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Abstract

In this paper we provide a novel performance evaluation methodology and
fair comparison of the most relevant MAC-network cross-layer proposals for
efficient geo-routing in the context of vehicular networks. In particular,
GeoNetworking, the standard European network layer protocol for vehicle-
to-vehicle (V2V) communications, proposes Contention-Based Forwarding
(CBF) as basic forwarding mechanism, which can be also implemented at
MAC layer in order to optimize its operation. A categorization and unified
formal description of different proposals for such contention-based mecha-
nisms is provided. We not only qualitatively discuss them, but also derive
a more precise mathematical description of the operation of the proposals.
Then we put forward a common framework for the analysis of their perfor-
mance in the critical scenario of emergency warning delivery. Interestingly,
with this model the performance metrics can be computed even when each
vehicle selects its contention slot in a different way, unlike other models.
This approach is validated by a thorough evaluation of the selected propos-
als in single-hop and multi-hop scenarios under ideal propagation conditions
with both the proposed model and simulations. Finally, these techniques are
also evaluated under more realistic fading conditions and compared with the
purely network-layer implementation of CBF.
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1. Introduction

Intervehicle communications based on wireless technologies pave the way
for innovative applications in traffic safety, driver-assistance, traffic control
and other advanced services which will make up future Intelligent Trans-
portation Systems (ITS) [1]. Communications for Vehicular Ad-Hoc Net-
works (VANETS) have been developed and standardized over the last years.
At the moment, a dedicated short range communication (DSRC) bandwidth
has been allocated to vehicular communications at 5.9 GHz and both Amer-
ican and European standards 2] have adopted IEEE 802.11p as the physical
and medium access control (MAC) layers, based on carrier-sense multiple
access with collision avoidance (CSMA/CA) [3].

At the network layer, European standards [4] specify the GeoNetworking
protocol as the default network layer protocol for vehicle-to-vehicle (V2V)
communications. It is a geo-routing protocol, that is, packet forwarding is
based on the geographical positions of the nodes. GeoNetworking supports
the communication among individual ITS stations as well as the distribution
of packets in geographical areas. As basic forwarding algorithms, the stan-
dard proposes Greedy Forwarding and Contention-Based Forwarding (CBF)
[5]. With the former the source selects the most distant known neighbor as
the next forwarder. With the latter, the packet is broadcast and each re-
ceiver station decides whether it becomes the next hop (forwarding router)
according to its position: Upon receiving a packet, all receivers start a timer
whose timeout depends on the specific position of the receiver, usually in-
versely proportional to the distance to the source. The major advantage of
CBEF is that it provides an implicit reliability mechanism in case the most
suitable forwarder does not receive the packet, which in highly dynamic en-
vironments, such as those of vehicular networks, is quite likely.

As defined by the standard, CBF is completely implemented at the net-
work layer. However, CBF might be also implemented directly at the MAC
layer, in order to optimize its operation. For instance, implementing CBF at
MAC layer should result in lower latency, since forwarding delay is removed
and only access delay counts. This is an example of cross-layer design, which
is widely used in vehicular networks [6]. Cross-layer design allows informa-
tion to be exchanged and shared across layer boundaries in order to enable
more efficient and robust protocols. Over the last years there have been a
number of such cross-layer proposals aimed at optimizing the operation of
geo-routing [7, 8| as well as general purpose MAC approaches which could
also be used quite effectively in this framework [9, 10].

In this paper we provide a comparative evaluation of the most relevant



MAC-network cross-layer proposals for efficient CBF geo-routing in the con-
text of vehicular networks. We focus on contention-based MAC mechanisms
for wireless nodes. The majority of them are based on the CSMA /CA mech-
anism, whose operation and performance can be controlled by several pa-
rameters, namely: contention window size, random and deterministic carrier
sense intervals as well as the probability distribution for the contention slots
selection. Overall, it results in multiple degrees of freedom to optimize the
medium access operation according to the most critical functionality offered
by the network. In particular, for vehicular networks, the most important
functionality is the delivery of geographically-addressed messages, which as
mentioned before is performed by the GeoNetworking protocol. In some
cases, this delivery might be critical, for instance, in safety-related applica-
tions which rely and are built on top of the functionality of the geo-routing
protocol. In that case, optimizing the operation of the MAC layer may be
a design requirement even independently of the network layer protocol. Not
only emergency messages benefit from optimized operation of the MAC layer,
but also more general-purpose applications, since all of them' work on top of
GeoNetworking. Therefore, the goal of the evaluated proposals is to optimize
the operation of the GeoNetworking protocol (in the network layer) by select-
ing appropriate MAC operation parameters. The increased complexity due
to cross-layer interaction is traded off with some benefit in performance, such
as an increase in the speed of packet advance, which could not be achieved in
a layer-independent approach. In summary, GeoNetworking isolated at the
network layer provides very limited room for optimization, apart from the
adjustment of the timer parameters. On the contrary, the cross-layer design
opens a variety of alternatives for the optimization of its performance, which
should result in the improvement of the service/applications which operate
on top of it.

We first briefly review and discuss both techniques specifically addressing
vehicular networks and general-purpose proposals, which can be adapted to
VANETs. Later we evaluate them, focusing on the most critical functionality,
that is, the delivery of emergency messages to a particular location in multi-
hop scenarios. This way we define a baseline scenario in order to provide
a comparison as fair as possible of the performance of different proposals
regarding the critical functionality.

L At least most of the Vehicle-to-Vehicle (V2V) applications, since the standard specifies
GeoNetworking as “a network layer protocol that provides packet routing in an ad hoc
network”. Vehicle-to-Infrastructure (V2I) applications might use different network layers.



The main contributions of this paper are thus the following:

e We provide a unified formal description of the discussed techniques
in terms of the form that takes both the random and/or deterministic
delays of the contention mechanism. Unlike previous works [11, 12, 13],
we do not only qualitatively describe the operation of the contention
mechanism, but also extract a more precise mathematical description
of it, which is later used in a common evaluation framework.

e We provide a common framework for the performance analysis of the
different techniques in the baseline scenario and define several metrics
of interest. That is, we perform a simplified stochastic analysis of the
proposals. The results are exact for one-hop scenarios and approxi-
mated, yet accurate enough, for multi-hop scenarios, as we shall show.
It makes it a useful numerical tool for a quick evaluation of new pro-
posals and mechanism variations, as we also illustrate with examples.
Moreover, it is specifically aimed at the case in which vehicles select
their contention slots in different ways, unlike other available models
[14, 15, 16, 17].

e The evaluated proposals have been also simulated to validate our re-
sults. We provide a thorough evaluation of the different proposals for
both ideal and realistic scenarios and compare them with the basic CBF
mechanism specified by the standard. Our results show that there is
little difference between them under realistic channel conditions, which
should be taken into account in the design of new proposals.

The remainder of this paper is structured as follows. Related work is
reviewed in Section 2. Section 3 provides a categorization and formal de-
scription of the selected mechanisms. In Section 4, after the description of
the reference scenario, an analytical model for the performance evaluation of
the selected protocols is developed, which is then used to provide a compar-
ative evaluation of the different techniques for the single-hop and multi-hop
cases. In Section 6 we exemplify the use of our model as a quick evaluation
tool for different combinations of the techniques. Realistic scenarios are in-
vestigated and discussed next in Section 7, including the evaluation of the
basic CBF protocol proposed by the standard. Concluding remarks are given
in Section 8.



2. Related Work

We can find in the literature a number of surveys categorizing different
routing protocols for VANETs [11, 12, 13]. Beyond that, in addition to
the categorization of routing protocols, in [18] and [19] the authors provide
a classification of intervehicle communication applications and examine the
suitability of different routing protocols to each application class. In general,
it is concluded that position-based routing and geo-casting are more effective
than other routing protocols for VANETSs. Several works [20, 21, 22] survey
this specific type of protocols. In particular, in [22] geo-routing protocols
are grouped into sender-based and receiver-based, being this last category in
which our evaluated proposals would fall.

On the other hand, a thorough survey and general overview of cross-
layer design for VANETS can be found in [6]. In this paper we focus on the
most relevant MAC-network cross-layer proposals in the context of vehicular
networks. To the best of our knowledge, there is no work specifically catego-
rizing cross-layer techniques based on the contention stage of the MAC layer
for efficient geo-routing in VANETSs. And in addition to the protocol classifi-
cation, we develop a common framework for the performance analysis of the
different protocols, which is also validated through simulation. The majority
of existing surveys merely describe qualitatively the different protocols and
only a few of them perform simulations for comparative purposes. However,
unlike our work, formal descriptions and analytical models for quick numer-
ical evaluation of the different proposals are rarely provided. In this latter
regard, different analytical models can be found in [14, 15, 16, 17|, but none
of them can be applied when each vehicle selects its contention time slot in
a different way.

3. Description of Proposals

In this section we categorize and describe MAC proposals which either
have been specifically proposed to be used to improve the operation of a
geo-routing protocol, such as GeoNetworking, or are general-purpose but
can be adapted conveniently for this context. The proposals are briefly de-
scribed qualitatively but their operation is also formally expressed in terms
of random and deterministic delays in a unified way. In the next subsec-
tion we discuss common operational aspects which we assume that hold for
all the proposals, establish the main assumptions and the basic notation
and compare them to the usual operation of the IEEE 802.11 Distributed



Coordination Function (DCF) [3]. We briefly describe the most representa-
tive at each category, which are the ones selected for comparison, and later
summarize all the mentioned proposals in Table 1.

3.1. Common Description of the Contention Mechanisms

From now on we assume that all vehicles use a basic carrier sense multiple
access with collision avoidance (CSMA/CA). A station with a new packet
to transmit first monitors the channel activity. If the channel is idle for a
given deterministic time interval, tp, the station transmits. Otherwise, if
the channel is sensed busy (either immediately or during ¢p), the station
keeps on listening to the channel until it is measured idle for tp. At this
point, the station generates a random backoff time interval, tp, before trans-
mitting. If the channel has been idle for the duration of the random interval,
the station transmits the packet. This basic operation coincides with IEEE
802.11 DCF. In that case, tp equals one of the defined interframe spaces,
usually the DCF Interframe Space (DIFS). In our description of the propos-
als, in order to facilitate a common analysis, we assume that both ¢p and
tr times are discretized, that is, that their values are an integer multiple of
some arbitrarily small time slot o, as is in fact defined in the standard [3].

In DCF, the duration of the slotted backoff time ¢z is uniformly chosen
in the range [0, CW], called the contention window (CW). The value of CW
for unicast packets is doubled every time an unsuccessful transmission oc-
curs. For broadcast packets, there is no acknowledgment or error recovery
procedure and so CW remains constant all the time. In fact, vehicular com-
munications are mainly broadcast in nature and all the proposals considered
here do not modify the window size as a result of an error. Moreover, unlike
DCF, we assume that the slots of tg can be chosen from arbitrary probabil-
ity distributions. Additionally, to achieve fairness and avoid channel capture
with DCF, the backoff time counter is decremented only when the channel is
sensed idle, and “frozen” when a transmission is detected on the channel. In
vehicular networks, the main goal of a CBF mechanism is to select the next
forwarder and, once a node has retransmitted a packet, the remaining nodes
cancel the pending packet. As as consequence, the backoff timer is reset, and
there is no timer suspension in practice. All the previous arguments allows
us to assume that a memoryless backoff procedure is in use.

To summarize, in the next subsections we categorize the collected proto-
cols according to the way they modify the standard backoff selection method
described above and select the channel sensing (contention) delay. To this
purpose, let us define the total contention delay ¢7,, which is an integer multi-
ple of a ¢ time slot and determines the exact time a node has to wait before



it is allowed to transmit a frame, that is, the time it founds the medium
idle. Then, t;, = tp + tg is the sum of two terms: a deterministic term, tp,
and a random one, tg, any of which can be zero in general. Therefore, the
protocols are classified according to the way tp and tr are selected.
Throughout the rest of the paper we use also the following notation: an
index v is used to identify a vehicle, the function dist(z,y) is the Euclidean
distance between two points, Ry, is the transmission range of a vehicle and
Ts, ¥4 and xz, define the position of the source, the destination and the
node v, respectively. Let us also remark that the time slot ¢ duration is
not shown in the equations to simplify notation, that is, ¢z, tp and tg
are dimensionless integers, even though sometimes are referred to as time
intervals in the discussions. To regain time, they should be multiplied by o.

3.2. Deterministic Strategies

First, we consider the approaches that use a pure deterministic delay.
This approach works well when the delay is selected according to some crite-
rion which makes it unique among the contending nodes. This technique is
usually implemented at the network layer, and, in a typical non cross-layer
design, it would operate on top of a standard MAC, such as 802.11, which
would add a random delay. Hence, it should be considered the baseline to
which compare the advantages of a cross-layer MAC-network design. Thus,
tp takes a deterministic value between t,,;, and a maximum forwarding de-
lay, tmaz, as a function of selected parameters. For each vehicle v within the
transmission range this waiting time is given by:

tD(v) = tmax (1 - F(U)) + tmina (1)

where F' is a function that quantifies the advantage obtained from a node
being the next forwarder. The selection of this function depends on the
particular application or the target objective of the broadcast process. F(v)
is usually a continuous function and therefore ¢tp takes a continuous value.
In a real implementation, it cannot actually take a continuous value, and
so nodes providing a similar advantage (near values of the function F') may
select an identical backoff value. As a consequence, a finer discretization
(in our notation, a shorter time slot) increases the efficiency of this method.
An advantage of implementing these techniques at the MAC layer is that
the delays might be potentially much shorter, but at the cost of a much
higher implementation complexity. Though several of these schemes have
been proposed in other contexts [23], we describe the main representative
examples for vehicular networks.



e CBF [5] and Role-Based [24]. CBF is one of the mechanisms spec-
ified for the GeoNetworking protocol [4]. Basically, in vehicular net-
works the delay is selected according to the distance from the source,
as originally described in [5], and may be refined with other vehicle
parameters [24], resulting in a typical advantage function

dist(xg,xq) — dist(zy,zq)
Rt:v ‘

F(v) = max {0, (2)
A clear disadvantage of this function is that it depends on the selected
value for the transmission range Ry, which is unknown and random
in real scenarios, and may result in performance degradation.

3.3. Random Strategies: Contention Window Modification

We now turn to purely MAC approaches. First, we describe approaches
that only employ the contention window range to adapt the channel access
mechanism to the intended goal. Vehicles dynamically establish a contention
range according to some classification criterion. Two main approaches can
be found, which differ essentially in whether the selected contention window
ranges can overlap.

3.3.1. Owerlapped Contention Windows Assignment

In this case, each vehicle v computes its individual value CW (v) as a
function of some given criterion. In fact, most of the proposals are varia-
tions of the basic CBF scheme with more refined utility functions, based on
multiple parameters. So, for each vehicle v the value of tg is selected from
a uniform distribution as:

tr(v) ~ U(0,CW(v)). (3)

In all cases under consideration, the deterministic term tp is also used
and given a constant value, usually a DIFS, except for the EDCA* proposal,
as we discuss later.

e Fast Broadcast [7]. This protocol was designed to reduce the time
required by a message to propagate from the source to the farthest
node in a certain strip-shaped area-of-interest, and it is based on a dis-
tributed mechanism for the estimation of the communication range of
mobile nodes, Ryz. The contention window for each vehicle is computed



based on its position in the estimated communication range using the
next formula:

CW(v) = [CWpin+ (4)
; x d t sy 4Lv
+ Rt ZAS (x a )(CWmaz - CWmln)Ja
tx

where CW 42 and CWs, are the maximum and minimum contention
window sizes. This is a variation of the basic CBF scheme discussed
earlier, but implemented at the MAC layer and refined with the esti-
mation procedure for the transmission range. This latter refinement
makes it suitable for a real deployment, but at the cost of increased
protocol overhead and complexity.

EDCA* [3]. Within this category of protocols we also include the
EDCA mechanism, used by the 802.11p standard [3], by which different
classes of frames can be given priority over another in their competition
to access the medium. It defines up to four access categories (ACs) of
frames, each of which has its own queue. Each frame arriving at the
MAC layer with a priority is mapped into one of the four possible
ACs. The priority advantage is the result of modifying two parameters
of the protocol. The first one is the contention window size; both
the minimum and maximum CW values can be configured per AC.
The second parameter is the delay after the medium goes idle before
a contender either begins a transmission or initiates a backoff. So, for
each particular AC the delays tp and tg are computed as follows:

tp(AC) = SIFS+ AIFSN[AC), (5)
tr(AC) ~ U(0,CWI]ACY)), (6)

where SIFS (short interframe space) and AIFSN (arbitration inter-
frame space number) are protocol parameters. Obviously, this scheme
can be adapted to optimize the operation of the network layer in differ-
ent ways. Any of the utility functions discussed so far may be used to
map the frame to an AC. For instance, the transmission range can be
split into four intervals and mapped to the ACs according to the vehicle
position relative to the source. Let us note that in the following evalu-
ation we focus on broadcast communications and so we assume EDCA
works also with no window size increase and backoff timer suspension,
that is, as a memoryless backoff, and therefore we call it EDCA*.



3.8.2. Disjoint Contention Windows Assignment

This method involves dividing the range [0, CW] into m non-overlapping
intervals, Iy,..., I, so that each vehicle, depending on its priority, selects
a backoff value randomly from one of the m intervals. Assuming that the
length of each interval I; is W;, the resulting intervals are:

m—1 m
0, Wi —1], Wy, Wi +Wa—1],..., [ZWi, ZWi—ll. (7)
i=1 i=1

We define the function:

0, for k=1, (8)
wr =
F Wi_1+ Wi, fork=2,...,m.

Then, the values of tp and ¢t are expressed as follows:

tp(v) = DIFS—}—Zwk-,ulk(v), (9)
k=1

tr(v) ~ U <O,ZWk g, (v) — 1) , (10)
k=1

where pr, (v) is equal to 1 if vehicle v is associated with interval I}, and 0
otherwise.

e Smart Broadcast [8]. A distributed position-aware broadcast pro-
tocol for highway inter-vehicular networks, which is able to guarantee
high reliability, low propagation latency and redundancy reduction,
without requiring perfect knowledge of the network topology. Given
the transmission range, Ry, it is partitioned into m adjacent and non-
overlapping sectors numbered from Sy to .S,,, starting by the farthest
sector from the source node. Each sector .S; is associated to a size of
the contention window K, and the disjoint intervals are constructed
as explained before, so that the highest priority corresponds to the
farthest nodes from the source.

3.4. Random Strategies: Probability Distribution Modification

In all the preceding random strategies the backoff counter was selected
uniformly within the specified contention window range, which was adjusted
in order to prioritize certain contenders. On the contrary, the idea under
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this category is to carefully choose a nonuniform probability distribution
that nodes use to randomly select their backoff counters, but keeping the
contention window constant. Depending on the shape and the particular
characteristics of the probability distribution used, some contenders will have
more priority to access the channel than others.

If we choose a discrete probability distribution gow over the slots of the
contention window, then the random term tg of the waiting time for each
vehicle v is given by the probability mass function:

P(tR(v) :j) :gCW(])a Jj=0,....,CW. (11)

The deterministic term ¢p, if present, can be set to a constant value such as
DIFS.

e Sift [9]. In many situations, the network operation synchronizes the
medium access of all nodes, that is, all receivers of a packet immedi-
ately become potential forwarders and contend for the medium. In this
particular case, in [9] it is shown that there exists an optimal distri-
bution for the contention slots that maximizes the contention success
probability. Although the optimal distribution cannot be implemented
in practice, geometric distributions approximate the optimal one. So
authors proposed an approximation that uses a truncated geometric
distribution. The size of the contention window is constant, and the
probability gow (7) of selecting a certain slot j increases with the slot
number. The probability of choosing the slot j is given by:

. 1—a _aCWJrl i )
gew (J) _ 1—2)¢CW+1 U =0,...,cW,  (12)

where a = gow (J)/g9cw (7 + 1) is a characteristic coefficient that de-
termines the shape of the probability distribution, and it is adapted to
the estimated number of contenders. The geometric distribution as-
signs low probability to initial slots, and high probability to the last few
slots in the contention window, which greatly reduces the probability
of packet collision.

e COMIC [10]. In this work a scheme for backoff-based collision resolu-
tion is proposed. The contention window is fixed for all the contenders,
but the uniform contention slot selection distribution over [0, CW] is
replaced by a truncated normal distribution:

, fG) :
gow(J) = - § = 0,...,CW, (13)
Jo flrdr
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(z—2)2

where f(z) = p\/lﬂe_ 20> is the normal probability distribution func-

tion.

This procedure is designed for non-broadcast communication processes
and it is based on the standard Binary Exponential Backoff procedure
for contention window expansion and contraction upon collision and
success. So, for consecutive backoff stages, the shape of the trun-
cated normal distribution is intelligently tuned, adapting the mean &
and standard deviation p, according to the backoff value previously
selected, so that the selection likelihood of relatively less collision-
probable contention slots is maximized. However, for broadcast com-
munication processes there are no retransmission attempts, and there-
fore there is no history information available, so in this paper Z and p
CTWJ CTW, respectively.

are assigned L and

As we shall show, both procedures perform remarkably well in terms
of global transmission success, but unlike the previously discussed ones, all
the vehicles have equal success probability. Depending on the application,
this might not be desirable, for instance, if we want to maximize the packet
progress.

3.5. Summary

In Table 1 we summarize the categorization of the described protocols,
together with their particular characteristics. Most of the considered proce-
dures, at least those specifically proposed for vehicular networks, have been
designed to optimize the packet advance. And most of them are variations
of the basic CBF scheme with refined utility functions involving the physical
state of the vehicle and communications, such as distance, position or link
quality.

Up to this point we have formally described and qualitatively discussed
several alternatives, but attending only to their description it is not obvi-
ous which are the real advantages and drawbacks of the different propos-
als. Moreover, in the literature, they have been evaluated in quite different
scenarios and with different assumptions and parameters and the results
available are not usually directly comparable. Therefore, in the following
sections, we provide a common evaluation stochastic model, a set of perfor-
mance metrics and a baseline scenario in order to provide a fair comparison
of the different proposals.
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Table 1: Summary of broadcasting techniques based on contention

Classification Kernel Function Protocol Particular Characteristics
( ) = tmaz - (1= F(0)) + tm,
— 0 CBF, s otz
3::2:“;::suc (v) Roter o) = max {Ubdlsl(.x».,u)n m\«z(z,‘,x,,,)}
* L) ==L It F@) + trin Based >
0, j #i F(v)) + tmin
p(v) = DIFS .
Random . Ry — dist(zy, 20) _—
strate- r,,(u) ~U(0,CW (v)) Fast Broadcast | CW(v) = {CH "min + o (CWinaw — CWinin)
gies 0, i=0.....tp) -1
Ptr(v) = j) = k i
Quertapped (t2v) = J) {m,;w. J=tp()... tp(v) + CW () EDCA* tp(AC) = SIFS + AIFSN[AC]
: tr(AC) ~ U(0,CW([AC))
tp(v) =DIFS + 3wy - jur, (v)
Random pt - :
strate- m s Ryy =81US2U...US,,
gies tr(v) ~ U (0,3 Wi pr(v) =1 mart S is the farthest sector from the node
Broadeast i
Disjoint = Nodes in ; select their backoff from I;.
ow Pty =y = J=0,. . tp(v) —1
L\v) =)= m 7
B ST d = ) () + TR, W (0) — 1
Random tp(v) = DIFS 1 a). aCW+1
strate- tr(v) ~ gow Sift gew i) = (A=) oW : ,2,,0\1'“ Lam G
gies )
Pdf Pl =)= | J=0,...,tp(v) ~1 ; T
Modification gew (i) J=tp(v),... tp(v) + CW coMIC gowi) = of9 @)= e
Y pyar VT

4. Performance Evaluation Model

In the following sections we present a comparative study to show the
performance of the discussed procedures as forwarding algorithms for the
GeoNetworking protocol [4]. The current set of ETSI standards [4]| requires
the implementation of GeoNetworking in all ITS stations? as well as its use
for communications over the 5.9 GHz band in Europe, including periodic
transmission of safety-related messages. Hence, new proposals in this field
should take it into account in their design and they should be evaluated
under this protocol. Many applications with different requirements can be
implemented on top of GeoNetworking, but delivery of emergency messages is
usually regarded as the most critical one. In this case, it is typically required
that packets advance as much and as quickly as possible. Consequently, we
define related performance metrics for the comparison of proposals.

First we develop a common analytical model. It is based on the abstrac-
tion of the MAC contention procedure by defining a matrix whose elements
are the probabilities of a vehicle selecting a given contention delay, including
both the deterministic and the random terms. A major advantage of this
approach is that each row of the matrix reflects the contention procedure of
a given vehicle and can be different from other rows, that is, vehicles can
use completely different contention procedures. All the metrics are defined

2 An Intelligent Transportation System (ITS) station is a vehicle equipped with a wire-
less interface which implements the ITS communications architecture, according to the
ETSI definition [2].
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Figure 1: Scenario under consideration.

as a function of this matrix, and therefore we obtain a unified framework to
compare the different proposals. These performance metrics provide exact
results for single-hop scenarios, but for multi-hop scenarios we provide an
approximation algorithm.

4.1. Scenario Description

The vehicular network considered here is a strip-shaped area, where vehi-
cles are randomly distributed according to a one-dimensional Poisson process
of intensity A. The parameter A represents the density of vehicles on the road,
defined as the average number of vehicles per meter. We assume that each
vehicle is equipped with a GPS-like device so that each node knows its own
geographical position. We also suppose that all the nodes in the considered
area have synchronized time scale.

In this scenario, a broadcast message generated by the source node (po-
sitioned at the beginning of the area) should be propagated along the strip
in the opposite direction of movement, as depicted in Fig. 1. Each broadcast
message contains a header field that includes the spatial coordinates of the
transmitting node, the message propagation direction and information about
the destination (a particular node or a geographical area). We also assume
that the broadcast message is correctly received by all vehicles within the
transmission range area Ry, that is, we suppose an ideal deterministic radio
propagation model with no errors. Upon receiving the message all the nodes
try to forward it, contending to access the channel. Therefore, the number of
contending nodes is also a random variable following a Poisson distribution
with parameter AR;,. Let us finally note that the following analysis can be
applied to any other vehicle position distribution.

4.2. Performance Metrics for a single hop scenario

We start with the stochastic analysis of the protocols, taking into ac-
count that for the techniques under evaluation the nodes in the network
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not necessarily select their waiting time with the same probability distribu-
tion nor an equal window size. So, we construct a matrix P where P(3, j),
with ¢ = 1,...,N and j = 0,..., W, is the probability of node ¢ selecting
j time slots of o duration for channel sensing before transmitting, that is,
P(i,j) = P(tr(v) = j). Therefore, the dimension of P is N x W, where N
is the number of contenders and W = max; ¢t (v) is the maximum possible
delay (in slots) that can be chosen by any of the nodes. Let us remark that
t7, includes both the deterministic and random number of slots. We call this
matrix the delay probability matriz.

For the sake of clarity, we illustrate the construction of the matrix P
with a brief example. Suppose that there are three nodes in the network
that select their delays as follows:

e For the first node the deterministic delay is 0 and the random one is
uniformly selected from {0,1,2}. Therefore, t1(1) = tp(1) +tr(1l) =
tr(1), can take the values 0, 1 or 2, each with probability 1/3. ¢1(1)
cannot be greater than 2 slots, so each element is 0 for j > 2.

e For the second node the deterministic delay is 1 and the random one is
uniformly selected from {0,1,2}. Therefore, t1,(2) = tp(2) + tr(2) =
1+ tr(2), can take the values 1, 2 or 3, each with probability 1/3.

e For the third node the deterministic delay is 1 and the random one
is uniformly selected from {0,1}. Therefore, t1,(3) = tp(3) + tr(3) =
1+ tRr(3), can take the values 1 or 2, each with probability 1/2.

The resulting matrix is the following:

P(tr(1)=0) P(ty(1)=1) P(tr(1)=2) P(tr(1)=3)
P=|Ptr(2)=0) P(tr(2)=1) P(tr(2)=2) P(tr(2)=3)
(P(tL(3) =0) Pitr(3)=1) P@{r3)=2) P@tL(3)= 3))

1/3 1/3 1/3 0
= ( 0 1/3 1/3 1/3) . (14)
0 1/2 1/2 0

Then, by using this delay probability matrix, and assuming that all nodes
are in range, we compute the probability of a successful transmission by the
vehicle v in the slot r, S, ., which is the probability of vehicle v selecting slot
r multiplied by the probability of all the other vehicles selecting later slots:

N T
Sur(P)=P(v,r) [] (1 - P, k:)) : (15)
j=1,j#v k=0

15



Then, by addition of the corresponding probabilities we can obtain the
success probability in a specific slot (S;?), the probability of a successful
transmission by a particular vehicle (SY) and the total success probability

(9): N
SIP) =D Sy (P), (16)

v=1
w
Sy (P)=>"5,.(P), (17)
r=0
N W
SP) =YY S, (P), (18)
i=1 r=0

Next, we compute the index (i) of the vehicle that wins the contention
(on average), provided that the transmission attempt is successful:

ven*(P) = 2z Sy (P).

S(P) (19)

The randomly-generated position of the vehicles is stored in a vector we.
Then the position of the winner vehicle, denoted by pos*, is obtained by
interpolating the average index to the position of the vehicles in ve with the
nearest ones.

Similarly, the mean slot number when the successful transmission starts
is given by the following expectation:

ZZZO r-SP(P)
S(P)

ts(P) = (20)

On the other hand, in the slot r there is no packet collision if one of the
following situations occurs: there is success or collision before slot r; there
is success in slot 7; or all the nodes choose their slots after slot r. Therefore,
the probability of a collision in the slot r is:

r—1
Cr(P)=1-)(S;(P)+Ci(P)) — (21)
= N w
-sf®@) -1 > PG.k).
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And the mean slot number when the collision occurs is given by:

_ KOT -Cr(P)

1e(P) = ST, (22)

where t. is defined for NV > 2 since the collision may only happen if more
than one node compete for the channel access.

Now, from the above metrics, we compute the critical performance met-
rics in the considered emergency-message scenario: the Mean Channel Access
Delay (Tyee) and the End-to-end Delay (T, ), which are expressed in seconds.
Let o and Lpg; be the time duration for a slot and a packet transmission,
also expressed in seconds. The Mean Access Delay is defined as the aver-
age time from the instant the nodes start trying to send a packet until the
beginning of a successful transmission. It is computed as follows:

Tace(P) = (E[A(P)] = 1) - (0 - te(P) 4 Lpkt) + 0 - t5(P), (23)

where E[A(P)] represents the expected number of attempts until a node wins
the contention. Let us note that the probability of succeeding at the i-th
attempt equals (1—S(P))*~1S(P). Thus, the expected number of attempts is
computed as follows: E[A(P)] = 3° i (1 - S(P))" ' S(P) = ﬁ, where
the last equality is a consequence of the infinity sum of a geometric series.
The number of attempts may be restricted by a hop limit parameter, in
which case, the summation would be truncated to such value.

Finally, the End-to-end Delay is defined as the average delay incurred
by the packet to reach the destination area, which in a one-hop scenario is
simply: Te(P) = Tacc(P) + Lpgt-

In order to account for the random vehicle position we have to generate
several replications of the vehicle positions, according to a given probability
distribution, compute the metrics, and average them over all the replications.
That is, the model is evaluated with a Monte Carlo simulation over the
vehicle distributions.

The above metrics are exact (under the assumptions we made) for a
single-hop network, where all the nodes are in range of each other, which
makes them suitable for fair comparisons in a number of ideal situations.
However, we are interested in the performance of the different proposals
in a more realistic scenario, where the emergency message has to advance
multiple hops, until it reaches an intended destination point, Dest.

4.8. Performance Metrics for multi-hop scenarios
In this scenario, the number and positions of the new contenders in a
contention round depend on what happened in all the previous contention
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rounds, that is, which exactly are the nodes that won or collided in these
rounds. We cannot take advantage of a memoryless model and the analysis
becomes more complex. In order to keep it simple, we provide the algorithm
in Fig. 3 to approximate the metrics of interest in a multi-hop scenario. The
rationale for this algorithm is explained next.

We declare a function ComputeMetrics(initPos,endPos), which takes as
input parameters the initial and final position of the hop where the metrics
are to be computed. There are more input parameters which are omitted
for the sake of clarity, but are implicitly used by the function such as the
value of Ry, the values of o and L py;, the set of positions of all the vehicles
ve and the destination point Dest. This function returns all the metrics
previously defined for a single hop in equations (15) to (23) as well as the
delay probability matrix P for vehicles within init Pos and endPos and two
new metrics pc; and pce which are to be referred to as the average position
of the two nodes involved in a packet collision which are more distant from
the source. The computation of pe; and pes is provided in the Appendix.
For each hop we have to consider two possible outcomes: success or collision,
as described next. Finally, since we need to weight the hop metrics by the
probability of occurrence of the outcome and accumulate them, we declare
an auxiliary function UpdateVariables() to this purpose.

Success. Lines 12 to 20. In case of a successful transmission, in the
next hop we will be exactly under the same conditions as in the first hop,
so we only have to compute the basic metrics for the new contenders and
weight it by the probability of success and the previous probabilities, which
we keep track of with the variable p, called the probability of occurrence of
the outcome. Then, for each hop of the packet, the metrics are computed
and weighted by the probability of occurrence of the success (lines 13 to
15). In summary, in case of success the behavior is memoryless and we
only have to repeatedly compute the metrics for each hop and weight them
by the probability of success multiplied by the probabilities of the previous
outcomes.

As an example, let us explain the process for the mean channel access
delay. For the sake of clarity, we use a subscript in the variables to show the
iteration number, and we omit in the notation the dependence of the variables
on the matrix P. We keep two auxiliary variables, > T, and > p. In the
first hop we start with pg = 1 and compute ComputeMetrics (0, Ry, ), which
returns T, 1 = t51-0+ Lpge, and accumulate it as ) T = > To+T,1-51-po
and " p = > p+S51-po, and then update p; = po-Sy. That is, we average the
mean access delay of the hop by its probability of occurrence. In the next
iteration we compute again the metrics for the next hop according to the
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Figure 2: Top: four nodes transmit simultaneously and create a collision. The transmission
range of each node involved is shown with an arrow. The position of the two nodes
involved in the collision which are more distant from the source is shown as pci and pca.
The segment where the new contenders are located after a packet collision is labeled as
“successful reception”. Nodes in A, B and C contend again in the next attempt because
they have experienced a collision, whereas nodes in D contend for the first time because
they have received a new packet. Bottom: the segments considered for computation of
collision-related metrics are shown.

average advance of the packet, that is ComputeMetrics(pos],pos] + Ri.),
obtain the mean access time (7j, 2) and accumulate it, but now it is weighted
by the product of the probability of success in this attempt and the previous
probability of success (Ss - p1). At the end of the algorithm we obtain the
mean access time as Y T,/ > p.

Collision. Lines 22 to 42. However, in case of collision the outcome of
the following hop depends on the outcome of the previous one because new
contenders are involved. In fact, in case of collision a packet always advances,
in the sense that there are nodes that receive the packet correctly because
they are in range of one colliding node but out of range of the other one, as
shown in Fig. 2 for segment D. Let us remark that we do not assume that
only two nodes collide. On the contrary, an arbitrary number of nodes may
collide as shown in Fig. 2, but the segment of successful reception (D) is
always defined by the relative position of the two nodes involved in a collision
which are more distant from the source, that is, pc; and pcs. As can be seen
in Fig. 2, after a collision, in the next try, all the nodes in segments A,
B, C and D contend to forward. The outcome of the contention resolution
depends on the distance between nodes. Success of a node in D makes all
nodes in C and some of B defer transmission but nodes in A do not sense
the channel busy. So there is a hidden terminal problem. And the other way
round when a node in A wins. On the other hand, a success in C makes all
the rest of nodes defer transmission.

Therefore, in order to take into account the metrics in case of colli-
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sion we approximate this situation by considering only the outcomes that
make the packet advance again. Those metrics are computed in the function
ComputeCollisionMetrics(pcy,pco,P1) where pc; and peo are the average
positions of the last two nodes colliding, which define the segment D and
are computed by ComputeMetrics. It returns the corresponding metrics for
an arbitrary segment, such as the probability of success in a given segment
H, SH_ or the mean channel access delay in case of success in segment H,
TH. To compute these metrics we construct an extended delay probability
matrix Pe, which includes the new contending nodes, and compute the suc-
cess probability within two hops, so explicitly taking into account the hidden
terminal probability in the computation of metrics. The details of these com-
putations are provided in the Appendix. In the algorithm, we consider only
the following relevant cases (lines 22 to 42) and neglect all other outcomes:

e A node in segment C successfully transmits. It wins the contention to
all the rest of nodes trying to access the channel. This case is equivalent
to a success but shifted to the position of the winner vehicle, pos©. We
update the metrics if we have finished or recursively start and compute
a new try with the corresponding parameters.

e A node in segment D successfully transmits. It means that it wins the
contention to all the nodes in C and B (according to the definition of
success in the Appendix) trying to access the channel. In this case, a
collision with a node in A is unavoidable. The nodes in common range
of the winner nodes in A and B experience a collision. We neglect the
effects of this collision in the metrics for the reasons discussed in the
remarks below. The packet advances from the position of the winner,
pos?, and so we update the metrics if we have finished or recursively

start and compute a new try.

To compute the metrics the algorithm in Fig. 3 must be run several times
with different randomly-generated node positions in ve, and the results are
averaged over all the replications. Let us finish with the following remarks:

e There is no global notion of probability of success in a multi-hop sce-
nario, it is a local effect: some nodes may successfully receive a packet
while other experience a collision. We adopt a pessimistic approach
and, in both the algorithm and simulations, we consider that there is
success only when all the nodes in range of the transmitter receive the
packet correctly. According to this convention, we do not update the
success probability > S in case of success in D, since there is always a
collision with A for some of the nodes.
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Require: Ri;, Dest, o, Lpg: and ve.

2:

4:

%

12:
14:
16:
18:
20:
22:
24:
26:
28:
30:
32:
34:
36:
38:
40:
42:
44:

46:

function UpDATEVARIABLES(ats,Apos,po)
> ats: mean slot number, Apos: mean position difference, p,: probability of occurrence

> Ta=> Ta+ (atso + Lpkt) - po

>~ Pos =5 Pos + Apos - po

>p=>p+0po
end function
function CoMPUTENEXTTRY(initPos, endPos, prevPos, p, Te n—1)

> Tay 2 Te, 328, 3 Pos 0,3 p <0, Te + Ten—1

> Initialize accumulation variables. Mean access and end-to-end delays, > T, and Y T,
success probability, > S, mean position, > Pos and probabilities of occurrence, > p
10:

while prevPos + Rtz < Dest do

S, ts, pos*, pe1, pez, P <+ CoMPUTEMETRICS(init Pos, endPos)
> Ta, > Pos, > p < UPDATEVARIABLES(¢s, pos* — prevPos, S - p)

2.8=384+(5p)
Te =Te +tso+ Lpit > Update accumulation variables
if pos* + Rtz > Dest then > Check if we have finished

ETe =T - (Sp)
dr?;:‘urn >8/3 0, > Ta/ > p, > Pos/ Y p, > Te/ > p

SP D posP, SC, t¢, pos© + CompuTECOLLISIONMETRICS(pCy, pez, P)
> Compute Metrics for Collision
if pos® + Riz > Dest then
ST, 3 Pos, 3. p + UPDATEVARIABLES(ts + 1S, pos© — prevPos, SC - (1—8)-p)
YS=35+(57-(1-5) p)
Y Te = (Te + (ts + )0 + Lpge) - (SC - (1= 5) - p)
> Update accumulation variables in case of success in segment C
else
CoMPUTENEXTTRY(pos®, pos® + Riy, S€ - (1 = 8) -p, Te + (tSo 4+ Lpit))

> Recursively compute the next try starting from the position of the winner vehicle in C

end if

if pos? + Ryy > Dest then
S Tu, S Pos, . p + UPDATEVARIABLES(ts + t2, pos? — pca, SP - (1 — S) - p)
Y Te= (Te+ (ts +tP)o + Lpke) - (SP - (1= 5) - p)
> Update accumulation variables in case of success in segment D
else
ComPUTENEXTTRY(pos?, pos? + Ryz, SP - (1 —8) - p, Te + (tPo + Lpt))

> Recursively compute the next try starting from the position of the winner vehicle in D

end if

prevPos = init Pos < pos™, endPos < pos™ + Riz, p < (S - p)
> Update packet position, hop limits and probability of occurrence

end while
end function
CoMPUTENEXTTRY(0, Rz, 1, 0) > Initialization of the algorithm

Figure 3: Algorithm for computation of multi-hop metrics.

e Due to the above reason, the metrics have to be weighted by the num-
ber of nodes that actually would measure them. It is done in the
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functions though, for the sake of clarity, we do not show it in the al-
gorithm in Fig. 3. In addition, in the last hop, the mean access delay
returned by ComputeMetrics is that of eq. (23) in order to take into
account successive collisions in the last hop.

e The outcomes we neglect contribute mainly to the mean channel access
delay and the position of the winner vehicle, whereas have less influence
on the end-to-end delay.

e Our evaluation framework provides enough flexibility to extend it to
several scenarios and define alternative performance metrics. In fact,
the computation of the metrics in case of collision only requires to sub-
stitute P by Pe and sum over the corresponding indexes, as discussed
in the Appendix. The accuracy could be enhanced by considering ac-
tual distances between vehicles, though it is left as future work. In
addition to that, different distributions for vehicle positions could also
be used seamlessly.

As we show in Section 5.2, our simulation results validate this approximation
even though in the simulations are included more realistic effects, such as,
SINR evaluation or capture effects.

5. Validation and performance evaluation results

In this section we verify the correctness of our analytical model and
perform a comparative study between some of the selected protocols, as well
as an evaluation of the influence of different parameters on the performance
metrics.

The protocols considered in the comparative study are shown in Table
2, including a standard contention procedure labeled as “Uniform”. We ex-
clude from the evaluation those protocols that need too much extra context
information, except for Fast Broadcast, for which we have implemented the
transmission range estimation. We consider at least one protocol from each
category and we use a parameter, K, to homogenize the size of the contention
windows for the different protocols, trying to make the comparative study
as fair as possible. All the values are presented in Table 2 as a function of
the parameter K. For the proposals based on position we assume they know
their position exactly, and those based on groups use a number of m groups.
For EDCA* we have defined a map that replicates that of Smart Broadcast,
that is, there are m groups and higher priority access categories are assigned
to more distant groups.
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Table 2: Deterministic delays and contention window sizes for the protocols under evalu-
ation

Protocol Delay and contention window size
Uniform tp=DIFS, CW =2K —1

tp = DIFS
Fast Broadcast CWiin = K —1

CWipae =4K — 1

AIFSN[0] = 9,CW[0] = 2K — 1
AIFSNI1] = 1] =2K — 1
EDCA* SN[1]=6,CW[1]
AIFSN[2|=3,CW[2] =K — 1
AIFSN[3] =2,CW[3] = K/2 — 1

tp = DIF'S

Smart Broadcast(with m =4) | I, = [0, K — 1], 1> = [K,2K — 1]

Iy = 2K,3K — 1], I; = [3K, 4K — 1]
Sift, tp =DIFS, CW =2K -1

COMIC tp =DIFS, CW =2K -1

Table 3: Parameters used in the evaluation

Parameter Fig. 4 Fig. 5
A [0.03,0.27) veh/m | 0.21 veh/m
K 16 [16, 64]
Lppt 768 us
o 9 us
DIFS 28 ps
SIFS 10 ps
Ry 300 m
dist(Dest) 600 m
Hop Limit (HL) 10

To validate our analysis, we have simulated the procedures with the OM-
NeT++ network simulator and its inemanet 2.0 extension [26]. In the simu-
lations, the source sends a new packet every 10 s. All the simulations are run
for 5000 s and all the scenarios, for every vehicle density, have been repli-
cated with different seeds. For all the metrics, their 95% confidence intervals
have been computed and are shown as error bars in the figures. Let us note
that there are slight differences in the simulation with respect to the ideal
situation analyzed in previous sections. The simulations are more realistic
in the sense that nodes involved in a packet collision are not aware of the
collision. Since there are no acknowledgments or error recovery, the involved
nodes do not participate in a retransmission.

The evaluation is conducted for the scenario described at the beginning
of the present section, varying the vehicle density and the size of the con-
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tention windows (with the parameter K). The values of the parameters
used for the performance metrics computation are enumerated in Table 3.
We consider no background data traffic, so that only the broadcast message
is propagated over the network. The impact of node mobility is disregarded
in this paper, since the variation of node positions is negligible for the dura-
tion of a packet exchange® and it has a minor influence on the performance

of message broadcast with high data rates and short safety message lengths
[27].

5.1. Single-hop Scenarios

First, we validate our model in a single-hop scenario with a deterministic
free-space signal propagation model, where all the nodes are in range of each
other. Therefore, all the proposals based on knowledge of the transmit range,
Ry, are using the exact value. Fig. 4 shows the performance metrics com-
puted for different values of the vehicle density, while keeping the parameter
K fixed to 16. The lines represent the results of our analytic model, averaged
over 50 Poisson vehicle distributions per density, whereas the marks refer to
the results obtained from the OMNeT++ simulation, with 30 replications
per density. We only show results for success probability, average position
of the winner vehicle and average access delay.

As expected our performance model approximates very well all the per-
formance metrics, in spite of being more pessimistic. The mean square errors
between our model and simulations do not exceed 0.07 for the probability
of success, 6 m for the mean forwarder position and 353 pus for the mean
access delay. As we said, for proposals prone to collision, such as EDCA*,
fewer nodes participate in successive retransmissions (as expected in reality),
which increases the success probability and decreases the mean access delay
measured by the simulations. This is the reason for the differences observed
between the analysis and simulation, specially for high vehicle densities. In
Fig. 4(a), we can see how the Sift protocol outperforms the rest of them with
respect to success probability, since it is an approximation of the optimal dis-
tribution that can be used in this scenario. EDCA*, on the contrary, shows
poor performance due to the use of too small window sizes and overlapped
CW ranges, whereas Smart Broadcast benefits from greater window sizes
and disjoint contention windows. In the cases of Uniform, Fast Broadcast
and EDCA*, the poor success probability is reflected in high access delays,

®In 10 ms, which is above the maximum end-to-end delay we obtain, a vehicle moving
at 32 m/s only advances 0.32 m.

24



1r T T T T T T T 300

[--x- - x-—E g R g

»
®
3

ol

W

N
S
3

e LT Crpna

s S U S S—

=
S
3

Probability of successful transmission
Mean position of the winner vehicle (m)
.

&

1

@
S

003 006 009 012 015 018 021 024 027 003 006 009 012 015 018 021 024 027
Vehicle density (veh/m) Vehicle density (veh/m)

(a) Probability of successful transmission. (b) Average position of the winner vehicle
(m).

10

Uniform (Analysis)

+  Uniform (Simulation)

- = = - Fast Broadcast (Analysis)
O Fast Broadcast (Simulation)

.+ EDCA* (Analysis)

#  EDCA* (Simulation)

—— - Smart Broadcast (Analysis)
% Smart Broadcast (Simulation)

Sift (Analysis)
o sift (Simulation)

~ — ~ - COMIC (Analysis)

05| B & COMIC (Simulation)

Mean access delay for one transmission (s) with HL:

L L L L L L L
0.03 0.06 0.09 0.12 0.18 0.21 0.24 0.27

015
Vehicle density (vehim)

(c) Average delay for one successful trans- (d) Legend.
mission (s).

Figure 4: Performance metrics for vehicle densities varying between 0.03 and 0.27 veh/m
and parameter K = 16. Single-hop scenario with all vehicles in range.

as shown in Fig. 4(c). However, the high success probability of Sift and
COMIC is the reason for their low access delay, and more importantly, in
both cases it is independent of the vehicle density, whereas the performance
of the other proposals noticeably degrades as the number of vehicles in range
increases.

However, as we said before, Sift and COMIC, being general-purpose pro-
posals, do not take into account the position of the nodes. Therefore, all
the vehicles have equal probability of success, and so the average position
of the winner vehicle is in the middle of the range. On the contrary, both
Smart Broadcast and EDCA*, and to a lesser extent Fast Broadcast, achieve
their goal of increasing the average advance of the packet, provided there is
success. It is shown in Fig. 4(b), where a higher value is considered better,
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Figure 5: Performance metrics for parameter K varying between 16 and 64 with vehicle
density fixed to 0.21 veh/m. Single-hop scenario with all the vehicles in range.

since in an emergency warning scenario and other situations it is usually
assumed that the warning message has to advance as quickly as possible.
Obviously in a single-hop situation packet advance is irrelevant, so we have
to turn to multi-hop scenarios to find if this optimization is a real advantage
for geo-routing or it is simply better to achieve a high success probability.

Before discussing multi-hop scenarios we examine the influence of the
contention window size on the proposals. Once our model is validated, we
can safely evaluate further experiments without requiring simulations. Fig. 5
illustrates the performance metrics computed for different values of the con-
tention window size, while keeping the vehicle density fixed to 0.21 veh/m.
Again, the computation is conducted through a Monte Carlo simulation with
50 replications per contention window size and the 95% confidence intervals
are shown as error bars.

The success probability increases for all the proposals when increasing
the contention window size, and it is more stable for the Sift and COMIC
protocols. In fact, except for them, the rest of protocols clearly benefit from
higher contention window sizes, reducing significantly the channel access
delay. Obviously, the small extra delay due to higher window sizes is amply
compensated by avoiding the delay due to collisions. For Sift and COMIC,
on the contrary, the delay is slightly higher. This is due to the definition of
the distribution for the slot selection, which concentrates the probability on
the last slot (Sift) or on the middle one (COMIC), and therefore it grows
with the contention window size. As expected, the influence of the contention
window size on the position of the forwarder is not significant and it does
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not appear in the figure.

5.2. Multi-hop Scenarios

In this case vehicles are located on a road segment of 600 m of length
and we set a deterministic free-space propagation model with transmission
range Ry, = 300 m. These particular values are arbitrary and could have
been scaled up, considering that the total number of contending vehicles is
what have influence in the results. In real deployments one should prob-
ably expect higher transmission ranges. We think that two hops is also a
reasonable distance as range for emergency messages, though the evaluation
framework can be used with more hops. This scenario has also been simu-
lated with OMNET++ with the same settings: the source sends a message
every 10 s and simulations are run for 5000 s. All the simulations have been
replicated 40 times to better capture the influence of position on the result.
The rest of parameters are shown in Table 3. For our algorithm a Monte
Carlo simulation is run and averaged over 40 replications per density.

In Fig. 6 we show the results again for probability of success, average
channel access delay, average position of the winner vehicle and we have
added the relevant metric end-to-end delay. First, as can be observed again
the simulations validate our evaluation model, in particular our approxima-
tion for multi-hop scenarios. The mean square errors between the evaluation
and the simulations do not exceed 0.031 for probability of success, 15.4 m
for position, 115 us for mean channel access delay and 97 ps for the mean
end-to-end delay. Therefore, our evaluation framework provides a simple
yet accurate tool to test this type of proposals. In a later section we ex-
emplify its utility also as a design tool for alternative proposals made up as
combinations of the considered ones.

Regarding the performance of the different mechanisms, there is little
variation with respect to the conclusions stated for one hop. The probability
of success has decreased for all of them, but it should be recalled that we only
assign success when all the nodes in range receive the packet. The probability
of success for Sift and COMIC remains remarkably high because it is almost
independent of the number of contenders [9]. This is again reflected in the
average channel access delay.

It is also relevant for the end-to-end delay although not as much as should
be expected. As can be seen in Fig. 6(d), the benefits of making the packet
advance as much as possible are only noticeable for low vehicle densities. For
EDCA* and Fast Broadcast the delay penalties due to the high number of
packet collisions take over any advantage due to making the packet advance
as much as possible, except for very low vehicle densities, even though the
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Figure 6: Performance metrics for vehicle densities between 0.03 and 0.27 veh/m and
parameter K = 16. Multi-hop scenario with a length of 600 m and R:; = 300 m.

end-to-end delay benefits from “advance” in case of collision, which makes
this metric lower than expected if it was computed as the sum of the average
channel access delay over the number of hops.

Let us also remark that the real goal for an emergency warning should be
to reach as many vehicles in the vicinity as possible, that is, inform all nodes,
rather than to quickly reach a distant location. In this sense, achieving lower
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end-to-end delays may be misleading because in a packet collision the packet
may be received by a distant neighbor but lost for most of the closer ones.
However, we have checked, though is not shown in the figures, that under
ideal channel conditions, the time to inform all nodes is actually only slightly
higher than the end-to-end delay. The reason is: for the proposals that do
not take into account the position of the forwarders (Uniform, Sift, COMIC)
the position of the nodes that determine the advance in case of collision
(pc1 and peg) are quite separated, around 2/3 of Ry, which implies that
around 2/3 of the vehicles in the following hop are informed even when a
collision occurs. On the contrary, the proposals that tend to concentrate the
forwarders in a more distant sector also result in a narrower area of correct
packet reception and do not benefit from this effect.

The overall conclusion from the above discussion is that, for this kind
of emergency applications, it is preferable to achieve better probability of
success rather than trying to make the packet advance as much as possible,
especially when the latter requires an increase in the complexity of the im-
plementation. Moreover, these delay penalties due to collisions depend on
the packet size, so for greater sizes one should expect worse results. On the
contrary, increasing the contention window size results in a general improve-
ment for high vehicle densities and it tends to equalize the performance of
the proposals.

6. Evaluation of Alternative Proposals

Our performance evaluation framework can be used as a quick design tool
for new or alternative proposals. In this section we exemplify it and test the
use of combined procedures in order to obtain the best of each one. More
specifically, we wish to obtain a method with such a high and stable success
probability as the Sift distribution, while getting a forwarder positioned as
far as possible. To this aim we proposed in [25] two modifications to the Sift
distribution which improve its performance with respect to the position of
the forwarder, but not to the mean access delay. Here we additionally test
the results of combining the Smart Broadcast and the Fast Broadcast with
the Sift distribution.

Next, we briefly describe the two proposals in [25], as well as the new
ones.

e Weighted Sift

The first approach consists of weighting the Sift distribution according
to the respective position of vehicles within the transmission range of
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the source node, assigning a higher success probability to the more dis-
tant nodes. For each contending vehicle v, the probability of choosing
the slot j is given by:
- i - gew (4), j=0,...,CW -1
g(i,j) =4 " CW-1 . (24)
1=7%Xp2o gowl(k), j=CW

where gow is the Sift probability distribution over CW slots, as defined
in eq. (12). The details on how to properly select the coefficients
v can be found in [25]. Let us note that in this case the contention
window size is fixed but each vehicle uses a slightly different contention
distribution.

Per Groups Sift

The second method proposed in [25] is a variation of overlapped con-
tention windows. In particular, as we assume the priority is given by
the position, we divide the transmission range into m intervals. The
group of vehicles located in each of these intervals select their con-
tention slots by using the Sift probability distribution with different
values for the contention window size (lower values for higher prior-
ities). Therefore, for each group of vehicles G;, j € {1,...,m}, we
associate a contention window size CW¢;. Hence, the probability dis-
tribution used by all the vehicles in that group is the following:

hCWGj (T) :gCWGj (T)’ re {L---yCWGj}’ (25)

where gowe, is the Sift probability distribution over CWg; slots, as

defined in eq. (12). Let us note that this procedure is similar to Smart
Broadcast but with overlapped contention windows and a different dis-
tribution.

Fast Broadcast + Sift

In this case the contention window for each vehicle is computed ac-
cording to its position with eq. (4), as in the Fast Broadcast protocol.
However, instead of selecting the random delay ¢r(v) uniformly, each
vehicle uses the corresponding Sift distribution over CW (v) slots.

Smart Broadcast + Sift

Similarly, in this proposal each group of vehicles is assigned a con-
tention window as in the Smart Broadcast protocol, but the random
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Figure 7: Performance metrics for new proposals for vehicle densities between 0.03 and
0.27 veh/m and K = 16 in a multi-hop scenario.

delay tgr is selected using the Sift distribution instead of the Uniform
one.

To qualitatively assess the evaluation time savings with respect to the
regular simulation approach, consider the process of evaluation of this new
proposals: one only needs to construct the delay probability matrix P for the
alternative proposal and simply pass it as parameter to the Matlab scripts
which compute the performance metrics (both single and multi-hop). That
is, each new proposal requires only its corresponding matrix to be evaluated.
This is not usually a complex task, provided the protocol description is clear.
For instance, to evaluate COMIC instead of Sift we would only need to sub-
stitute the probability of choosing a slot with eq. (13) in the corresponding
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elements of the matrix. It provides a rather quickly method for evaluation
of iterative modifications to an initial design.

Fig. 7 we show the resulting performance metrics for the described pro-
posals, as well as for the usual Sift, Fast Broadcast and Smart Broadcast
protocols, in order to compare them. These performance metrics are com-
puted for different values of the vehicle density parameter and K = 16. The
results reveal that all the new proposals achieve a higher success probabil-
ity than the original ones for Fast Broadcast and Smart Broadcast, getting
closer to the Sift success probability and achieving a similar stability with
respect to the number of vehicles.

Regarding the average winner vehicle, or forwarder position, the improve-
ment is even more significant. For the Weighted Sift, the Fast Broadcast +
Sift and the Per Groups Sift, the forwarder position is farther than for Sift
and Fast Broadcast. On the other hand, a slightly lower distance is achieved
for the Smart Broadcast + Sift, but the latter results in much higher success
probabilities and lower channel access and end-to-end delays.

According to these results the intended goals are accomplished, and it
seems reasonable to combine Smart Broadcast and Sift, since the implemen-
tation may be simpler than for the other ones. In any case, our main goal
in this section has been to show the usefulness of our framework as a quick
(no need of simulations) evaluation and design tool.

7. Realistic scenarios

Up to this point, we have compared the contention mechanisms that
involve random procedures under ideal assumptions, such as deterministic
free-space propagation. In this section we evaluate the standard CBF spec-
ification [4] implemented at the network layer and introduce more realistic
effects. On the one hand, it has been shown that radio propagation in vehic-
ular networks is subject to strong fading [28]. In that case, the assumptions
for our evaluation model do not hold anymore, since there is a chance that
nodes in the close vicinity of a contender do not sense the channel busy and
defer transmission. Therefore, we have simulated the proposals, as well as
the standard CBF, using a more realistic fading model. In particular, we
use the Nakagami-m distribution, which can model a wide class of fading
channel conditions and fits well the empirical data [28]. The noise level is
set to -110 dBm and the sensitivity to -85 dBm. In addition, the simulator
takes into account capture effects, since packets are only discarded when the
Signal to Interference Noise Ratio (SINR) is below 4 dB. On the other hand,
both real timers and location information have a certain accuracy. These
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Figure 8: Performance metrics for vehicle densities between 0.03 and 0.27 veh/m and
parameter K = 16. Multi-hop scenario with Nakagami-m fading model with m = 1.

effects may have particular influence on the deterministic CBF algorithm
and have been simulated as well.

Performance metrics for the previous proposals in a strong fading sce-
nario, modeled by Nakagami-m with m=1, are shown in Fig. 8. In pres-
ence of strong fading the basic carrier sense medium access is broken, since
neighbor nodes may not sense the channel busy due to transmissions. The
probability of reception decreases with the distance to the source, and with
the simulated parameters, on average, 12% of nodes in the Ry, range do
not receive a given transmission [29]. Therefore, specifically designed MAC
mechanisms have little influence on most of the evaluated metrics. Let us
recall that, in realistic situations, packet collisions are experienced locally
and so we cannot use the global notion of probability of success anymore.
Therefore, we use average delays to evaluate these scenarios. As can be seen
in Fig. 8(b) and 8(c), both the average time to inform all nodes and the
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Figure 9: Performance metrics of GeoNetworking for vehicle densities between 0.03 and
0.27 veh/m and parameter K = 16. Multi-hop scenario with free-space and Nakagami-m
fading model with m = 1. Clock accuracy set to 1us and position accuracy set to 1 m.

average end-to-end delay are almost independent of the MAC mechanism
in use. Strong fading actually benefits the end-to-end delay since there is a
chance that packets reach directly the destination even if it is out of the ideal
deterministic range Ry, of the forwarder. In addition, as discussed before,
packet always effectively advances, even in the presence of collisions. The
overall result is that end-to-end delay is practically independent of the MAC
mechanism and the vehicle density. On the contrary, vehicle density has
more influence on the time to get all nodes informed. As in the ideal case, it
is directly related to the average channel access delay, and it increases with
the vehicle density, but there is little difference between proposals.

If we look at the average channel access delay in Fig. 8(a), proposals with
good performance in ideal scenarios, such as Smart Broadcast and Smart
Broadcast + Sift, remarkably increase their channel access delay in realistic
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scenarios. The cause of this performance degradation is actually the fact
that they have been designed to maximize the distance of the forwarder
to the source. Accordingly, the more distant nodes select earlier slots, win
contention and transmit, but then, since reception probability decreases with
the distance, nodes closer to the source have a higher probability of not
sensing the channel busy by the far away transmitters and so they also
transmit, generating collisions. On the contrary, in the proposals that do
not attempt to maximize the packet advance, the forwarder is at the middle
of the range on average and so its transmission has a higher probability
of being sensed by the surrounding nodes. That is, the MAC mechanism
works properly more frequently. As the vehicle density increases, there are
simply more packet collisions, though the use of Sift slightly improves the
probability of success in the group closer to the source for Smart Broadcast
+ Sift.

The conclusion from these results is that any new proposal which intends
to optimize the operation of GeoNetworking must take into account in its
design the effects of realistic radio propagation models. In fact, as we discuss
next, the basic CBF protocol specified by the standard works remarkably well
under realistic conditions.

GeoNetworking CBF specifies that upon reception of a packet, nodes
start a deterministic timer, to, whose value depends on the distance to the
source, that is, to(v) = mazTime+ (minTime —mazxTime)dist(zs, x;)/ Ris-
The goal is to select the most distant node as next forwarder. The standard
specified parameters are maxTime = 100 ms and minTime = 1 ms, and we
set Ry = 300 m to compare with previous proposals. Nodes use the standard
IEEE 802.11p as MAC layer with a contention window of 32 slots. In Fig. 9
we show the average channel access delay, average time to inform all vehicles
and average end-to-end delay for the standard GeoNetworking CBF. From
these results it is clear that CBF GeoNetworking works well in all the cases.
Moreover, its performance improves as the vehicle density increases, since
there are more nodes available to forward the packets. Limited accuracy in
vehicle position and timers has little influence on the performance. Delay
values are higher than for MAC implementations, as expected, but they
actually depend on the configured values for maxzTime and minT'ime, and
there is margin for tuning them. Let us just mention that, for the ideal
free-space case, there are scenarios for the standard GeoNetworking CBF
where no packet is actually transmitted. The reason is that the particular
fixed positions of the vehicles result in continuous collisions. However, this
pathological scenarios should be very rare in dynamical situations.
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8. Conclusions

In this paper we provide a new performance evaluation methodology
and fair comparison of the most relevant MAC-network cross-layer propos-
als for efficient geo-routing in the context of vehicular networks. Different
contention-based mechanisms are described and a unified formal description
is extracted. This formal description is later used in a common framework
for their performance analysis in the critical scenario of emergency messages
delivery. As a novelty, our performance model allows to analyze the case in
which each vehicle selects its contention slot in a different way. Moreover,
it is flexible enough to accommodate the evaluation of multi-hop effects by
simple extensions of the delay probability matrix.

This model has been used to rigorously evaluate the selected proposals
both in single-hop and multi-hop scenarios under ideal propagation condi-
tions. Additionally, the evaluation has also been done by simulation, whose
results further validate our approach. The evaluation shows the strengths
and weaknesses of the different mechanisms and allows to conclude that in
most cases it is preferable to achieve better success probability rather than
trying to make the packet advance as much as possible, at least for small
contention window sizes. We have also evaluated the proposals under more
realistic channel fading conditions. This has been done by simulation, since
our model cannot be directly applied to these cases. In this situation, how-
ever, there is actually little difference in the performance of the protocols. In
fact, those proposals which attempt to maximize the progress of the packet
suffer a noticeable degradation in performance. On the contrary, the ba-
sic CBF protocol specified by the GeoNetworking standard performs well in
most of the cases.

According to these results, our next step is to modify our analytical model
to introduce realistic radio propagation effects. In this case, major modifi-
cations of our model are needed since the reception probabilities depend on
the positions of the receivers and there is no global notion of probability
of success. We plan also to work on new MAC proposals which take into
account those effects in their design.
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Appendix A. Computation of pc; and pcs

In this section we show how to compute the performance metrics in case
of collision of a multi-hop scenario.

Two vehicles 7 and j are the more distant vehicles involved in a collision
in slot r if the following conditions are met: (1) Both i and j select slot 7;
(2) no other vehicle selects a slot previous to 7 and (3) no vehicle between 4
and j, and no vehicle after j, selects slot r. From them we can express the
corresponding probability as:

G(i,j,r) = P(i,r) - P(j,r H (1—ZP (k,s ) : (A.1)

k=1

ﬁ (1 - ;P(z,s)> :

I=i+1,l£]

Then, summing over r we obtain the probability that ¢ and j are the
more distant vehicles which collide in any slot. And we compute the average
indexes summing over all the vehicles:

N N W
z):ZZi ZGz],
i=1j=1 =0

N N

=> > i iGza

i=1 j=1

Finally, we interpolate E(7) to its corresponding position in ve to obtain
pcr and E(j) to obtain pes.

Appendix B. Computation of the collision metrics

We start from the delay probability matrix P corresponding to the nodes
involved in the collision, that is, the nodes in the segment between the pre-
vious source and Ry, which corresponds to segments A, B and C in Fig.
2. The additional contenders in the next attempt resulting from the correct
reception of the packet are the nodes between pcy + Ry and pcy + Ry, that
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is, those in segment D according to Fig. 2. We can construct their corre-
sponding delay probability matrix Pp. In order to compute the relevant
metrics of all the vehicles contending after a collision, that is, all vehicles in
segments A, B, C and D shown in Fig. 2, we construct an extended matrix
for the probability of selecting a given delay, Pe, simply concatenating both

delay probability matrices:
P
P (2. o

Therefore, the dimension of this new matrix P¢ is N, x W,, where N, is
the total number of vehicles in all the segments and W, = max; t7,(v). Once
we have the extended matrix, the computation of the performance metrics is
analogous to those of eq. (15) to (23) but using the extended matrix and the
indexes corresponding to the vehicles involved in each case. As illustrative
examples of this consider the following two. First, there is success in segment
C when a vehicle in that segment transmits before any other vehicle in that
or any other segment. Accordingly, the probability of success of a vehicle in
segment C which selects slots r becomes:

N r
SS.(Pe) =Pe(i,r) ] (1—2Pe<y‘,k>), (B.2)
Jj=1,j#i k=0

which has the same form as eq. (15), but now the computation of the
probability of success for segment C in a specific slot (S;? ’C), for a specific
vehicle (S ’C) and the total probability (S¢) has to be summed only over
the indexes corresponding to the vehicles in C, that is:

We
SCPe) =) > S5.(Pe). (B.3)

1€C r=0

Similarly, we define that there is success in segment D when a vehicle in
that segment transmits before any vehicle in segments B and C. Since nodes
in segment A are not in range of nodes in segment D a collision experienced
by some of the nodes is unavoidable. As discussed before we neglect its
influence on the metrics. In this case, the probability of success of a vehicle
v in D in slot r has to be computed excluding nodes in A, that is:

Sv?r(Pe) = Pe(i’ T) H (1 - Z Pe(j’ k)) > (B'4)
k=0

J€(B,C,D),j#i
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and the total probability of success in segment D becomes:

We
SPPe) = S0.(Pe). (B.5)

ieD r=0

The rest of metrics can be computed in the same way. Let us note that

the indexes of the nodes that belong to each segment are directly obtained
once the indexes (position) of the more distant nodes involved in a collision
are computed in eq. (A.2) above.
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