)).

Taking the transmission degradation into consideration
(0 < § < 1), the connectivity is changed to

Creat = (1 = Fxy.,,, (R)) (1 = Fy,,,, (R))
=e M (e 4 MR'Ei (-\R)).
Furthermore, we have their difference by
Creal — ® (Fyy.., (R) = Fy,.,, (R'))
=e " (R-FR) fyy... (0),

“4)

®)

-
Cideal =e ™

(0)
in which fy,,_., (0) is the PDF of Yy, and 6 € (R, R).
Consequently, we have Creqr > Cigeal, as well as a
lower bound e % (1 — §) (=X\aREi (—A\2R)) for the
difference. Thus, the probability that a node cannot find
an available neighbor grows if we consider the transmis-
sion range degradation. In other words, the degradation
deteriorates the network connectivity. This remains us
that the calculation method of connectivity probability
should be reconsidered for geographic routing protocols
in the multilevel VANET.

C. On GF Algorithm

The impacts of the multilevel structure on the GF
algorithm are analyzed in this part. In particular, we
calculate the probability of hop count increase (pgy) and
delivery ratio decrease (pgq) to portray the variation of
GF’s performance. We denote the ith one-hop progress
by a random variable X; for the route on Lane;, while
Y; depicts the jth one-hop progress for the route on
Lanes, where ¢ and j are positive integers. We first
need three important spacings, i.e., X1, Y7 and Xs, for
analyzing the GF algorithm. For convenience, we replace
X1, Y7 and Xy with X, Y and Z respectively.

Lemma 2. In the multilevel VANET, let the inter-vehicle
spacing be exponentially distributed with the parameter
M1 on Laney and \o on Laney respectively. Let R =
OR, where 0 < 6 < 1. Then, we have

(i) the CDF of the spacing between the reference node
and its furthest intra-level neighbor (i.e., X ) is given by

e~ MR (e>\1$ - 1)

FX(J}): 1 _ e MR )

(N

(ii) the CDF of the spacing between the reference node
and its furthest inter-level neighbor (i.e., Y ) is given by

D) (1

1—e 2R

eV — My Ei (—Agy))
— MR Ei (=R ’
(®)
(iii) and the CDF of the 2nd one-hop progress on Lane;
(i.e., Z) is described by

Fy (y) =

)\1 (Z—R) _ e—)\lx

e

Fzix (z|z) = )

1—e Mz 7

where z € (0,R), y € (O,R'> and z € (R — z, R).

Proof. (i) We portray the routing process of the GF
algorithm by a renewal process, because distributions of
inter-vehicle spacings are positive, independent, identi-
cally distributed, random variables. Let the number of
the reference node’s intra-level neighbors be N, where
N is a nonnegative integer. Then, the value of X is

N N-1
equal to X = ES“. We have Z S1, < X <R

and Z S1i > R. Let Nj[qp be the number of nodes

in the 1 range [a,b] on Lane;. Then, we can calculate the
CDF of X by



N_ N+1
=Pr ZSlzgx,ZSU>R|m<R>

i=1

(10)

(i1) Assume the reference node has M inter-level
neighbors, where M is a nonnegative integer. Then, the
distance between the reference and ]i\}[s furthest inter-

level neighbor is given by Y = Z Sai. We have

Z So; <Y < R and Z Sa; > R. Thus, we can
get the CDF of Y by .

Py (y) =Pr{Y <y}
M+1
{252]<y ZSQJ>R ‘y<R}

Y M1
fOfYn {2521<y—s ZSQJ>R_Sy<R}d

Jj=2
Pr{y, <R}

2 v () i Pr{Zyy—s=m—1}Pr {22 [vsr] = 0} ds
m=1 ’ ’

1-Pr{Y¥, >R}

1—e 2R _)\REi (—22R")

foy Iy, (s

e—AQ (R/fy) (1 — e 2V — \yFi (—/\22/)) !
= 7 Y€ (07 " :| ’
1 — e 22k MR Bi (—XoR)

an

(iii) In the GF algorithm, the relay is selected one
by one. Therefore, the [th relay depends on the (I — 1)th
relay. Assume the first relay has K neighbors on Lane;.
Given the first one-hop progress on Lane; is X, the
conditional distribution of the second one-hop progress
on the same level Z can be calculated by

FZ\X (Z|£U) =

N+K N+K+1
—Pr(Z Sip<z Y Sl,j>RR—x<z§R>

j=N+1 j=N+1

Pr(Z<z|X=ux)

_ Pr(Nirats = K) Pr(Nipieoim =0)
Pr (Ny (gatr) #0)

i QE=Rtz)* o —di (= Fta) = r (R=2)
k=1

1 —e M1z
6)\1(27R) _ e*)\lz

R B v z€ (R—z,R].

12)

O]

Based on Lemma 2, we can immediately get the PDF
of X and Y, and the conditional PDF of Z. Before
evaluating the performance of GF, we need define two
useful functions. Define the function ¢ (u) by

p(u)y=1—e"—ue ™, u>0. (13)
Define the function ¢ (u,v) by
oluv)=1—e"—ue "’ v>u>0. (14)

Then, we have the property that ¢ (u,v) = ¢ (u) +
u(e ™ —e™ ) >0.

1) On Hop Count: Compared with 2D VANETS, the
GF algorithm shows a higher hop count with a prob-
ability in the multilevel VANET. We can theoretically
analyze the probability by Theorem 1.

Theorem 1. Compared with 2D VANETsS, the hop in-
crease probability of the GF algorithm induced by the
multilevel structure (denoted by pgyp) is given by

Pr {Xz > YQ,Yl > Xl}
PI‘{Yl > Xl}

PGh = >0, (15)

where Pr{Xy > Y5,Y] > X1} is given by

Pr {XQ > YQ,Yl > Xl}
=Pr{R < 2R} (BE[eMV ¢ ((\ + X)) Y)Y <AR]
+ 86 (M +A2) AR) E [NV |Y > AR])

+Pr{R>2R}BE [NV ¢ ((\ +A) V)],
(16)

Pr {Yl > Xl} - E[FX (Y)]’ ﬁ
and o = e*/\lR/(l 67’\1R)-

Proof. See appendices A. O

= a(A/(M + M)



2) On Delivery Ratio: In Section II, we have given
a instance that the delivery ratio of the GF algorithm
reduces in the multilevel VANET. To reveal the severity,
we calculate the probability of the delivery decrease
probability by theorem 2.

Theorem 2. Compared with 2D VANETs, the delivery
ratio decrease probability of the GF algorithm induced
by the multilevel structure (denoted by pcg) is given by
o PI‘{XQ 75 0, =0,Y; > Xl}
Ped = Pr {Yl > Xl}
where Pr{Xs #0,Y>=0,Y; > X1} is given by the
following expression

>0, (17)

PI‘{XQ #075/2 :O,Yl > Xl}
=Pr{R<2R} (ac 2" E [e“l‘myqs Y)Y < AR]
+ aeM DG VAR E [¢ 7Y |V > AR])

+Pr{R> 2R} ae AR E [{M Y6 (0 v)]
(18)

Proof. See appendices B. O

The real data measured in our outdoor transmission
experiment shows that the wireless transmission range
has a degradation in the inter-level communication.
Consequently, the degradation induces the deduction of
the network connectivity, which impacts the direction
selection at the intersection. Meanwhile, Theorem1 and
2 prove that the GF algorithm presents the issues of hop
count increase and delivery ratio decrease in the mul-
tilevel VANET, which influences the forwarding on the
road segment. Therefore, geographic routing protocols
have performance degradations in the multilevel VANET.
To address the issue, we give a solution in Section V.

V. THE PROPOSED M-GOR

Motivated by the above results, we propose M-GOR
for the multilevel VANET. In this section, we first
give the details of the proposed protocol. Following the
description, we analyze the issues of the hop count and
delivery ratio for M-GOR.

A. The Proposed Protocol

We make the following assumptions in M-GOR. Lo-
cation information is necessary for the routing decision,
which is provided by GPS devices. The hello scheme
and location management system are used for obtaining
locations of neighbors and the destination [24]. All vehi-
cles are equipped with preloaded digital maps providing
the street-level map and traffic flow statistics, such as the

Algorithm 1 M-GOR
1: Input: Source and destination
2: Source initializes the routing process and inserts
necessary information into the packet

3: Transmitter;g = Source;q

4: hop =1

5: repeat

6:  if Transmitter touches destination by 1 hop then
7 Transmit the packet to destination

8: Relaypop,ia = Destination;q

o: Transmitter;qg = Relaynop,id

10:  else

11: if Transmitter is at an intersection then

12: Enter the Intersection Mode

13: Calculate weights for connecting segments
14: Select a segment with the smallest weight
15: end if

16: Enter the Segment Mode

17: if Transmitter has available neighbors then
18: Using GOF to select the relay Relaypop
19: else if Within the packet lifetime then
20: Transmitter carries the packet until it meets

an available neighbor Relaypop

21: else
22: Drop the packet
23: end if
24: Transmit the packet to Relaypop
25: Transmitter;q = Relaynop id
26: + + hop
27:  end if

28: until T'ransmitter;y = Destination;q
29: Output: {Source;q} U {Realy; ;4,7 =1, ..., hop}

traffic density and traffic signal schedule. The source is
on Lane;.

The multilevel structure locates between the city and
highway, which suffers both the issue of intermittent
connection and the impact of the intersection. As a
routing for the scenario, M-GOR considers the routing
decision at the intersection and on the road segment sepa-
rately to circumvent the unique challenge placed by the
intersection. Therefore, two forwarding modes exist in
the proposed protocol. A new calculation method for the
connectivity probability is designed in the intersection
mode, while we present a greedy opportunity forwarding
(GOF) algorithm for the relay selection on the road seg-
ment. In particular, to deal with the issue of intermittent
connection, we adopt the carry-and-forward algorithm
when the transmitter has no available neighbors.

The process of M-GOR is shown in Algorithm 1. In
the protocol, a source node initializes the process for a



packet delivery. For a transmitter, it checks its location
for the first step. The intersection mode occurs when
the transmitter locates on intersections. Depending on
the location of itself and the destination, the transmitter
chooses one direction for the delivery. Then, it turns to
the segment mode for forwarding. The segment mode
is used if the transmitter locates on road segments.
According to the proposed GOF algorithm, the packet is
transmitted hop by hop on the chosen direction. In par-
ticular, if there is no available neighbor, the transmitter
will carry the packet until it touches an available relay.
The process is repeated until the destination receives the
packet. The details of the two modes are described as
follows.

1) Intersection Mode: The intersection mode occurs
if the transmitter joins an intersection. The transmitter
will calculate weights for all connecting road segments
and choose one with the smallest weight to transmit the
packet. We consider both the distance and connectivity
probability for the calculation. The weight is calculated
based on the following equation [26]

(19)

w = ﬁDsegment,destination + (]- - H) Crealv

in which Dgegment destination depicts the distance be-
tween the segment and destination, C,..4; is the defined
connectivity probability of the segment, and 0 < k < 1
is the weight factor. However, considering the impacts
of the multilevel structure, we define the distance by 3D
Euclidean distance in M-GOR. Particularly, we calculate
the connectivity probability based on Eq. 5.

2) Segment Mode: The segment mode always follows
the intersection mode. In this mode, we present a GOF
algorithm to select the next hop. The motivation of M-
GOR s to increase the transmission opportunity of intra-
level neighbors of the transmitter as much as possible.
The transmitter is aware of all neighbors’ locations by
the hello scheme. Let the furthest intra-level neighbor
be node Vj,;rq, While the furthest inter-level neighbor is
node V,.er. Let the distances between the current node
and the two kinds of neighbors be X; and Y respec-
tively. The furthest inter-level neighbor Vj,s, is chosen
as the next hop if and only if we have Y7 > X; 4+ o, in
()\1 — )\2) AR/)\l A1 > Ao

0 A < A
the packet is transmitted to node Vj,:,. In addition,
we use the carry-and-forward algorithm as the recovery
scheme if the transmitter has no valid neighbors. At this
time, the transmitter will carry the packet until it meets
an available node, or the lifetime of the packet exhausts.

which o = . Otherwize,

Algorithm 2 The algorithm of GOF
1: Input: Transmitter, its furthest intra-level neighbor
(Vintra) and its furthest inter-level neighbor (Vj,zer)

if Diransmitter,Viwer > Dtransmitter, Vi + 0 then
Vinter 1s the next relay

else
Vintra is the next relay

end if

QOutput: The next relay

N s

B. Theoretical Analysis of GOF

We give the theoretical analysis for the issues of
hop count increase and delivery ratio decrease of the
proposed GOF algorithm. By Lemma 2, we get the
PDF of the one-hop progress on both levels described
by fx (x) and fy (y). Given the first one-hop progress
X, we get the conditional PDF of the second one-hop
progress on Lane; by fzx (2). For comparison, we
analyze the same metrics for GOF with GF, i.e., the
variation of the hop count and delivery ratio. The two
values are portrayed by Theorem 3 and 4, respectively.

Theorem 3. Compared with 2D VANETs, the hop in-
crease probability of the GOF algorithm in the multilevel
VANET (denoted by pry,) is given by

B PF{X2>Y2,Y1 >X1+0}

PTh = Pr {Yl > X1+ U} ’ (20

in which

PI‘{X2 > }/Q,Yl > X, +0’}

=Pr{R <2R}B(E [ (¢((\1+X2)Y)

—p (0’ ()\1 + )\2) s ()\1 + )\2) Y)) |0' <Y < AR]

+ E[eM Y > AR] (¢ (M1 + X2) AR) 1)

—p (0 (A +A2), (A1 + A2) AR)))

+Pr{R > 2R} BE [N (6 ((\1 +A2)Y)

—p(e (M +X2), (M +X)Y))[o <Y < R,
and Pr{Y1 > X1+o}=FE[Fx (Y —o0)|Y > 0]
Proof. See appendices C. O

Theorem 4. Compared with 2D VANETs, the delivery
ratio decrease probability of the GOF algorithm in the
multilevel VANET (denoted by prq) is given by

CPr{Xs#0,Y=0,Y; > X1 + 0}
brd = PI“{Yl >X1+O‘} ’

(22)



Fig. 4. Connectivity V. S. Node density

where Pr{Xs #0,Y2 =0,Y; > X1 + o} is given by

Pr{Xs#0,Y2=0,Y; > X; + 0}

=Pr{R<2R}a (M E [ |y > AR]

X (¢ (MAR) — @ (0A1, M AR)) 4 e 222F

B [eM172Y (6 (\Y) — g (A, MY)) [0 < ¥ < AR])

+Pr{R>2R} ae AR [N (6 (\Y)

—p (oA, 1Y) o <Y < R'].

(23)

Proof. See appendices D. O

Consequently, we have pr;, < pgn and prq < pgd,
which means that the GOF algorithm provides better
performance in terms of the average hop count and
delivery ratio than the GF algorithm in the multilevel
VANET. Here, we have proved the effectiveness of the
proposed GOF algorithm theoretically. Then, we will
demonstrate the results by simulations.

VI. SIMULATION
A. Simulation Setup

To verify the analysis and performance of the pro-
posed protocol, we conduct two types of simulations.
First of all, we make Monte-Carlo simulations on the
network layer to verify analysis results. The simulation
environment is a two-level street which is similar to the
scenario in Fig. 2. Results are shown from Fig. 4 to
Fig.9. In addition, we conduct a system level simulation
for M-GOR on the network simulator NS-2.34 [36]. In
the simulation, GPCR [4] and GyTAR [26] are selected
for comparison, because they are two of the most famous
protocols and always chosen for comparison [37] [38].
The simulation is made in a 2500m x 1500m street
area, which covers 9 intersections and 2 viaducts. We
get the multilevel mobility model by modifying the IDM
model in mobility traces generator VanetMobiSim [39].
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Fig. 5. Connectivity V. S. Transmission degradation

The MAC layer protocol follows 802.11p. We define
R = 250m and R’ = 200m. The node number is varying
from 60 to 200, which means that the node density of
the multilevel network changes from 0.006 to 0.019.
Ten nodes are randomly selected as data sources. The
simulation time is 250s.

B. Results and Discussion

1) Performance Analysis on Network Layer: These
results are given from Fig. 4 to 9. In these figures, all
curves describe analysis results while markers depict
simulation results. All the six figures show that our
analysis results are in fact quite accurate.

In Fig. 4 and 5, we give the results for the connec-
tivity probability. We portray the connectivity by the
probability that a node cannot find a neighbor. The
probability is denoted by Cjgeq; (When 6 = 1) and
Chreal (When 0 < § < 1). Fig. 4 depicts the probability
varying with the node density when we fix R = 150
and R’ = 90. The results for \; = 0.001, \; = 0.005
and \; = 0.01 are described by the green, red and blue
lane respectively. C)..o; is much larger than Cjge,; in the
multilevel VANET. It means that the defined real connec-
tivity probability is larger than that without considering
the transmission degradation in the multilevel VANET.
According to the analysis, the difference of the proba-
bility is bigger than e~ % (1 — §) (~\oREi (—\2R)).
The reason is the transmission range has a degradation
in the network, which causes the reduction of RSR
and then impacts the connectivity probability. Thus, the
connectivity probability is overstated if the multilevel
feature is ignored. Then, the performance of the routing
decision is poor. Fig. 4 also reveals that the defined
connectivity probability increases with the node density.

Let A1 and Ay be 0.004. Then, we reveal the variation
of the connectivity probability caused by the transmis-
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sion degradation in Fig. 5. In spite of the variation of
R, C;geqr shows a constant value with fixed R. The
reason is that the calculation method of Cjg.; ignores the
transmission degradation. However, C)..,; decreases with
the degradation of the transmission range(that denoted by
d), which means that the defined connectivity probability
decreases with 0. When R = 100, the value of C,.y
decreases from 0.5 to 0.2. The value changed from 0.14
to 0.02 when R = 300. It shows that the real connectivity
probability are significantly impacted by §. Therefore,
we obtain that the existence of the multilevel structure
severely impacts the network connectivity.

The issues of hop increase for the available GF
algorithm and the proposed GOF algorithm are depicted
in Fig. 6 and 7. Let R be 150 and R’ be 90. Then,
the results for the probability of hop count increase are
given in Fig. 6. For A\; = 0.004, GOF has the same
value of the probability with GF when )5 increases. The
reason is that Ay varies from 0.004 to 0.04, which is
always smaller than \;. Thus, the node density of the
lower level is smaller than that of the upper level. Then,
the transmitter will select the neighbor who makes the
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longest progress as the next hop in the GOF algorithm,
which is same as the GF algorithm. When A\; = 0.01,
the value of GOF is smaller than the GF algorithm when
A2 < A1 = 0.01. This is because GOF selects the relay
who can find neighbors with high probability. When
A2 > A1 = 0.01, the results for the two algorithms
are the same. Furthermore, the value of GOF is always
smaller than the GF algorithm when \; = 0.04 > Xo.
The GOF always has better performance if the level of
the transmitter shows a higher node density.

Let A\; be 0.008 and A2 be 0.004. Then, we give the
results for the hop increase probability varying with the
transmission degradation in Fig. 7. In spite of the value
of R, the GOF algorithm provides a lower hop increase
probability than that of the GF algorithm. Moreover, all
results of the probability for the two algorithms first
increase and then decrease with §, which shows that we
can find upper bounds for the impacts of the transmission
degradation on both algorithms. These bounds can be
derived by Eq. 15 and Eq. 20.

The issues of delivery ratio decrease for the two
algorithms are depicted in Fig. 8§ and 9. Let R be 150 and
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R’ be 90. Then, we depict the probability of the delivery
ratio decrease varying with A9 in Fig. 8. For each case,
i.e., A1 = 0.004, 0.01 and 0.04, the probability of the GF
algorithm decreases with Ay. However, the value of GOF
is smaller than GF algorithm when A\; > \s. The values
of the two algorithms are the same when A\; < As. The
reason is that the GOF has advantage when the same
level of the transmitter has a higher node density than
other levels.

Let Ay be 0.008 and A2 be 0.004. Fig. 9 shows
the probability of the delivery ratio varying with the
degradation of the transmission range. In the figure, we
get that the probability first increases and then decreases
with § for both of the algorithms in spite of the value
of R. This means that the issue of the delivery ratio
decrease is the most serious when the transmission range
has about a half degradation. With the same R, GOF
shows a smaller probability to drop a packet than the
greedy forwarding algorithm. It is coincide with the
analysis results.

2) Performance Analysis on System Level: In Fig. 10,
we give results for the average hop count from the system
simulation. Vertical lines represent the 95% confidence
intervals of the simulation. The proposed M-GOR has the
lowest hop count, which reveals M-GOR is more suitable
than GyTAR and GPCR in the multilevel VANET. For
each protocol, the higher the node density is, the lower
the average hop count is. The reason is that the selected
next-hop is coming closer to the transmission range
boundary of the current node with the increasing node
density. Thus, the hop count decreases. Fig. 10 reveals
that the multilevel structure has the least influence on
the hop count of M-GOR, which coincides with results
in Fig. 6 and Fig. 7.

Fig. 11 portrays results of the delivery ratio. We also
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Fig. 11. Delivery ratio V.S. node number.

give the 95% confidence interval using vertical lines. It
is observed in Fig. 12 that the delivery ratio of M-GOR
increases from 63.9% to 80.5% which is always higher
than GyTAR and GPCR. The reason is that M-GOR
can find a suitable route using the greedy opportunistic
forwarding algorithm in multilevel scenarios. With the
increasing node density, the connectivity probability of
the network is getting better. That is why the delivery
ratio of all protocols increases. The value of M-GOR
is the lowest, which means the influence of multilevel
scenarios on the delivery ratio of M-GOR is the least.
The results coincide with the theoretical results.

VII. CONCLUSION

This paper has investigated the geographic routing
protocol for the multilevel VANET. We have revealed
impacts of the multilevel structure by an outdoor trans-
mission experiment and a stochastic analysis. The mea-
sured data has indicated that the wireless transmis-
sion range showed a dramatic degradation in the inter-
level communication. Moreover, we have proved that
the connectivity probability decreased without consid-
ering the degradation in the multilevel VANET (at
least e % (1 —§) (—=\oREi(—A\2R)) in a two-level
VANET). In addition, the GF algorithm based routing
protocols suffer significant performance reductions in
terms of the hop count and delivery ratio. Motivated by
the above results, we have proposed M-GOR, in which
we have presented a new calculation method for the
connectivity probability and a GOF algorithm to respond
these impacts. Finally, we have conducted simulations
from both the network layer and system level. The results
have verified the accuracy of our analysis, and showed
that M-GOR gained up to 20% increase on the delivery
ratio and 10% decrease on the average hop count.

In future, we will do formula deviation for the hop,
delivery ratio and delay for routing protocols in the



multilevel VANET. Furthermore, we will consider the
issue of routing in more complex and common 3D
scenarios of VANETS.

APPENDIX A
PROOF OF THEOREM 1
We have

Pr{X: > Y2, Y1 > X1}

perh =Pr{Xo >Ys|V1 > X1} = Pr{Y, > X1}

(24)
It is easy to get the expression of Pr{Y; > X} by

Ry
Pr{Yi > X1} = / / Fr (v) Fx (@) dedy
R/
— [ h @ P ) dy = By (V).

To evaluate Pr {Xs > Y5,Y] > X}, it has three cases.
Case 1: Y > AR when R < 2R’. Then,

R’ y R
yZelx :/ / / Iy (y) fx (x)
AR Jy—AR Jy+R' —=z

X fz1x (2) (1= e M%) e W27 dpdpdy
R/
= [ fr(®eMBo (M +A2) AR) dy
AR
= B¢ (M +X2) AR)E [NV Y > AR].

(25)

(26)

Case 2: Y < AR when R < 2R’. Then,

pGha = /AR/ szy y) [x (2)fz1x (2)

—e Mz) Aa(ythR-a— Z)dzdxdy
AR
= fr () BV (M + A2) y) dy

0
=BE [V ¢ (M +X2)Y)[Y <AR].

27

Case 3: When R > 2R’, we have

pens — / / szy y) Fx (@) Fz1x (2)

—e A”5) e M2 WHR—T=2) g dady
R/

= Iy () BNV (M + A2) y) dy

0
=BE [MY ¢ (M + ) V)]

By submitting Eq. 25-28 to Eq. 24, Theorem 1 holds.

(28)

APPENDIX B
PROOF OF THEOREM 2

Since
paa =Pr{Xs #0,Y2 =0[Y1 > X1 }
C Pr{X,#0,Y2=0,Y; > X} (29)
- Pr{Yy; > X1} ’

there are three cases to get the value

PT{XQ#O Yo=0, >X1}
Case 1: Y > AR when R < 2R’. Then,

R/
Pous = // / fr @) fx (@) Fzx (2)
AR Jy—AR +R’

( _ Alm) )\2 y+R— R/) 7>‘1(y+R R)dzdmdy
R/
- fy (y) e Ve e ADAEE (N AR)dy
AR

= aeM ARG (M AR)E [V Y > AR].
Case 2: Y < AR when R < 2R’. Then,

AR y R
poar = / / [ @ @

X (1 - eikll’) eiAQ(erR*R/)dzdmdy
AR
= | Sy (e 2N TG (Ay)dy
0

:ae—AzARE[ (A1—=A2) ¢(A1Y)\Y<AR]

Case 3: When R > 2R’, we have

P = ///:Ify ) fx (@) fz1x (2)

1 —e )‘IT) e r2(vHR-F' )dzdxdy
R/
= [ fr(y)ee 28RN TA2E (3 y)dy
0
= ae AR [N Y6 ()]

of

(30)

(3D

(32)

By submitting Eq. 30-32 to Eq. 29, Theorem 2 holds.

APPENDIX C
PROOF OF THEOREM 3
We have
prn =Pr{Xo>Y2|Y1> X140}
Pr{X,>Ys, V1 > X1 +0}
- Pr{Y: > X1 +o}

(33)

It is easy to get the expression of Pr{Y; > X; + o}.

R’ y—o
Pr{v >X1+a}:/ / Iy (y) fx (z) dedy
o 0

[ morc-oa

(34)

To evaluate Pr{X, > Y2,Y; > X; + o}, there are

three cases.
Case 1: Y > AR when R < 2R’. Then,

pram = // /ﬁR/ fy ) fx (@) fz1x (2)

1—6 AII) —Ae(ytR-o— Z)dzdmdy
R/

= fr () eMYB (¢ (M + X2) AR)
AR

—@p (0 (M +A2), (A1 + A2) AR)) dy
=BE [V |Y > AR] (¢((M + X2) AR)
—p (o (M +A2), (M +X2) AR)).

(35)



Case 2: Y < AR when R < 2R’'. Then,

AR
— / / v &) fx @) fzx (2)

—e )\11) 7)\2(y+R z— Z>dZdZL'dy
AR

= fr (y) B (179 (M + A2) y)

o

—p (o (A +A2), (M +A2)y)) dy
=BE [eMY (¢((M +X2)Y)
—p(o (A +A2),(M+A2)Y)) o <Y <AR].

Case 3: When R > 2R’ we have

pThs/R// A xfy v) fx (@) F21x (2)

,)\lz) —Xo(y+R—z— Z>dZd.’,Udy

(36)

R’

= fr () B (M0 (A1 + A2) )

o

—@ (o (M +A2), (A1 + A2) y)) dy
=BE [MY (¢((M+X2)Y)
—p(oc (A +A2), (M +A2)Y)) o <Y <AR].
By submitting Eq. 34-37 to Eq. 33, Theorem 3 holds.

(37)

APPENDIX D
PROOF OF THEOREM 4
Since
pTd:PI‘{XQ #O,YQ :0’1/1 >X1+0}
B PI‘{XQ #£0,Y2=0,Y] > X3 —|—O’}
N Pr {Yl > X, + O‘} ’
the

(38)

there are three cases to get value of

PI‘{XQ#O Yo =0, Yi>X1—f—O’}
Case 1: Y > AR when R < 2R’. Then,

pm:/ /AR/M,_Tfy ) fx () F21x (2)
X

(176 A”3) —Xz(y+R- R/)ef)‘l(erR R)dzdxdy

= a1 AR (4 (N AR) — ¢ (6A1, M AR))

R/
x / e 2 fy (y)dy
AR

= e AR (4 (N AR) —
x E[e Y |Y > AR].

Case 2: Y < AR when R < 2R’. Then,

AR y—o R
- / / fr W) fx (@) fz1x (2)

X (1 - e_hz) e_’\2(y+R_Rl)dzdwdy
AR
fr () e(A1=A2)y
A (y—o) eﬂ\ly) dy
= ae AR [fMTY (¢ (0Y)
—p (oA, 1Y) |o <Y < AR].

(39)

¢ (A1, \1AR))

= qe M2AF (40)

o

X (eﬂ\“’ —e MY

Case 3: If R > 2R’, we have

pras = // / fr ) fx (@) faix (2)

( e”‘lz) efh(yﬂ? B )dzdmdy
—X2AR

(A —X2)y 41)

= e

f (y)e
X (e e MY _ )\ (y — o) e_Aly) dy
= ae M2ARE [e(*l‘my (6 (MY
—p (oA, MY)) o <Y < R'].

—A1o

By submitting Eq. 39-41 to Eq. 38, Theorem 4 holds.
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