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Abstract

This dissertation studies the problem of safety communication in vehicular networks. De-

spite advances in automative safety during the past decades, still thousand of injuries and

fatalities happen yearly in vehicle-related accidents. Dedicated Short Range Communication

(DSRC) technology enables vehicles to communicate to each other through wireless medium,

so they can inform each other of a potential danger on the road. Two important applications of

vehicular network technology are collision avoidance and collecting traffic information. Colli-

sion avoidance relies on periodic sharing of safety messages to avoid accidents. Each vehicle

that receives these safety messages from its neighbors, uses them to determine if any of the

neighbors poses a collision threat. If a vehicle determinesthat this is the case, the onboard unit

will warn the driver. For collision avoidance it is important that the status data of the vehicles

be delivered on time and so the Medium Access Control (MAC) protocol design is very im-

portant. This dissertation studies two different approaches to the MAC design protocol: First,

we use the QoS mechanism of IEEE 802.11 to reduce the collision rate among safety packets

when IEEE 802.11p is used which is the likely scenario in United States. Then, we introduce

a new contention-free TDMA-based MAC protocol tuned for vehicular communication which

can guarantee an upper bound on the delivery delay of safety messages. Finally, we propose a

strategy for collecting safety information of vehicles in aRoad Side Units (RSU). This infor-

mation can be used for analysis on the road traffic condition which can be then shared through

a disseminating strategy with the vehicles on the road.
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Chapter 1

Introduction

Each year in United States, vehicle related crashes result in loss of thousands of lives and

billions of dollars. Although the automotive safety has been steadily improving during the

past decades, the total numbers of injuries and fatalities have still remained relatively flat due to

the increasing number of vehicles and total miles driven [2]. To further increase safety, a more

active approach is needed to prevent collisions on the road,as opposed to the traditional passive

approaches such as airbags and seatbelts which are designedto reduce the chance of fatalities

and injuries after the collision.

Communication-based safety technologies is a promising way to move toward active safety

technologies. Communication among vehicles provides extra information to the driver to warn

him/her of a potential danger in an earlier phase, to preventcollisions. One of these technolo-

gies is Dedicated Short Range Communication (DSRC) [3] which supports Vehicle-to-Vehicle

(V2V) and Vehicle-to-Infrastructure (V2I) communicationthrough a wireless medium. This

technology is under active development in the United Statesand in other countries.

Fig. 1.1 shows a few examples of collision avoidance using DSRC technology. Each vehicle

with a DSRC device broadcasts Basic Safety Messages (BSM) [4] containing status informa-

tion, including location, speed, acceleration and heading, every hundred(s) millisecond over a

1
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range of a few hundred meters. Each vehicle that receives these safety messages from its neigh-

bors, uses them to compute the trajectory of each neighbor. Then it compares the computed

trajectory with its own predicted path and then determines if any of the neighbors poses a col-

lision threat. If a vehicle determines that this is the case,the onboard unit will warn the driver.

In some cases, it may even assist the driver in controlling the vehicle. The warning message to

the driver can be conveyed audibly, visually (e.g., heads-up-display, dashboard screen, mirror

signal), and haptically (e.g., shaking seat or steering wheel), and can range in intensity from

inform to caution to warning [1]. While the communication between DSRC devices must fol-

low carefully designed interoperability standards, the internal threat computation and warning

system employed by a vehicle is determined by the automobilemanufacturer.

The U.S. Department of Transportation (DOT) and several automakers in the United States

have studied DSRC-based collision avoidance. The Vehicle Safety Communications Applica-

tions project, completed in 2009, demonstrated the feasibility of several V2V safety applica-

tions [3], including:

• Emergency electronic brake lights (hard-braking vehicle ahead)

• Forward collision warning (stopped vehicle ahead)

• Blind Spot Warning+Lane Change Warning

• Intersection movement assist

• Do not pass warning

• Control loss warning

A few of these are illustrated in Fig. 1.1.

DOT has estimated that by using DSRC technology, V2V communication can address up to

82% of all traffic related crashes in the United States [1] which involve unimpaired drivers. This
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Figure 1.1: Collision avoidance using safety message communication

will potentially save thousands of lives and billions of dollars. In 2013, the National Highway

Traffic Safety Administration (NHTSA) within the U.S. DOT plans to decide whether to use

regulations to require or encourage deployment of DSRC equipment in new vehicles in the

U.S. [5].

DSRC can be used for many other applications beyond collision avoidance. For example,

DSRC can be used to assist navigation, make electronic payments (e.g., tolls, parking, fuel),

improve fuel efficiency, gather traffic probes, and disseminate traffic updates. It can also be

used for more general entertainment and commercial purposes.

Vehicles may also communicate to and from DSRC Roadside Units (RSUs) through safety

messages and other types of message. A vehicle can learn froman RSU about the existence of

a hazard such as ice, fog or emergency vehicle or the state of asignal at an intersection.

To make DSRC a feasible technology, the U.S. Federal Communications Commission (FCC)

has allocated 75 MHz of licensed spectrum in the 5.9 GHz band for DSRC communication [3].
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This spectrum is divided into seven 10MHz channels as shown in Fig. 1.2 . Each channel is

either a Service Channel (SCH) or a Control Channel (CCH). The CCH (Ch. 178 in the US) is

designated as a special rendezvous channel that the deviceswill tune to on a regular basis. All

other channels in the band plan are designated service channels (SCH). V2V safety messages

are expected to be exchanged on Channel 172 [6].

With a broadcast rate of 10 Hz, and the potential for tens or hundreds of vehicle in a given

area, BSMs are expected to constitute the dominant source oftraffic on Ch. 172. In Europe Co-

operative Awareness Messages (CAM) [CAM], analogous to theBSM, are similarly expected

to represent most of the data on the Control Channel in the ITS-G5A spectrum.

In addition to collision avoidance, the information carried by BSMs can also be useful for

researchers if collected at a Road Side Unit (RSU) especially for statistical analysis on travel

times and speeds on the roadways. This information can be disseminated to vehicles to inform

them of accidents, dangerous road conditions or high trafficroadways.

In this dissertation, we focus on two applications of DSRC: collision avoidance and gath-

ering traffic information. Both of these applications may use BSMs as their primary source

of information. But they have different requirements. Collision avoidance requires the safety

packets to be delivered successfully within a certain deadline. In case of traffic probing, the

bandwidth consumption is the primary concern since the amount of data to be gathered is large.

For collision avoidance, the design of MAC layer protocol issignificantly important because

it affects the delay and reliability of safety message communication. Currently, DSRC uses the

IEEE 802.11p medium access control (MAC) protocol [7], which is based on carrier sense

multiple access/collision avoidance (CSMA/CA). IEEE 802.11p is prone to packet collision

where a collision happens when two or more packet transmissions overlap in time at a receiver.

When there is a collision, one or more of the packets involvedcannot be received. The packet

collision probability increases with the offered load, which in our study is primarily a function

of node density. Different approaches has been suggested for this problem. Some of them are
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solutions that are within the IEEE 802.11p standard. Most ofthem control the collision rate

using rate or power control [8, 9]. Some solutions propose a completely new MAC protocol

that is primarily designed for V2V environment. In this dissertation we focus on both of these

approaches.

For gathering traffic information at a RSU, it is important todesign a data gathering protocol

with minimum bandwidth consumption. In this dissertation,we propose an approach to exploit

the similarities among status data among vehicles to reducethe total amount of data that is

transmitted. This approach can also be used in environmentssuch as sensor networks where

energy is constrained.

Considering the above issues, we first consider the problem of using standard QoS mecha-

nism of IEEE 802.11 called Enhanced Distributed Channel Access (EDCA) to minimize frame

collisions among periodic vehicle safety messages. We maketwo main contributions: 1) We

demonstrate an Access Category (AC) isolation technique that dramatically reduces the colli-

sion probability of high priority packets in dense environments. 2) We introduce a novel concept

called virtual division by which significant reductions in collisions among lower priority packets

can be achieved. AC isolation and virtual division are conformant with IEEE 802.11p and can

be supported by existing integrated circuit implementations. These techniques are motivated

by the periodic safety message environment under development in the US, Europe and parts

of Asia, but they may have applicability for other vehicularapplications or more general WiFi

networks. The results are verified via extensive NS-2 simulations of both simple and hidden

node topologies.

Second, we introduce a new contention free MAC protocol for periodic safety message

communication which can bound the delay in a very dense vehicular networks and derive the

theoretical lower bound on the maximum delay, in delivery ofBSMs. This bound is a linear

function of the maximum number of vehicles that interfere with one vehicle, in the network.

The theoretical lower bound, can be achieved, if there is an entity that is aware of the position,
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Figure 1.2: United States DSRC Band Plan [1]

and interference range of every vehicle. Since no such entity exists in vehicular networks,

we propose a distributed cluster-based MAC protocol, whichmaximizes collision-free parallel

transmissions of periodic safety messages. The proposed MAC protocol guarantees an upper

bound on the delivery delay of routine safety messages whichis only within 4 times from the

optimal delay. Our protocol is distributed and dynamic, andeasily adjusts to the changes in the

network.

Third, we study the problem of collecting the traffic information from all the vehicles in

access points for traffic probing. This raw data can be used later for further analysis on the

traffic information on certain roads at different times of the day. Although, monitoring traveling

information is possible through deployment of inductive loops, cameras and other sensors on

the roads, these solutions are very costly. A more cost effective solution, is to use vehicles

as traffic probe sensors. An efficient protocol is required tocollect all these raw data across

the network at a certain access point or RSU with minimum bandwidth consumption since

bandwidth is a sparse resource especially when the highway is dense. For this purpose, we

exploit the correlation on the data of vehicles to reduce thebandwidth consumption during

data collection by suppressing the redundant data from multiple vehicles. In our methodology,

a certain subset of vehicles send out their data without any suppression (full transmission).

The vehicles that perform full transmissions are called reference nodes. The rest of vehicles
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only send out the difference between their data and that of reference nodes. Our strategy is

based on two key principals. The first is to minimize the totalnumber of full transmissions.

This strategy minimizes the overall bandwidth consumptionsince in general, full transmissions

consume significantly more bandwidth than transmission of the compressed data. The second

principal is to remove the redundant data sent by each forwarding node on the path to the access

point. In this dissertation, we first obtain a theoretical lower bound on the total number of full

transmissions required for lossless collection of data at the access point. This lower bound is

equal to the size of a specific subset of nodes. We then introduce an efficient algorithm that

approximates the elements of this set. We also find a lower bound on the minimum number

of bits that a node which is responsible for forwarding the data of its neighborhood should

transmit for lossless data collection. Based on our theoretical findings, we propose a practical

data collection algorithm which can reduce the overall bandwidth consumption significantly.

Finally, we present the numerical simulations that verify our theoretical results. This result is

also applicable for sensor network environment where the objective is to minimize energy when

data is transmitted.

The rest of this dissertation is organized as follows:

• Chapter 2 describes a novel use of EDCA mechanism of IEEE 802.11p to improve vehicle

safety communication.

• In chapter 3, we introduce a new contention free TDAMA-basedMAC protocol for safety

communication in vehicular network.

• Chapter 4 describes a data collection mechanism for gathering traffic probes in an access

points.

• Chapter 5 concludes this dissertation and present future works of MAC protocol design

for vehicular networks.



Chapter 2

A Novel use of EDCA to Improve

Vehicle Safety Communication

The effectiveness of DSRC for collision avoidance depends on the communication performance

of safety messages. EDCA, the standard IEEE 802.11 QoS capability, was designed for net-

works with a mix of voice, video and best effort traffic. This chapter examines how to use

EDCA to reduce frame collisions for a channel dominated by periodic safety messages. We

make two main contributions: Access Category(AC) Isolation and Virtual Division. AC isola-

tion eliminates inter-AC countdown collisions, dramatically improving the success rate for high

priority packets. Virtual Division uses isolation in a novel way that also reduces collisions for

lower priority packets. Both techniques are consistent with the 802.11 standard. This chapter

includes detailed analysis and insightful NS-2 simulations.

8
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2.1 Introduction

Collision avoidance applications in the US are enabled through the exchange of periodic safety

messages on Ch. 172. The Basic Safety Message (BSM) [3] is broadcast by each vehicle to

convey its core state, e.g. location, speed, heading, to other vehicles within a few hundred

meters so they can assess the extent to which the sender posesa collision threat. Other safety-

related message types might also be sent on Ch. 172, for example by a roadside unit to advertise

the geometry and signal state of an intersection.

The safety channel traffic can be homogeneous or heterogeneous with respect to its priority

classes. If we do not classify messages based on relative priority, we call the traffic homoge-

neous. In the more general heterogeneous case messages willbe classified into two or more

categories. The classification is based on type (e.g. BSM vs.intersection message) and/or con-

tent. For example, a sender could classify one BSM as routineand another (perhaps indicating

sudden deceleration) as critical, and assign them to different categories. Note that both routine

and critical BSMs have the potential to prevent collisions,so we want both to be successful.

But, we attach a higher value to the sender-identified critical class and thus seek to improve its

relative reception probability. We are not concerned with the classification criteria.

DSRC uses a variation of IEEE 802.11 at the medium access control (MAC) layer [7], a

carrier sense multiple access with collision avoidance (CSMA/CA) protocol. A packet collision

happens when transmission of multiple packets overlap in time at a receiver. While CSMA/CA

attempts to avoid collisions, they do occur, especially in high channel load environments. Colli-

sions are primarily of two types: simultaneous countdown, in which the CSMA/CA mechanism

leads two or more nodes to initiate transmission at the same time, and hidden node, in which the

transmitting nodes do not sense each other. To evaluate the performance of the IEEE 802.11p

MAC in a vehicular network, we use the Packet Error Ratio (PER) metric, which is the fraction

of the transmitted packets that are not successfully received. This can be computed in aggregate

or as a function of specific senders or distances. Latency is another potential metric of interest.
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Given that safety applications are tolerant of a small number of lost packets, each effectively

adding 100 msec to the model update interval, we consider queuing latencies on the order of

tens of milliseconds to be relatively insignificant. In thisdissertation we choose techniques that

limit queuing latencies to this order, and we do not further consider latency as a metric.

Our approach is to use the priority mechanism of IEEE 802.11p, called Enhanced Dis-

tributed Channel Access (EDCA). An EDCA-equipped device accesses the medium with up to

four queues, each associated with an Access Category (AC) and each characterized by three

parameters:CWmin (minimum Contention Window), AIFSN (Arbitration Inter-frame Spacing

Number), and TXOP (Transmission Opportunity), to give priority to different classes of traffic.

TXOP is required to be 0 for IEEE 802.11p, and so we exclude that from our studies. Assigning

a frame to an AC determines theCWmin and AIFSN parameters the frame will use to compete

for channel access when it reaches the head-of-line. In a heterogeneous system, each class of

frames is assigned to one AC; in a homogeneous system there isonly one AC.

EDCA was designed primarily to control channel access delays for real-time voice and

video streams, while also avoiding excessive collision loss for bursty best effort flows. A high

priority packet was assumed to be primarily latency sensitive. Our challenge is to apply the

EDCA tool in our somewhat unique periodic safety message regime, where collision loss is the

most important criterion. A high priority packet in our environment is assumed to be primarily

loss sensitive. The effect of IEEE 802.11p EDCA parameters on the PER has not been well

studied especially for periodic message transmissions.

This dissertation offers two principal contributions. Thefirst is a comprehensive study of

the effect of AIFSN andCWmin, on the PER of periodic safety packets. In the heterogeneous

case this includes the effect on the interaction between ACs, and we present an AC isolation

technique such that a packet from a given AC can only collide with another packet if it is in

the same AC. Under high load, AC isolation significantly reduces the collision rate of higher

priority packets compared to more conventional parameter choices. The second contribution
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is a novel methodology called virtual division, which can beapplied in either a homogeneous

or heterogeneous setting. In this method, packets that are nominally of the same priority are

nevertheless segregated into different ACs (i.e. virtually divided), and using AC isolation the

net collision rate is reduced compared to placing all the packets in a single AC. In order to

achieve fairness, each node with this class of packet will dynamically alternate the assignment

to the various ACs according to a desired proportion. Recallthat the queuing delay is controlled

to be less than the message interval, so there is no concern with out-of-order delivery of packets

within the same category. Virtual division can significantly improve the PER in highly loaded

scenarios. For example, in simulations of a highway with 300vehicles per kilometer, we can

improve the PER from 60% to 36% for vehicles that are within 100-meters of each other. Virtual

division does not need adaptive tuning based on the channel load. In addition, it is a practical

mechanism in the sense that it conforms to IEEE 802.11 and canbe implemented on existing

DSRC devices.

We discuss related work in Section 3.2 and describe the standard EDCA mechanism in

Section 2.3. We present results based on a simple simulated topology in Section 2.4. In 2.4.1

and 2.4.2 we study the effect of CWmin and AIFSN on the PER for the homogeneous cases,

and in 4.3 for the heterogeneous case. This leads to the definition of AC isolation in Section

. Building on the isolation technique, we introduce the virtual division mechanism in Section

2.4.4. In section 2.5 , we present simulation results for a highway scenario with hidden nodes

and realistic fading model, using both AC isolation and virtual division. In sections 2.6, we

briefly discuss interaction of virtual division with message rate congestion control, respectively.

We offer conclusions in Section 4.7.



12

2.2 Related Work

The EDCA mechanism defined in IEEE 802.11e has been well studied both theoretically [10]

and experimentally [11] for the WLAN. In the context of vehicular networks, EDCA has been

studied in [12–16] [2,3,6,9,13,14]. The authors in [12, 14]have done a simulation study on the

effect of IEEE 802.11e EDCA parameters on the performance ofsafety message transmission.

In [12], the study was conducted for a scenario with only one high priority node. For this par-

ticular case, it was concluded that both a smallerCWmin and AIFSN would be beneficial for

the high priority node because it decreases the chance of a collision between the high priority

packet and low priority ones. The study is limited in that there will generally be more than

one high priority node. Also, the study did not suggest a mechanism that can completely avoid

collisions between high and low priority nodes, as we do in this dissertation. In [14], beside the

smallerCWmin and AIFSN, a repetition mechanism was suggested for high priority packets, in

order to increase the probability of at least one being received. However, the repetition mecha-

nism adds to channel congestion and increases the chance of collision with other categories of

traffic. In [15], simulations of 802.11p EDCA parameters showed that high priority nodes suffer

more collisions at high loads, but the authors did not offer asolution to reduce the collision rate

of high priority packets In [16], the authors proposed a scheme where they dynamically adjust

the transmission power based on the estimated local vehicledensity, while theCWmin size is

adapted according to the collision rate. In Section 2.6 we briefly discuss the interaction between

EDCA and active congestion control techniques. In [13], an analytical study is presented for

EDCA 802.11p where they introduce a Markov chain to model each access category, and use

that to estimate the error rate. However, their model cannotbe used for periodic safety message

transmission since they are assuming that the traffic is generated in bursts according to a Pois-

son process. Furthermore, they are assuming that the numberof frames generated in each burst

has a geometric distribution whereas the size of BSMs is constant.
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2.3 EDCA Mechanism of IEEE 802.11P

In this section, we present an overview of IEEE 802.11p MAC protocol and its EDCA mecha-

nism.

2.3.1 IEEE 802.11 MAC Protocol

The legacy 802.11 Distributed Coordination Function (DCF)uses a carrier sense multiple ac-

cess/collision avoidance protocol (CSMA/CA). Before starting a transmission, each wireless

node, senses the channel. If the channel has been idle for a period equal or longer than a spec-

ified duration, called Distributed Inter-Frame Space (DIFS), then the node begins transmitting.

The DIFS period consists of a 32µ sec SIFS (Short Inter-Frame Space) interval plus two 13µ

sec time slots (these times are standard for a 10 MHz channel). If the channel is sensed busy

during the DIFS interval, the node starts a countdown procedure by choosing a random number

between 0 andCWmin whereCWmin is the upper limit of the contention window. Let CW

represent the current countdown state. When the channel becomes idle the node decrements

CW once per time slot until CW reaches zero or the channel becomes busy again. The count-

down procedure is suspended when the channel is busy, and resumes when the channel goes

idle again. When CW is decremented to zero the node begins transmission. Since vehicular

safety messages are broadcast the upper limit of the contention window is alwaysCWmin.

2.3.2 Priority Mechanism of IEEE 802.11p

EDCA is the prioritized CSMA/CA mechanism of IEEE 802.11. EDCA is different from DCF

in that messages are classified into access categories basedon their relative priorities. There

are up to four access categories,ACi, each with a queue whose head-of-line packet competes

for channel access using a pair of parametersCWmin and AIFSN.CWmin has the same role

in EDCA as in DCF. AIFSN is used to calculate AIFS, which playsan analogous role to DIFS
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for each AC, i.e. when a transmission ends AIFS is the interval before the AC considers the

channel idle and begins or resumes a countdown. AIFS is calculated as follows for each ACi:

AIFS(ACi) = SIFS +AIFSNi.slot (2.1)

Notice that if AIFSN is equal to 2, then AIFS = DIFS. There is a subtle difference between

the DCF and EDCA countdown methods [16]. In DCF, CW is decremented at the end of each

idle slot and a node can start transmitting as soon as CW decrements to 0. In EDCA however,

CW is decremented at the beginning of the slot time even if some other node begins transmission

during the slot. When CW is decremented to 0, transmission bythat AC is allowed at the end

of the slot time if the channel is still idle, and is otherwisedeferred to the end of the next busy

time.

Table 2.1 summarizes the default EDCA parameters of IEEE 802.11p [1] for access cate-

gories AC0, AC1, AC2, and AC3. Note that 802.11p allows use ofnon-default parameters, for

example if specified in a controlling standard or regulation.

Table 2.1: Default EDCA parameters of IEEE 802.11p
Access category CWmin AIFSN

AC0 15 9
AC1 15 6
AC2 7 3
AC3 3 2

Fig. 2.1 illustrates how the head-of-line packets of 4 EDCA ACs access the channel using

the default parameters. Each AC is shown with its AIFS andCWmin +1 countdown slots. The

vertical line at left represents a transition from busy to idle on the channel, but a given AC will

not recognize the channel as idle until its AIFS elapses, andonly then if no higher priority AC

has seized the channel. AC3 recognizes the third slot after SIFS as available. The head-of-line

packet will begin transmission, if CW=0, or decrement CW. Ifno transmission begins in the
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Figure 2.1: AIFS of the default EDCA access categories

third slot, then both AC3 and AC2 recognize the fourth slot asavailable. If either head-of-line

packet has CW=0 it begins transmission, otherwise it decrements CW (if two head-of-line pack-

ets in the same node decrement to zero on the same slot, an internal arbitration determines which

is transmitted). The head-of-line of AC1 does not recognizean opportunity to send/decrement

until the seventh slot, and for AC0 it is the tenth slot. If themedium becomes busy at any time,

all countdowns are suspended until the busy period ends. AC3has the smallestCWmin and

AIFSN, so it has the smallest average waiting time among the 4categories. However, a frame

from AC2 might gain access first if it has a small enough CW. AC0has the longest average

waiting time.

In section 4 we present a thorough study on the effect that each EDCA parameter has on the

PER of periodic safety messages.

2.3.3 Packet Loss Reasons in IEEE 802.11

Using a high level analysis of IEEE 802.11, packet transmissions can be unsuccessful for any

of the following reasons:
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• Simultaneous count down collisions: If two (or more) transmitters sense the same transi-

tion from busy to idle channel, they may decrement their respective CWs to zero on the

same slot time, and their transmissions will collide.

• Hidden node collisions: A hidden node collision happens when a receiver is within range

of two transmitters that cannot sense each other. If transmissions from these transmitters

overlap in time, their packets collide.

• Attenuation and Fading: Wireless signals will be attenuated with distance, and the packet

may fail if the signal power is not strong enough at the receiver. Fading is the variation in

signal attenuation, usually modeled as a random process.

Attenuation and fading are physical layer problems that areindependent of the MAC layer

protocol. Hidden node collisions are difficult for the 802.11 MAC to prevent, especially for

broadcast packets that cannot use the RTS/CTS mechanism Thus, our implementation of EDCA

targets the only remaining category of packet loss, the simultaneous count down collision. In

the next section we use a simple topology where all the nodes are at the same location. This

topology helps us to exclude packet losses that are due to attenuation, fading or hidden node

collisions so we can focus on countdown collisions. In section 2.5, we will study a realistic

highway scenario with hidden node collisions and a realistic fading model.

2.4 Effect of EDCA Parameters on PER For a Simple Topology

In this section, we study the effect of CWmin and AIFSN on PER for periodic traffic, through

simulation. We use the NS-2.34 simulator [18] for our analysis, and for now, we consider a

simple topology where all the nodes are located at the same place. We begin the study with this

simple scenario in order to exclude packet losses that are caused by signal attenuation, fading

and hidden terminals, and focus on the packet collisions that are due to simultaneous count
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down to zero. We study the more realistic highway scenario insection 5. In our simulations,

each node transmits a 350-byte packet at 6 Mbps with an average interval of 100msec. While a

real system would schedule transmissions at close to 100 msec intervals (perhaps with a small

random jitter), in our simulations when a vehicle generatesa message at time t, it schedules its

next message at time t+T, where T is a uniform random variableover the interval [50, 150]. This

100 msec random interval allows us to approximate a Monte Carlo ensemble over successive

transmissions, so that the statistics of packet loss are independent of the vehicles initial phases.

The simulation parameters have been summarized in Table 2.2. These parameters are used for

both simple topology and realistic highway scenario.

Table 2.2: NS2-34 simulation parameters

Parameter Value

Noise floor -99 dBm
Carrier sense threshold -96 dBm
Packet reception SINR 7 dBm

Packet size 350 bytes
Data rate 6 Mbps

Transmission Power 10 dbm

2.4.1 Effect of CWmin on Homogeneous Traffic

In this subsection, we study the effect ofCWmin on PER when packets are transmitted period-

ically. We assume that the traffic is homogenous, i.e. all packets are assigned to a single AC.

For simplicity we useAIFSN = 2, which is the minimum allowed.

Fig. 2.2 shows the PER (y-axis) versus number of nodes (x-axis) for CWmin= 3, 7, 15,

31. We see that for low-to-moderate number of vehicles thereis a clear advantage to choosing

a largerCWmin, and we can explain this trend informally with the followinglogic. For these

loads, the countdown interval that a node experiences is unlikely to be interrupted by another

busy period. Thus, the most likely collision modality is between two nodes that each became ac-

tive during the same busy period, and they collide if and onlyif they choose the same countdown
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Figure 2.2: Effect ofCWmin on PER

value CW. The probability of choosing the same value is 1/(CWmin+1), so largerCWminresults

in lower collision probability. When more than two nodes become active in a given busy period,

the collision probability is a more complex, but it is still inversely proportional toCWmin. As

the number of nodes increases, the countdown of a given node is increasingly likely to span

multiple busy periods, and the advantage of a largeCWmin diminishes (e.g. for 200 nodes in

Fig. 2). In the extreme, the node is only able to decrement CW once per busy period, i.e. the

first slot after AIFS is always seized by one or more transmitters withCW = 0. In that case, the

probability of collision is the same after every busy period, and is thus independent of the initial

CW value a node chooses. We see this effect in Fig. 2 for 300 nodes, where PER is independent

of CWmin. This effect has also been shown in [10]. Note that we cannot makeCWmin arbi-

trarily large without incurring undesirable queuing delays. CWmin = 31, with queuing delays

less than 20 msec, is the largestCWmin that we suggest for periodic safety transmission.

2.4.2 Effect of AIFSN on Homogeneous Traffic

In this subsection, we study the effect of AIFSN on PER for thehomogeneous case. After each

packet transmission, all active nodes wait forSIFS + AIFSN.slottime before they declare

the channel idle, and either start transmitting or decrementing CW. During this AIFS period
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Figure 2.3: Effect of AIFSN on PER

nobody can transmit. When we increase AIFSN, we increase this waiting time for all the nodes,

which effectively reduces the number of messages/second that the channel can support. Thus,

the probability of collision increases with increasing AIFSN, since there is less time available

for data transmission.

Fig. 2.3 shows the effect of AIFSN on PER for different numberof nodes. We have tried

AIFSN = 2,3,4,5,6 and we see a clear trend of increasing PER with increases in AIFSN. This

shows that, for a homogeneous scenario, there is no reason touse any AIFSN larger than 2.

2.4.3 AC Isolation for Heterogeneous Traffic

Safety messages can often be classified by the sender as routine or critical, and placed in dif-

ferent ACs to give the critical messages priority channel access. Here we investigate how to

choose the EDCA parameters for this heterogeneous traffic, i.e. for these higher priority (HP)

and lower priority (LP) ACs. For simplicity, we assume in this subsection that HP traffic is

10% of the whole. Note that the principles illustrated here do not depend significantly on this

specific percentage, nor do they depend on whether the critical traffic is concentrated in 10% of

the nodes or distributed.

We progress to our result in two steps, both illustrated in Fig. 2.4. In the first step we
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Figure 2.4: AC3 and AC2 vs. Homogeneous

use the default AC3 and AC2 parameters in Table 2.1 for HP and LP ACs, respectively. AC2

is a reasonable choice for the LP safety traffic because theremight be traffic on the safety

channel that is even lower priority than routine BSMs. In Fig. 2.4 we compare the PER for

these two ACs (labeled without isolation) with that of homogeneous traffic. The differences are

best illustrated for the highly loaded 300 node case, in which the PER for HP has significantly

decreased (from 72% to 30%) compared to the homogeneous case, and this comes at a relatively

small price of increasing the PER of LP to 75%. The explanation leads us to more general

observations about how to choose parameters.

Fig. 2.5 illustrates how nodes with an LP packet and nodes with an HP packet compete for

the channel after a busy period. HP nodes, withAIFSN = 2, recognize the channel as idle

afterAIFS(2) = SIFS + 2.Ts whereTs is the duration of one time slot. LP nodes wait an

extra time slot.

In the first slot after AIFS(2) LP nodes consider the channel busy and HP nodes only com-

pete against each other, making the collision probability for this slot is very low. This is key to

understanding the advantage of low AIFSN in a heterogeneouschannel. If no HP node takes the



21

SIFS 

Data 

CW=3 

AIFS(2) 

AIFS(3) 

AC3 (High priority): AIFSN=2, CWmin=3 

AC2 (Low priority): AIFSN=3, CWmin=7 

High priority will not collide with 

low priority in this slot 

Data 

Figure 2.5: AC2 and AC3 competing

first slot, LP and HP nodes compete in the second slot. An HP node has a higher collision prob-

ability when transmitting in this slot, and in the others forwhich LP and HP have overlapping

access. If the channel is still idle in the fifth slot LP nodes will only compete among themselves.

Note that at heavy loads an HP node that originally picksCW = 2 will frequently count down

twice toCW = 0 before the channel is seized by an LP node, and will thus only compete with

other HP nodes after the next busy period, with low collisionprobability. Thus, for 300 nodes

roughly half the HP packets (CW = 0 and 2) have low collision probability in the first slot after

AIFS(2) and the other half have higher collision probability, which is why the PER is roughly

half that of the homogeneous case. This approximate analysis explains qualitatively what we

observe. It depends on the HP load being relatively small (e.g. 10% rather than 50%). LP has

both higher AIFSN and lowerCWmin than homogeneous, which accounts for the small PER

increase.

Extending the above result leads to the first principle contributions presented in this chapter:

AC Isolation. Two ACs are isolated if there is no overlap in the slots in which they attempt to
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Figure 2.6: AC Isolation mechanism

access the channel. There can be no countdown collisions between packets in isolated ACs.

Fig. 2.6 illustrates how AC Isolation works. Using the same HP AC, we increase the LP

AIFSN to eliminate overlapping slots. After a busy period, an active HP queue can completely

exhaust its CW (blue arrows), even ifCW = CWmin, before an LP queue considers the channel

idle. The two ACs access the channel during non-overlappingslots, completely eliminating

countdown collisions between HP and LP packets. This can be thought of as a distributed strict

priority queue, i.e. an LP packet can only be sent if no node has an HP packet. Note an HP

packet that is generated during the slot competition might transmit at the same time as an LP

packet (red arrow slots). This low probability event is not acountdown collision, and EDCA

cannot prevent it. AC Isolation is achieved by satisfying the following equation:

AIFSN(LP ) = AIFSN(HP ) + CWmin(HP ) + 1 (2.2)

In this dissertation,AIFSN(HP ) = 2 andCWmin(HP ) = 3, so equation 2.2 is satisfied

with AIFSN(LP ) = 6. CWmin(LP ) can be chosen large, e.g. 15, to reduce collisions

between LP nodes. We return to Fig. 2.4 to see the effect of AC Isolation on PER, comparing
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with the non-isolated heterogeneous case. For HP (green vs red) there is a significant reduction

in PER for all N, e.g. at 300 nodes the comparison is about 4% vs30%. For LP (pink vs blue)

the isolated and non-isolated ACs perform similarly. For N<150 the isolated AC has slightly

less PER due to largerCWmin. For N>150 the isolated AC has slightly more PER due to larger

AIFSN. In both ranges the difference is small. The dramatic improvement for HP thus comes

at essentially no cost for LP, showing that AC Isolation is strongly preferable to using default

AC3 and AC2.

Thus, if we only have two classes of traffic, we suggest (CWmin = 3, AIFSN = 2) for

the HP class and (CWmin = 15, AIFSN=6) for LP. Generally it is not advisable to choose

CWmin<3 in any class unless the proportion of traffic in the class is very small, and with

our 10% assumption we will consistently setCWmin = 3 for the HP class. Similarly, we

consistently setAIFSN = 2 for the HP class since it cannot be set smaller and there is no

advantage to setting it larger.

If we have a third class of traffic (i.e. HP, LP, and medium priority (MP)) we can utilize a

third isolated AC. We apply equation 2.2 twice. Starting with (CWmin = 3, AIFSN = 2) for

HP, we must setAIFSN = 6 for the MP class. In order to keep AIFSN from becoming large

for the LP class we set the MP classCWmin to either 3 or 7, depending on the proportion of

traffic expected in the MP class. The more likely case is to setCWmin = 7, in which case from

equation 2.2 we haveAIFSN = 14 for the LP class. Table 2.3 summarizes our suggested

parameters for three access categories based on the AC Isolation strategy.

Table 2.3: Suggested EDCA parameters for DSRC safety

Access Category CWmin AIFSN

AC1 (LP) 15 14
AC2 (MP) 7 6
AC3 (HP) 3 2
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Figure 2.7: Virtual Division with one third distribution toeach AC

2.4.4 Virtual Division

Observe that in all of the PER plots the curves are initially convex. Evidently, for some range of

N, adding one vehicle creates enough potential new collision combinations thatPER(N+1) >

PER(N) ∗ N + 1/N . This observation enables the our novel contribution: Virtual Division.

It motivates us to try experiments of the following type: Classify the safety messages generated

within each node into three classes using a ratioN3 : N2 : N1, assign those in the first class

to AC3 (Table 2.3), those in the second class to AC2, those in the third class to AC1, and assess

the aggregate PER across all classes.

We discovered choices for the ratio such that the aggregate PER resulting from this tech-

nique is indeed lower than if all messages use a homogeneous AC, e.g. (CWmin = 15,

AIFSN = 2). In other words, even if all the messages are of equal value,an average PER

advantage can be obtained by segregating them into different ACs, and specifically in this case

isolated ACs. The assignment of the individual messages canbe by random division or using a

deterministic rotation. We call this technique Virtual Division because the assignment to ACs
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is not based on actual priority differences among the packets. It is illustrated in Fig. 2.7 for

the equal division case, i.e.N3 = N2 = N1 = 1/3. We next examine the impact of Virtual

Division on naturally homogeneous traffic, and then on naturally heterogeneous case.

Virtual Division For Naturally Homogeneous Traffic

Fig. 2.8 shows simulation results for the case illustrated in Fig. 2.7. The traffic is naturally

homogeneous. We form three ACs using the parameters of Table2.3. Each vehicle assigns one

third of its packets to each AC, using a deterministic rotation after an initial random assignment.

The figure compares the PER of Virtual Division (red) with that of a true homogeneous assign-

ment (blue). The red curve is the aggregate PER experienced by a given vehicle, across all

three ACs. We see that for low-to-moderate N, Virtual Division makes a modest improvement

in the PER, but for high N the PER is improved significantly, from 72% to 58% (i.e. a 50%

improvement in reception probability). Notice that virtual division will result in higher queuing

delay for lower priority packets. If that delay reaches the packet generation period, 100 msec,

we use a push-out queuing technique such that the old packet is discarded and the new packet

is enqueued. Hence, the queuing delay for a successful transmission can not be higher than 100

msec, and this is not critical for safety applications. Discarding could be applied with a lower

delay threshold if desired.

Virtual Division For Naturally Heterogeneous Traffic

If we have naturally heterogeneous traffic with, i.e. some with true high priority, we still can

use the Virtual Division technique on the remainder. Fig. 2.9 shows simulation results for such

an example. We again assume 10% of traffic in any message period is classified HP. A vehicle

without an HP packet in a given period uses Virtual Division to assign its packet with equal

probability to the MP or LP AC, e.g. it can alternate assignments from period to period. PER

for HP traffic is equally low with and without division; the green and red curves are hard to
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Figure 2.8: Virtual Division for naturally homogeneous traffic

distinguish. However, the PER for LP with division (pink) issignificantly reduced compared to

without division (blue) for higher values of N. For example,for N = 300 the PER has improved

from 82% to 68% (the probability of reception has increased by more than 50%). Note that in

this subsection we have used examples in which the Virtual Division is done on an equal basis

among the subclasses, e.g. half to each of two, or one third toeach of three. The question of

optimal division ratio is discussed in the next subsection.

Optimal Division

Virtual Division can use any ratio N3:N2:N1. Equal divisionratios were chosen in the prior

subsection for simplicity. To investigate the optimal division we use a heuristic tool to efficiently

search the (N3, N2, N1) space. This tool estimates PER for a given division quickly compared

to a simulation. For example, an exhaustive search with 5% granularity requires checking 231

(N3, N2, N1) combinations, and takes a few minutes with the tool compared to many days via

NS-2. The tool uses as input PER vs. N simulation data for eachof the three homogeneous

cases: AC3 alone (e.g. from Fig. 2.2), AC2 alone, and AC1 alone. For a given N3:N2:N1 it

estimates the channel busy fraction (load) and PER contributed by each AC. Since the ACs are
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Figure 2.9: Virtual Division for naturally homogeneous traffic

isolated, aggregating the results is easy. A key assumption, validated by simulation, is that the

load depends on the ratio of messages to message interval. Here are the specific steps for a

given division and a given N:

1) From input data determine the channel load (L3) and PER (P3) whenN3 ∗N nodes use

AC3 on a 100 msec channel.

2) Determine the load (L2) and PER (P2) ifN2 ∗ N/(1 − L3) nodes use AC2 over 100

msec. This modelsN2 ∗N nodes on a channel already reduced by higher priority AC3.

3) Finally, determine the PER (P1) ifN1∗N/(1−L3−L2) nodes use a 100 msec channel,

modelingN1 ∗N nodes on a channel reduced by higher priority AC3 and AC2. Theaggregate

PER for the division is thenP3 ∗N3 + P2 ∗N2 + P1 ∗N1.

Fig. 2.10 shows the tool applied forN = 300, with ACs defined in Table 2.3, using AC3

input data from Fig. 2.2 and similar data for AC2 and AC1. The optimal division is identified as

0.4:0.2:0.4. The PER surface resembles a triangle, whose corners represent the three homoge-

neous cases, sagging in the middle. It appears to be uni-modal. Based on follow-up simulations,

the division it identifies is near-optimal, with PER within 1% of the true minimum. The PER
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Figure 2.10: Virtual Division

corresponding to the near-optimal division found using this tool is also plotted in Fig. 2.8.

2.5 Realistic Highway Scenario

In this section, we will study the effect ofCWmin and AIFSN on PER of safety traffic for a more

realistic highway scenario. In this scenario, packet losses can be caused by signal attenuation,

fading, hidden terminal problem as well as simultaneous countdown collisions.

For simulations in this section, we again use NS-2.34 simulator where we have the following

scenario: We have a circular 3-kilometer highway where the circular highway is used to avoid

the boundary effect [18]. We set the transmission power to 10dBm which is equivalent to

transmission range of 500-meters. Hence, we have many hidden nodes in this 3-kilometer

road. Every vehicle is transmitting a 350-byte packet every100msec with some random jitter.

We use the Nakagami distribution, for radio propagation model, which has been shown more

realistic for vehicular communication environment than pure Rayleigh distribution or two ray
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ground model [2,8]. The Nakagami distribution is already implemented in NS-2.34 and the

mathematical description is given below [2].

f(x; Ω,m) =
2mmx2m−1

Γ(m)Ωm
exp[
−mx2

Ω
],

x ≥ 0,Ω > 0m ≥ 1/2

(2.3)

Wherem is the shape parameter, andΩ controls the spread of the distribution. Whenm = 1,

the Nakagami distribution becomes the Rayleigh distribution, which models a harsh scenario

where no line of sight exists. Whenm > 1, it approximates the Rician distribution, which

closely models line of sight scenario. For our simulations,we use the fading parameters as in

[2] (these parameters were measured by collecting empirical data on a real highway), where

we assume line of sight for closer ranges (< 50 meters) withm = 3, less severe fading for

the distances up to 150 meters withm = 1.5, and Rayliegh fading for distance more than 150

meters withm = 1.

We calculate the PER for each transmitter-receiver pair over all the distances, and then

calculate the average PER based on the distance. Notice that, the overall PER is a function

of both the distance between the transmitter and the receiver and the node density. We define

different distance bins where for each bin, we calculate theaverage PER between each pair of

nodes falling within that bin.

2.5.1 Effect ofCWmin on Homogeneous Traffic

In this subsection, we study the effect of CWmin on the PER in arealistic highway scenario

when packets are transmitted periodically. We assume that the traffic is homogenous and all the

packets are assigned to a single AC.

Fig. 2.11 shows the PER (y-axis) forCWmin = 3, 15, 31 for two scenarios: one where the

highway is lightly loaded with 300 nodes over a 3km highway (100 node per kilometer) and one
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Figure 2.11: Effect of CWmin on PER in a highway scenario (300and 900 nodes on a 3km
highway)

where the highway is heavily loaded with 900 node over 3km highway (300 node per kilometer).

The x-axis represents the distance bins [0-50, 50-100, 100-150, 150-200] meters. Each point

represents the average PER for all the transmitter-receiver pairs that their distance falls within

the specified bin. The AIFSN=2 for all the simulations. We cansee that the variation inCWmin

does not have any significant effect on the PER in this scenario whether the highway is lightly

loaded or heavily loaded. The reason is that in highway scenario, we have both hidden node

and countdown collisions, which are not independent from each other. In fact, reducing the

simultaneous count down collisions may result in a higher hidden node collision rate. Reducing

the count down collisions creates more successful transmissions. This decreases the channel idle

time, which increases the chance of hidden node collision. Therefore, although largerCWmin

at low and medium loads reduces the simultaneous count down collisions, but it increases the

hidden node collisions because of decreasing the channel capacity and hence, the overall PER

does not improve when we increase the size ofCWmin in Fig. 10.
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2.5.2 Effect of AIFSN on Homogenous Traffic

Similar to the simple topology scenario, in a realistic highway scenario, larger AIFSN results

in longer waiting time before transmissions. This reduces the number of messages/second that

channel can support and so the probability of collision increases. The performance plot is

similar to Fig. 3 in subsection 4.2.

2.5.3 AC Isolation

In this subsection, we study the effect of AC isolation technique over the PER of HP and LP

traffic in a realistic highway scenario. It should be noted that in this subsection like in [2] we

study the highly loaded scenario (900 nodes which is equivalent to 1 car every 27 meters per

lane in an 8 lane highway). In this scenario PER is high and ourscheme improves PER by

significant margin. We again assume that HP traffic is 10 percent of the whole traffic. Fig. 2.12

illustrates the PER of both HP and LP as well as the PER of homogenous case with only one AC.

In this example, for heterogeneous case, AIFSN (HP)=2,CWmin(HP)=3 and AIFSN(LP)=6,

CWmin(LP)=15. For homogeneous case, AIFSN=2 andCWmin=15. We can see that the PER

of HP (blue) for all the distance bins has improved. As an example, the PER of [50-100] bin

has improved from 50 percent to 20 percent compared to the homogeneous case (black), and

this comes at the price of increasing the PER of LP (red) from 50 percent to 60 percent.

2.5.4 Virtual Division

As noted earlier, the virtual division examples studied in sections 4 and 5 employ an equal

proportion strategy, e.g. 50%-50% or 33%-33%-33%. We demonstrated that this strategy is

effective in improving communication performance in a variety of topologies, priorities, and

densities. Many other strategies are possible. In general,one might expect the optimal propor-

tions to be a function of vehicle density, message size and rate, fading environment, and AC

parameters, among other factors.
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Figure 2.12: AC Isolation for highway (900 nodes on 3km road)

We have experimented with several unequal proportion scenarios, and have observed some

that have better performance than equal proportion division. For example, when we simulated

the case of homogeneous traffic in a realistic highway scenario with 900 nodes over 3 km,

we found that a 20%-30%-50% division has lower aggregate PERthan an equal 33%-33%-33%

division. One can imagine constructing an adaptive proportion algorithm that reacts to changing

load, topology, etc. The topic of optimizing the proportions of virtual division is identified as a

subject for future research.

Virtual Division For Naturally Homogeneous Traffic on Highw ay

In this subsection, we study the effect that Virtual Division has on naturally homogeneous traf-

fic in a realistic highway scenario. We form three ACs using parameters from Table 2.3. Each

vehicle assigns one third of its packets to each AC, using a deterministic rotation after an ini-

tial random assignment. Fig. 2.13 compares the PER of Virtual Division with that of a true

homogenous assignment for two different load scenarios: 900 and 300 nodes over 3 km high-

way. For the lightly loaded 300 node scenario virtual division (green) performs similarly to

homogenous (black). For the highly loaded 900 node scenariothe PER using virtual division

(blue) has improved over all the distance bins. For example at distance bin [50- 100] the PER
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Figure 2.13: Virtual division for naturally homogeneous traffic (900 nodes on a 3km road)

has improved from 49% to 35% compared to the homogeneous approach (red).

Virtual Division For Naturally Heterogeneous Traffic on Hig hway

We study the effect of virtual division, on a naturally heterogeneous traffic in a realistic highway

scenario in this subsection. The high priority traffic is 10 percent of the total traffic whose

packets go into HP AC. The remaining 90 percent of the vehicles alternate assignment of their

packets between the MP and LP ACs. Fig. 2.14 shows the simulation results, for this scenario.

The green curve shows the PER over distance for LP when no virtual division is performed for

LP nodes. The black curve represents the PER for LP when virtual division is performed for

LP nodes. We can see that the PER of LP has improved over all thedistance bins when virtual

division is performed. For example, for the [50-100] bin, The PER has improved significantly

from 60% to 36%. The blue curve shows the PER for HP when no virtual division is performed

for LP nodes. The red curve represents the PER for HP when virtual division is performed for

LP nodes. This time, we can see that virtual division for LP has slightly increased the PER of

the HP. We can explain this phenomenon as follows: The significant reduction in simultaneous
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Figure 2.14: Virtual division for naturally heterogeneoustraffic in highway scenario (900 nodes
on 3km road)

count down collisions for LP using virtual division, decreases the channel idle time which will

result in an increase in the hidden node collisions for HP, comparing to the case with no virtual

division for LP. But this increase for the PER of the HP (e.g. from 20% to 23% percent in

[50-100] bin) is fairly negligible when keeping in mind the significant decrease in the PER of

the LP (60% to 36%). To bring that into perspective, if lossesare independent, the probability

that a given set of 4 packets will be lost in HP at the [100-150]bin is approximately 3% if

virtual division is not performed for LP. That probability will be increased to approximately 4%

if virtual division is performed for LP. Both these probabilities are fairly small. However, the

probability of 4 losses for LP with no division is 33% for [100-150] bin. This probability is

only 10% when virtual division is performed.

2.6 Advanced EDCA Techniques and Adaptive Message Rate Con-

trol

The examples used to demonstrate the EDCA concepts in this dissertation assume each node

sends safety messages at a fixed rate. However, the AC isolation and virtual division techniques

will also work in an adaptive message rate environment. Adaptive rate algorithms to control
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channel congestion are subject of current research [19,20]. Advanced EDCA techniques and

message rate control are complementary technologies. There are potentially complex interac-

tions between these technologies. For example, if the EDCA techniques produce lower PER

(and thus higher channel load) for a given offered load, perhaps the target channel load of the

adaptive message rate algorithm should higher than with default EDCA (e.g. 70% rather than

60%). Another interaction is the impact that adaptive rateshave on virtual division proportions;

for example if rates are reduced should the proportion goingto the LP AC, which has the highest

collision rate, be reduced? We leave these interesting questions for future research.

2.7 Conclusion

In this chapter we study the application of IEEE 802.11 EDCA to vehicular safety commu-

nication. We present two techniques that significantly improve communication performance:

AC isolation and virtual division. Through comprehensive simulations these techniques are

shown to reduce PER for both critical and routine safety messages. Simulations are presented

for a simple topology to illustrate the basic principles, and also for realistic highway scenarios.

Application of AC isolation requires use of non-default EDCA parameters. We recommend a

specific alternative parameter set, which could be standardized for use on a safety channel (e.g.

US Ch. 172 or European CCH). The techniques themselves are not only conformant with the

EDCA standard, but area also easy to implement on existing hardware that can support per-

packet priorities. Further research is suggested to learn more about selecting virtual division

proportions, and to explore joint operation with congestion control algorithms.



Chapter 3

On Minimization of the Maximum

Delay for Safety Communication in

Vehicular Networks

This chapter introduces a new contention free MAC protocol for safety communication in vehic-

ular networks. As discussed in previous chapter, IEEE 802.11p is a contention-based protocol,

which can cause extensive and unbounded delays, especiallyin dense networks. Therefore, to

bound the delay, in this chapter, we focus on a contention-free MAC protocol, and derive the

theoretical lower bound on the maximum delay, in delivery ofBSMs. This bound is a linear

function of the maximum number of vehicles that interfere with one vehicle, in the network.

The theoretical lower bound, can be achieved, if there is an entity that is aware of the posi-

tion, and interference range of every vehicle. Since no suchentity exists in vehicular networks,

we propose a distributed cluster-based MAC protocol, whichmaximizes collision-free parallel

transmissions of safety data. The proposed MAC protocol guarantees an upper bound on the

delivery delay of BSMs which is only within 4 times from the optimal delay. Our protocol is

distributed and dynamic, and easily adjusts to the changes in the network.We verify our results,

36
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and evaluate our protocol through numerical simulations.
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3.1 Introduction

As described in Chapter 2 in detail, DSRC uses the IEEE 802.11p medium access control

(MAC) protocol [7], which is based on carrier sense multipleaccess/collision avoidance (CSMA/CA)

and is prone to packet collision. The packet collision probability increases with the offered load,

which in our study is primarily a function of node density. Sakurai et al. [17] showed, that for

the case of unlimited transmissions, the access delay in IEEE 802.11 DCF, has a heavy-tailed

delay distribution. This means that, the delay can not be bounded, if the packets are not dropped

after certain number of un-successfull tries. Thus, IEEE 802.11p MAC protocol is prone to long

delays especially in dense networks, and can not guarantee an upper bound on the delivery delay

of BSMs.

In this chapter, the goal is to bound the delivery delay of BSMs in vehicular networks,

using a contention-free protocol. The key idea is to maximize parallel transmissions of safety

messages without causing any collisions. We have three major contributions:

• We derive the theoretical lower bound on the maximum delay, using a TDMA-based

protocol in vehicular networks.

• We propose a distributed cluster-based MAC protocol that iscollision free and guarantees

an upper bound on the delivery delay of routine safety messages, which is within 4 times

from the optimal delay.

• Since the network is dynamic, and the structure of clusters changes, we propose a dy-

namic clustering and scheduling protocol geared for vehicular network environment that

easily adjusts to the changes in the network with low overhead for clustering.

To obtain the theoretical lower bound, we introduce an interference graph which is a graph

that represents the interference among all the vehicles in the network. We prove that, the lower

bound on the maximum delay, is a linear function of the degreeof the interference graph. This
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lower bound can be achieved, if the graph is fully known by an entity in the network. Since

no such entity exists in vehicular networks, we propose a distributed cluster-based MAC proto-

col, which maximizes parallel transmission of data within clusters, without causing interference

among clusters. Our dynamic clustering and scheduling protocol, takes advantage of the pre-

dictable moving pattern of the vehicles, to reduce the schedule adjustment overhead.

The contention-free protocol proposed in this chapter is TDMA-based, where we assume

that all the vehicles are time synchronized using Global Positioning System (GPS) receivers.

This is a realistic assumption since in future, all vehicleswill have a GNSS (Global Navigation

Satellite System) receiver on board, as it will be enforced by by new initiatives, such as Galileo

in Europe, GPS modernization in USA, and QZSS in Japan. The coarse acquisition code (C/A)

of GPS can be used for time synchronization in vehicular networks, as studied in [18], and can

provide very precise synchronization (in order of nano seconds).

The rest of this chapter is organized as follows: Section 3.2is an overview of the related

work. In section 3.3, we derive the theoretical lower bound on the maximum delay. In section

3.4, we introduce our MAC protocol, and then obtain the analytical upper bound on the delay

of routine safety messages using our protocol. In section 3.5, we explain how the proposed

protocol adjusts to the changes of topology in the network. We evaluate the proposed protocol,

through simulation in section 3.6, and section 4.7 concludes this chapter.

3.2 Related Work

Contention-free MAC protocols, in the context of vehicularnetworks and mobile wireless net-

works, have been studied in [19–26].

One of the proposed contention-free MAC protocols, is SpaceDivision Multiple Access

(SDMA) and its variations [19, 20]. The key idea is to divide the road into spaces and dedicate

a time slot to each space for the vehicle located within that space. This approach have practical
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limitations, since it requires offline mapping of all the geographical locations to the time slots,

as described in [27]. In addition, the overall network utilization is low, since many time slots

are unused, in a sparse network.

Distributed TDMA, is another contention-free MAC protocol, and has been studied in va-

riety of forms in [21–23, 26]. In STDMA [22], ADHOC MAC [21], and VeSOMAC [23], the

key idea is that, each vehicle, reserves one unused time slotfor itself, which is periodically

repeated. During this time slot, the vehicle sends information. The slot time information are

exchanged across 1-hop and 2-hop to avoid hidden terminal problem. The disadvantage of these

protocols is that new vehicles, may compete for one time slotrepeatedly. The proposed algo-

rithm in [26] is similar to our approach in that both suggest aclustering approach where TDMA

is chosen as the access protocol for the nodes within a cluster. However, Gerla et al. did not

obtain a bound on delivery delay of messages using their protocol. Furthermore, they suggest

lowest ID algorithm for clustering [28] where vehicles periodically broadcast their neighboring

information. Our cluster adjustment protocol for vehicular networks has much less overhead by

taking advantage of the fact that vehicles movements are predictable and restricted to the road.

In addition, Gerla et al. suggest using CDMA to avoid interference among adjacent clusters,

where separate codes are used for different clusters. Although CDMA is a feasible solution,

but it requires a more complex hardware and also has the disadvantage of a lower data rate in

comparison to TDMA.

The approach proposed by Su et al. [24], also uses a distributed TDMA in combination with

a contention-based scheme. They use a clustering algorithmto place vehicles into different

clusters, where each cluster has a vehicle as the cluster head. Within each cluster, TDMA is

used, for collection and delivery of safety messages in the cluster, which are consolidated in the

cluster head. Two clusters communicate through their cluster heads, using a contention-based

protocol. Thus, two vehicles can not communicate directly with each other, if they are from

different clusters, even though they are within each others’ communication range. This will add
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Figure 3.1: Optimal channel assignment using greedy coloring: a) Vehicles with their corre-
sponding transmission ranges b) Interference graph representation of a) c) Optimal channel
assignment

extra delay, for delivery of routine safety data.

3.3 Theoretical Analysis on Delivery Delay of Basic Safety Mes-

sages

Our objective is to design a MAC protocol, that can guaranteea maximum delay for delivery of

safety messages. In this section, we derive a theoretical lower bound, on the maximum delay,

in delivery of routine safety messages, using a TDMA-based MAC protocol. We assume that

the vehicles are all time-synchronized, using GPS receivers. For simplicity, in this section, we

consider a static network. We describe our algorithm, for the dynamic network, in section 3.5.
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In addition, to obtain the theoretical lower bound on the maximum delay, we assume that there

is an entity that is aware of the position, and interference range of all the vehicles. Since such an

entity does not exist in vehicular networks, in the next section, we will explain how our proposed

MAC protocol, uses local information to minimize the maximum delay in transmission of safety

data.

To derive the lower bound, we maximize parallel transmissions that do not cause collision.

For this purpose, we model the interference among nodes, with a graph that we callinterference

graph, and reformulate the problem as a graph coloring problem. Then, we prove that the

interference graph is an interval graph in vehicular networks. Finding the optimal coloring, in

interval graphs, is not NP-hard, and the optimal solution can be found efficiently [29]. Using this

fact, we derive the lower bound on the maximum delay, in delivery of routine safety messages.

This bound is a linear function of the degree of the interference graph.

Definition 1 An interference graph is a graph in which, each vertex represents a vehicle, and

each edge between two vertices, represents that their corresponding vehicles have overlapping

interference areas.

Using the above definition, we prove that:

Theorem 1 For a TDMA-based collision-free scheduling protocol in a vehicular network, the

maximum delay for transmission of safety messages, is lowerbounded by(∆ + 1)T , where∆

is the degree of the interference graph, corresponding to the network, andT is the duration of

one time slot.

Proof: We derive minimum number of time slots that a vehicle, with the maximum wait time,

has to wait, before it can transmit its data. The transmissions should be collision-free. To

avoid collisions, vehicles with overlapping interferenceareas, should not transmit data, in the

same time slot. But vehicles with overlapping interferenceareas are adjacent in the interference

graph. Thus, finding the minimum number of time slots, is equivalent to optimal coloring
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problem in the interference graph. The optimal coloring is finding the minimum number of

colors, for coloring the vertices of the graph such that no two adjacent vertices share the same

color. Now, the communication range of each vehicle is usually more than 150 meters, which is

much larger than the width of the road. Therefore, we can represent the interference area of each

vehicle with an interval. Thus, the interference graph is aninterval graph. An interval graph is a

graph that can be represented with a set of intervals assigned to the vertices so that vertices are

adjacent, if and only if the corresponding intervals intersect [29]. In interval graphs, the optimal

coloring problem is not NP-hard, and requires at most∆+1 colors [29], where∆ is the degree

of the interval graph. Therefore, the lower bound on the maximum delay, in transmitting routine

safety data is(∆ + 1)T . This completes the proof. �

The following example, shows the interference graph and theoptimal channel assignment

for a given network.

Example 1 Let’s consider a snapshot of a 3-lane highway in Fig.3.1 a) where vehiclesA, .., F

want to transmit their safety messages. Our objective, is tofind the lower bound on the max-

imum delay, in delivery of safety messages. The interference areas of vehicles is shown with

intervals. Vehicles with overlapping interference intervals, should not transmit their safety

messages concurrently, because it will cause collision. For example, concurrent transmission

of A andC, will collide in B andD. Fig.3.1 b) shows the interference graph corresponding to

Fig.3.1 a).

The optimal scheduling for the this problem can be found using the greedy coloring algo-

rithm, described in [29]. The solution is given in Fig.3.1 c). All the vehiclesA, .., F have to wait

for only 3 time slots, before transmitting their data to avoid collision. Therefore, total delay,

between two transmissions, is equal to 3T. This is smaller than the degree of the interference

graph plus 1 which is 7 (the degree of nodeE is 6). Note that, the lower bound on the maximum

delay, is equal to(∆ + 1)T , only if the interference graph is fully connected, which iswhen

all the vehicles are in the interference range of each other.It is clear that, in a fully connected
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network, in each time slot, only one vehicle should transmitdata.

Notice that, this optimal solution can be found, only if the interference graph is completely

known, by an entity in the network. This means that, the entity should be aware of the position

and interference range of all the vehicles on the road. No such entity exists in vehicular network,

and the interference graph is only known locally. In the following section, we will propose a

MAC protocol that uses local information to minimize the delay of safety data transmission.

3.4 MAC Protocol for Routine Safety Messages

In this section, we introduce our contention-free TDMA-based MAC layer protocol for routine

safety messages. We assume that every vehicle is aware of itsposition and velocity, and that all

the vehicles are time-synchronized using GPS devices. We also assume that interference range

of vehicles is twice their transmission range. Our setting is a highway with two moving direc-

tions. The objective is to maximize the number of vehicles with non-overlapping interference

ranges that can broadcast their data during the same time slot. We first explain our clustering

algorithm which partitions the network into clusters. Then, we describe our scheduling protocol

which maximizes parallel transmissions within clusters with no overlapping interference area.

We take advantage of the current existing physical layer of DSRC standard, for which Fed-

eral Communications Commission (FCC) has allocated 75 MHZ of 5.9 GHZ bandwidth. The

75 MHZ bandwidth of DSRC is divided into seven 10 MHZ channels. Among them, we use

two of the 10 channels (CH172 and CH174) for each moving direction on the highway. Since

our protocol is similar in both directions, we only discuss one direction.

We partition the network into clusters, within which the safety message transmissions are

scheduled. Then, we schedule the transmissions within adjacent clusters such that parallel

transmission that cause interference, are avoided. Each cluster is identified by a Cluster Head

(CH). Any node in the transmission range of a CH belongs to thecluster and is called a Cluster



45

Member (CM). A vehicle that lies within the transmission range of two CHs, is called a gateway.

Gateway nodes coordinate data transmissions among adjacent clusters, such that concurrent

data transmissions within two different clusters, do not cause interference in any node. Since

transmission range of vehicles is more than the width of a road, each cluster only has maximum

of two adjacent cluster neighbors with the same moving direction: One in the front and one in

the back. This makes the coordination easy since gateways only have to coordinate the schedule

of two adjacent clusters.

Here, we explain how scheduling works within each cluster and its adjacent clusters, as-

suming no changes occur in the topology of the clusters. In the next section, we discuss how the

structure of clusters changes, when topology of network changes due to vehicle movements.

In each cluster, the channel is assigned by the CH, and is announced to the CMs and gate-

ways through the beacon messages. On each beacon message, CHpiggybacks the ID of the next

node within the cluster that should broadcast its status data. CH dedicates the designated time

slot to the CMs and gateway nodes in a round robin fashion. Thus, the time that a vehicle has to

wait in a cluster, for its turn to transmit its data, depends on the number of nodes in the cluster.

Gateway nodes can either follow the transmission schedule of their front cluster or their back

cluster. Gateway nodes make this decision based on the number of nodes in the two clusters.

Every CH dedicates an empty time slot to the vehicles that arewilling to join the corresponding

cluster. These vehicles will send a request to join the cluster during this empty time slot.

We enforce a wait/transmit schedule within each cluster, such that transmission in one clus-

ter, does not interfere with transmission in any other clusters. The key idea is that, only one

cluster, among four consecutive clusters, should allow data transmission, during each time slot.

This rule, first ensures that, two directly adjacent clusters, do not transmit data concurrently.

Second, it ensures that non-adjacent clusters, with one or two clusters in between, do not trans-

mit at the same time, either. The second rule avoids data collision at the middle clusters, when

side clusters are transmitting. Note that, this is necessary, since interference range is usually
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Figure 3.2: Transmit/Wait schedules

considered to be twice the transmission range and parallel transmissions can cause interference

even when transmitting clusters are two clusters apart. Forthis purpose, we introduce three

different schedules:{S0, S1, S2, S3}. Fig. 3.2 shows these four schedules. The schedules will

be repeated periodically. We assign one of the four schedules to each cluster. Each schedule

determines the time slots during which, a vehicle should transmit data in a cluster, and the time

slots during which, the cluster should be silent. Each period, consists of one time slot for data

transmission within the cluster, followed by three silent time slots, during which, vehicles in

the adjacent clusters transmit data. Schedules differ at their time of transmission and silence.

At each time slotTi, if the result of(imod 4) is equal to schedule number, then a transmission

should happen, within the cluster. For example, a cluster with scheduleS0 can transmit during

time slotsT0, T4, T8,..., and a cluster with scheduleS1 can transmit during time slotsT1, T5,

T9,.... Each cluster determines its schedule by obtaining theschedule of its front cluster, adding

it by one, and then modulo 4 the result. This is the responsibility of gateway nodes to ensure

that adjacent clusters, have different schedules, as we will explain later.

Example 2 Fig. 3.3, shows vehiclesA, ...,N that are all moving in one direction. The road is



47

!"#

!$#

!%#

!&#

'"$#'""#'"(#')#'*# '+#',#'-#'&#'%#'$#

./0/#01/234533562##

#####78#269:#;#
<:/=62#35>2/?#3:20#78#;#

06#/??6=/0:#0@:#3?60#06#<#

A#

B#
C#

D# E#

F#

G#

H#

;#

<#
!#

.#

D#

A# H#

E# F# G#

C#B#

A#

!#<#

.#

I#

;#

'(# '"#

J#

B4K08#L4:#3?60#

'"%#

!&#!%#!$#!"# !-#

M# I#

N#

!-# N# I#

Figure 3.3: Scheduling protocol example: Moving directionis from left to right.
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partitioned into five clustersC1, ..., C5. In this example, red, blue and yellow vehicles represent

CH, CM and gateways, respectively. Clusters with identicalschedules, have identical colors

(ClustersC1 andC5 are usingS0). ClustersC2, C3 andC4 are usingS1, S2 andS3 schedules,

respectively. When a node in clusterC2, such asD, sends data, based onS2 schedule, adjacent

clusters,C1,C3 andC4 remain silent. Similarly, clustersC1,C2,C4 andC5 remain silent, when

a vehicle inC3 is transmitting data. An empty time slot, shown in gray, is used for vehicles that

are willing to join the cluster. During this empty time slot,CH transmits a beacon, with a null

destination.

When a vehicle is asked to send its safety data, it broadcastsall the information regarding

its status. This includes time stamp, location, speed, acceleration, heading, and CH ID. During

the beacon transmission, CH sends its own ID, and the ID of thenext transmitter within the

cluster. CH also sends a number that determines the ”back-uprank” of the transmitter, which

is used, for the dynamic clustering, as we will explain in section 3.5. Note that the overhead of

clustering using this algorithm is low. CMs do not broadcastay clustering information. The only

clustering information that CH broadcasts is the ID of the next transmitter within the cluster,

and the back-up rank.

3.4.1 Delay Analysis

In this subsection, we first obtain the lower bound on the maximum delay in delivery of safety

messages, using our MAC protocol. Then, we show our MAC protocol, satisfies the delay

requirements of safety message transmission in a vehicularnetwork.

The maximum waiting time, for a vehicle in the cluster, to transmit its status data, is equal

to the total time for transmission of all other vehicles in the cluster, plus the total silent time,

required after each transmission. LetNC be the number of nodes in the cluster. After each

transmission in the cluster, the cluster remains silent forthree time slots, to avoid interference

with adjacent clusters. Thus, the maximum wait time for a vehicle, is(NC − 1 + 3.NC − 3)T ,



49

plus the time assigned to the empty time slot, and the silent slots after that which is3T . Thus,

the total wait time is:

min(max(delay)) = (NC + 3.NC)T <= 4(∆ + 1)T, (3.1)

where∆ is the degree of the interference graph, andT is the duration of one time slot.

As an example, if the update interval of safety messages is 100 ms, the size of safety packets

is 350 bytes, and the channel rate is 6 Mb/s, the duration of a time slot is about 0.467 ms. Thus,

the maximum number of vehicles, in a cluster, to satisfy delay requirements of less than 100 ms

is 54.

3.5 Dynamic Clustering and Scheduling

So far, we explained how scheduling works within each cluster, and its adjacent clusters, as-

suming structure of the clusters does not change. In this section, we explain how the schedules

are adjusted, when topology of the network changes.

Any change in the network topology, falls under one of the following three categories.

• A vehicle joins the road.

• A vehicle leaves the road.

• Vehicles’ relative positions with respect to each other change on the road.

In the following subsections, we explain how clusters and schedules will be adjusted dy-

namically, for the above changes.

3.5.1 Joining the Road

When a vehicle joins a Road, it will join an existing cluster,if there is already one, or it will

form a new cluster, if there is none. To discover if a cluster already exists, newly joined vehicle,
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which we callV , will listen to the channel for a predefined period. During this time, one of the

following scenarios may happen:

• V receives the beacon transmission of one CH.

• V receives the beacon transmission of two CH(s).

• V hears no beacon transmission.

If V only receives a beacon of one CH, it requests to join that cluster, during the empty

time slot of the cluster. The empty time slot, is identified bya beacon message with a ”null”

destination. V waits for a random time, which is shorter than the duration ofthe time slot,

and broadcasts a Request To Join (RTJ) message. This messagecarries ID ofV . Then, CH

dedicates a time slot toV , to send its safety data. The only clustering overhead in this case is

the RTJ message.

Note that using this algorithm, a CH stays a CH unless it exitsthe road, or fall into trans-

mission range of another CH, as we will explain in the following subsections.

If V receives beacon transmission of two CHs, it will become a gateway. A gateway node

should make sure that the schedule of the adjacent clusters are in coordination. Thus,V first

checks if the schedule of the back cluster, is equal to schedule of the front cluster plus 1 modulo

4. If it is, V just simply sends a RTJ message during the first empty time slot to come, which in

average leads to joining the cluster with the least number ofmembers. If not, it keeps sending

a Change of Schedule (CS) message for the back CH, during all the upcoming unused time

slots, until it changes its schedule. CS message, is a short message, that includes the suggested

schedule for the back cluster. As soon as CH of the back cluster, receives this message, it will

change its schedule. Then,V can join either cluster. Note that the CH of the back cluster,

should also ensure that the schedule of its own back cluster is equal to the its new schedule

plus 1 modulo 4. Thus, it selects one of its own back gateways to inform its own back cluster,
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Algorithm 1 Vehiclevi joins the road.Tw is wait time which is equal to the duration of 4 time
slots. RTJ is Request to Join message.

1: vi waits for duration ofTw

2: if duringTw, vi hears a beacon transmission by one CHthen
3: Sends a RTJ message during empty time slot
4: Upon receipt of schedule by CH,vi transmits status data
5: end if
6: if duringTw, vi hears a beacon transmission by two CHsthen
7: Becomes a gateway ⊲ algorithm 2
8: end if
9: if duringTw, vi hears no beacon transmission afterT w then

10: Becomes a CH ⊲ algorithm 3
11: end if

Algorithm 2 Vehicle vi becomes a gateway. CS is the Change of Schedule message. BC is
Back Cluster and FC is Front Cluster

1: if Schedule(BC)6= Schedule (FC)+1 module 4then
2: Send CS message to the back CH repeatedly
3: end if
4: if Schedule(BC) is changedthen
5: Send a RTJ message during the first upcoming empty time slot
6: Upon receipt of schedule by CH,vi transmits status data
7: end if

about the change of schedule. The clustering overhead in this scenarios includes RTJ and CS

messages.

Algorithm 1 summarizes our protocol.

If V hears nothing, after a predetermined time period, it simplybecomes a CH, picks one

of the four schedules randomly, and starts sending beacon messages.

3.5.2 Leaving the Road

When a vehicle that is a CM or a gateway, leaves the Road, only the time slot that was assigned

to it, will be released. Departure of a CH, is not as trivial. Each CH, ranks all the nodes of

its cluster, except for the back gateway nodes, as its back-ups. The ranking is based on their

closeness to the CH, such that the closer a node is to the CH, the higher its rank is. CH informs
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Algorithm 3 Vehiclevi becomes a CH
1: Picks a random schedule and send beacons based on the schedule
2: Assigns one empty time slot for vehicles willing to join
3: if receives RTJ messages during empty time slotthen
4: Assign a time slot for each joining vehicle
5: Assign a backup rank for each vehicle based on their closeness to CH
6: Announce schedule and back up rank through beacon transmission
7: end if

Algorithm 4 Vehiclevi looses a CH
1: if vi hears no beacon transmission from a CH after 4 time slotsthen
2: while myrank ≥ 1 do
3: myrank ← myrank − 1
4: if vi hears beacon transmission of a CHthen
5: joins the cluster
6: end if
7: end while ⊲ myrank = 0
8: vi Becomes a CH ⊲ algorithm 3
9: end if

the CMs of their back-up ranking, through beacon transmissions. When CH leaves, beacon

transmissions will be stopped. At this point, the first back-up node in the ranking, becomes the

new CH, and resumes beacon transmission according to the previous schedule. Other back-up

nodes, become CH, if they do not hear beacon transmission of the their higher ranked nodes.

After a CH leaves, nothing changes for the gateway nodes thatwere following the status

of the other CH. However, if a gateway node was following the schedule of the CH that left, it

will apply for membership of the other cluster, during the empty time slot, if it does not hear

beacon transmission of a back-up node. But, if all the gateway nodes, transmit their membership

Algorithm 5 vi is a CH in transmission range of another CH
1: if vi hears beacon transmission from another CHthen
2: if vi less members than the other CHthen
3: vi stops sending beacon message
4: vi sends a RTJ message to the other CH
5: end if
6: end if
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request during the same empty time slot, the requests may collide. To avoid collision, gateway

nodes, wait for a time depending on their back-up ranking, and then, send their membership

request in the first upcoming empty slot.

3.5.3 Change of relative positions on the road

The membership status of vehicles may change as follows:

• Two CHs fall into transmission range of each other.

• A gateway stops hearing beacon transmissions of one of the CHs.

• CM stops hearing beacon transmissions of its CH.

• CM starts hearing beacon transmissions of a new CH in addition to its own CH.

When two CHs fall into the transmission range of each other, both start hearing beacons.

The CH with less number of CMs stops transmitting beacon messages, and becomes a member

of the back cluster. CHs know the number of the members of eachother based on the back up

ranks that they hear from the other CH. In this case, some of the CMs of the other cluster, may

loose their CH. At this point, one of the back-up nodes, in thesmaller cluster, should switch to

the CH status, as explained in the previous section.

When a CM stops hearing beacon transmission of its CH, it waits for a time based on its

back-up status in the cluster. As described in the previous subsection, if by that time, it does not

hear any beacons, it switches to the CH status.

If a CM starts hearing beacon transmission of a new CH, it switches to the gateway status,

as described in subsection 3.5.1.
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3.6 Simulation

In this section, we quantitatively evaluate the performance of our MAC layer protocol, through

numerical simulations. For our simulations, we use MATLAB environment. We consider a one-

directional highway of 2000 meters. Each vehicle, joins thehighway from a random position,

and stays on the highway, until it reaches to the end of the road, at which point it exits, and

rejoins the highway, at the beginning of the road. Average speed of the vehicles is 30 m/s

(108 km/h). We simulate vehicles movement, using the IDF motion model [30, 31], where the

acceleration of a particular vehicle at a given time is calculated by evaluating the desired gap to

the vehicle in front.

The data transmission rate, is assumed to be 6 Mb/s, and transmission range is 150 meters,

for every vehicle. We consider the total size of a safety packets plus the physical layer header

to be 125 bytes. Thus, the duration of each time slot is 0.167 ms. Every plot shows the results

averaged over 10 runs.

In Fig.3.4, we show the impact of maximum cluster size on the maximum delay. The

green curve, is the optimal scheduling delay, computed using greedy coloring [29], assuming

there is an entity that knows the position of all the vehicles. The blue curve is the maximum

transmission delay, using our MAC protocol. The red curve isthe theoretical upper bound on

the delay, computed based on the maximum cluster size of our protocol (equation (3.1)). For

this simulation, the network is static. The simulation results show that the delay, using our MAC

protocol, is always less than4(∆ + 1), where∆+ 1 is the maximum cluster size.

In Fig.3.5, we compare our proposed MAC protocol with IEEE 802.11p in terms of IPG

for a dense scenario of 900 vehicles in a 3km highway. The x-axis represents the distance bins

[0-50, 50-100, 100-150, 150-200] meters. Each point represents the average IPG in seconds for

all the transmitter-receiver pairs that their distance falls within the specified bin. The blue curve

shows the average IPG when the MAC protocol is IEEE 802.11p. The simulation parameters

are similar to chapter 2. The red curve shows the average IPG if the proposed cluster based
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MAC protocol is used where there is 300 nodes per cluster. Thesimulation results shows for

the distances less than 125 meters, the average IPG is smaller if IEEE 802.11p MAC protocol is

used. However, for larger distances, our proposed MAC protocol performs significantly better

than IEEE 802.11p in terms of average IPG. As expected, our proposed MAC protocol bounds

the delay for dense scenarios.

3.7 Conclusion

We focused on a contention-free MAC protocol design for vehicular networks. We found the

theoretical lower bound on the maximum delay in delivery of routine safety messages. This

bound is a linear function of the degree of the interference graph, and can be achieved if the

interference graph is fully known by an entity in the network. Since no such entity exists in

a vehicular network, we proposed a MAC protocol which partitions the network into clusters,

and applies a TDMA-based scheduling within each cluster. The suggested protocol guarantees

an upper bound on delivery delay of routine safety messages,and is within 3 times from the

optimal delay. We verified our results and evaluated our protocol through numerical simulation.

For future works, we want to extend our algorithm for urban environments.



Chapter 4

Efficient Data Collection Algorithm for

Traffic Probing in Vehicular Networks

Vehicle-based sensors can be used for trafc monitoring. These sensors capture information such

as location and speed of the vehicles which can be collected at the road side units. This data

can be used for statistical analysis on the traffic conditions of the roadways. In this chapter, we

study the problem of collecting the traffic information fromall the vehicles for traffic probing.

DSRC technology and the safety data of vehicles can be used for traffic monitoring. But col-

lecting all the raw safety data consumes considerable amount of bandwidth while it is a sparse

resource especially in dense vehicular networks. In this chapter, we propose a Distributed and

Energy efficient algorithm for Collection of Raw data in vehicular networks called DECOR.

This algorithm can also be used for collection of data in sensor network where energy is the

main concern. DECOR exploits spatial correlation among thestatus data of the close by sen-

sors to reduce the bandwidth consumption and communicationenergy. In our approach, at each

neighborhood, one node shares its raw data as a reference with the rest of the nodes without

any suppression or compression. Other nodes use this reference data to compress their data by

57
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representing them in the forms of mutual differences. In a highly correlated network, transmis-

sion of reference data consumes significantly more energy and bandwidth than transmission of

compressed data. Thus, we first attempt to minimize the number of reference transmissions.

Then, we try to minimize the size of mutual differences. We derive analytical lower bounds

for both these phases and based on our theoretical results, we propose a two step distributed

data collection algorithm which reduces the number of transmitted bits significantly compared

to existing methods. In addition, we modify our algorithm for lossy communication channels

and we evaluate its performance through simulation.
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4.1 Introduction

Travel times and speeds on the roadways have always been of interest to researchers and trav-

elers. Monitoring traveling information is possible through deployment of inductive loops,

cameras and other sensors on the roads. But these solutions are very costly. A more cost ef-

fective solution, is to use vehicles as traffic probe sensorsand develop a framework to use their

information for further data analysis [32–34]. In many US cities, taxi companies often deploy

GPS-based sensors on their taxies for the effective dispatch of vehicles. These mobile sensors

can constitute a vehicle-based mobile sensor network, where the data sensed can be collected

through either DSRC technology or cellular networks.

In this chapter, we focus on the problem of collection of the status data of the vehicles in the

network in an access point. The solution to this problem is also applicable to any scenario where

data of wireless nodes need to be collected at one access point and a special resource is limited

which requires to conserve the number of bits that are transmitted in the air. This specifically

applies to the data collection problem in sensor networks where the limited resource is energy

since sensors are battery operated and will be left for long duration to operate on their own.

In this chapter, we use the termnodesandsensorsinterchangeably. Similarlybase stationand

access pointare both the units where data will be collected and they can beused interchangeably

as well.

If a user/application can express its interest to the data asa query, the query will be sent into

the network. Based on the query, nodes perform aggregation on their readings to reduce the

amount of data that is transmitted to the access points [35–38]. For example, if in a network, a

user is only interested in the minimum or maximum speed of thevehicles, all the redundant data

can be easily dropped on their way to the access point and onlyone value is reported. However,

in many situations, raw data from all the nodes is required.

Lossless collection of data in wireless networks comes at the price of power and band-

width consumption. To reduce this cost, different techniques have been suggested to exploit
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the spatial correlation among the data of nodes for data collection [36, 39–42, 42, 43]. One of

these techniques is distributed source coding [40] which avoids transmitting redundant infor-

mation if nodes know the correlation of their data. However,usually this knowledge does not

exist a priori. Therefore, most of the data collection schemes require an expensive initialization

phase during which raw data from all the nodes is collected [39–42]. During this phase, nodes

transmit their raw data toward the base station where the correlation structure is determined.

Different approaches have been proposed in [36, 42, 43] to remove the redundant data at each

relaying node on the forwarding path to the base station. However, in these techniques, each

node should still perform one full transmission where a fulltransmission is a transmission of

one node’s raw data without any suppression. Full transmissions are the inevitable task during

lossless data collection. In a highly correlated network, full transmissions consume consider-

ably more energy and bandwidth than transmissions of compressed data since uncompressed

data is significantly larger than the compressed data.

For the above reason, in order to minimize the total number oftransmitted bits and to reduce

the overall energy and bandwidth consumption, we suggest tocombine following two strategies:

1) Minimize the number of full transmissions 2) Remove redundant data on the forwarding

path to the access point or base station. For the first strategy, we do a theoretical study on

the minimum number of full transmissions required for lossless collection of data at the base

station. For the second strategy, We find a lower bound on the minimum number of bits that

a node, which is responsible for forwarding the data of its neighborhood, should transmit for

lossless data collection.

To minimize the total number of full transmissions, we represent the network with a graph

and introduce what we callMinimum Semi-Connected Dominating Set(MSCDS). The elements

of this set are a dominating set of the graph and they are the only nodes that require to do full

transmissions for lossless data collection at the base station. These nodes perform only one full

transmission during a data collection. We identify these elements as reference nodes. Other
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nodes are only required to transmit the difference between their data and that of the adjacent

reference nodes. Since finding a minimum dominating set is NP-hard, it is very likely that

finding MSCDS is also NP-hard. Thus, we introduce a practicaldistributed algorithm which

approximates this set. We show that the cardinality of the approximated set is within a constant

factor of that of MSCDS.

We then find the minimum number of bits required for representing a set of data of nodes

in the forms of mutual differences. This lower bound is equalto the sum of edge-wights of

the minimum spanning tree of a logical weighted graph whose edge-weights correspond to the

size of mutual differences between each pair of nodes’ data.This is the minimum amount of

data that each node, which forwards the data of a neighborhood toward the base station, should

transmit.

We propose a practical algorithm for collecting the data at the base station or access point.

This algorithm is designed to minimize the total number of bits to be transmitted by the nodes.

Then, we discuss how it can deal with lossy communication channels. We evaluated the algo-

rithm through numerical simulations with other existing approaches that exploit spatial corre-

lation and show significant improvement over them. Our numerical simulations also suggest

that our algorithm can capture the redundancy when the number of sensors increases and thus

avoids transmitting the redundant data in highly dense networks.

Our algorithms are distributed and run locally at each node and haveO(n) time and message

complexity wheren is the number of nodes.

The chapter is organized as following: Section 4.2 describes the system model and problem

formulation. In section 4.3, we describe how we can minimizethe number of full transmissions

and number of bits transmitted by each forwarding node. In section 4.4, we explain our data

collection algorithm. In sections 4.5 and 4.6, we evaluatedour algorithm through analysis and

numerical simulations, respectively. Conclusion and future work are in section 4.7.
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4.2 System Model and Problem Statement

Consider a data collection problem in a wireless network where n nodessi, i ∈ {1, . . . , n}

report their observations to a base station. The objective is to collect the data of all the nodes at

the base station with the minimum number of transmitted bitsto preserve the energy and make

efficient use of bandwidth. Assume that the nodes are denselydeployed and so their data is

highly correlated and redundant. We avoid transmitting theredundant data by computing the

difference between data of adjacent nodes and then suppressthe redundant data. We assume

that every node is capable of running an algorithm to computethe difference of its data with

respect to a reference provided by another node. We call thisdifferencedelta.

Base station reconstructs the data of all the nodes if all thedeltas and required references

are received. We model the communication network among the nodes and the base station

with a unit-disk graphC where two nodes in the network are adjacent in the graphC if the

Euclidean distance between them is less than the communication ranger. We assume thatC

is connected otherwise some nodes can not share their data with the base station. Nodes use

broadcast communication. As a result, when a node sends out amessage, it is received by

every node or base station within its communication range. We also assume that each node is

capable of computing the difference between its data and that of another node. We use this

defined model to address the problem of minimizing the numberof transmitted bits using two

strategies.

First strategy is to to minimize the number of full transmissions through which reference

data are being transmitted. Since the network is not fully connected, transmission of each

reference data is only received by the nodes that lie in the transmitter’s neighborhood. This

implies that at least adominating setof nodes in graphC should send out their reference data

so that the rest can compute their deltas. SetD is a dominating set of graphC, if every vertex in

the graph that is not inD, has a neighbor inD. But this reference data should also be transmitted

over a multi-hop path to the base station such that further full transmissions are avoided. Hence,
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for minimizing full transmissions, it is not sufficient to just identify a minimum dominating set

of graphC as reference nodes.

Second strategy is to minimize number of transmitted bits ateach neighborhood where one

node is responsible to forward the data of all its neighborhood toward the base station. This

node has to represent a set of deltas optimally with the minimum number of bits.

4.3 Theoretical background

In this section, we first present a theoretical study on the minimum number of full transmissions

required for lossless collection of data at the base station. Then, we find a lower bound on

the minimum number of bits that a node, which is responsible for forwarding the data of its

neighborhood, should transmit during lossless data collection.

4.3.1 Minimum Number of Full Transmissions

In this section, we obtain the minimum number of transmissions of reference data that is re-

quired for data collection at the base station. Each node should receive at least one reference

data to compute its delta. To ensure that, at least a dominating set of nodes in the graphC should

transmit their reference data. However, as we demonstrate in Example 3, this dominating set

should also have an extra property to ensure that all references and deltas can be collected at the

base station without any reference data being retransmitted. We call this specific dominating

set a Minimum Semi-Connected Dominating Set (MSCDS). We first introduce a MSCDS and

then prove that the cardinality of this set is equal to the minimum number of full transmissions

required for full data gathering at the base station.

We first introduce abridge graphwhich will be used for defining a MSCDS.

Definition 2 For a graphC = (V,E), its bridge graph on the set of verticesW ⊆ V , denoted

by CW , is a new graph such that two vertices in the setW are adjacent inCW if and only if
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Figure 4.1: Wireless Network in Example 3

they are within the 2-hop distance of each other in graphC.

Definition 3 A dominating setD of graphC, is a Semi-Connected Dominating Set(SCDS)

of graphC, if its bridge graphCD, is connected. Among all the SCDSs, we refer to a SCDS of

minimum size as a Minimum SCDS (MSCDS).

Here, through a simple example, we explain why nodes should be SCDS rather than just a

dominating set.

Example 3 Consider a network with the communication graphC presented in Fig. 4.1 where

nodessi, i ∈ {1, . . . , 4} should transmit their datafi, i ∈ {1, . . . , 4} to the base stationb.

In this example, set{s1, s4} is a dominating set but not a SCDS becauses1 and s4 are not

within the 2-hop neighborhood of each other and so their corresponding bridge graph is not

connected. However, set{s1, s3} is a SCDS of the communication graph sinces1 ands3 make

a dominating set and are within the two-hop distance of each other and so their corresponding

bridge graph (a graph consisting ofs1 ands3 and an edge between them) is connected.
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Assume that nodess1 and s4 (black nodes in Fig. 4.1.I) send out their reference data

deliveringf1 andf4 respectively. In this case, at least three reference data transmissions are

required for gathering all the data atb. That’s becauses3 should transmit eitherf4 or f3 to s2.

Now, assume that nodess1 ands3 (black nodes in Fig. 4.1.II) send out their reference data

deliveringf1 andf3. Nodes4 computes∆4,3 and transmits it tos3 where∆i,j is the difference

of fj with respect tofi. Nodess3 transmits∆4,3 to s2. Nows2 has{f1, . . . , f4} as it already has

receivedf1 andf3 and can reconstructf4 using∆4,3. Therefore,s2 can compute∆2,1, ∆3,1,

and∆4,1 and transmit them tos1. To gather all the data inb, it is enough thats1 retransmits

these deltas tob. Since base stationb already has receivedf1, it can reconstruct{f2, . . . , f4}

using the received deltas. Therefore, in this case, the two original full transmissions bys1 and

s3 are enough for gathering all the data atb.

Inspired by Example3, we generalize this result in Theorem2.

Theorem 2 The minimum number of transmissions of reference data necessary for data gath-

ering at nodeb ∈ C, is equal to the size of MSCDS ofC.

Proof: We first show that ifD is a SCDS, the transmissions of reference data by the nodes in

D, is sufficient for data gathering inb. Then, we prove that the number of the transmissions

of reference data which are necessary for data gathering, isnot less than|MSCDS| where

|MSCDS| is the size of MSCDS.

Consider a SCDS setD in graphC. The set of nodes inD, form a connected bridge graph

CD. SinceD is a dominating set,b or at least a neighbor ofb is in CD. That means for any

nodesi ∈ D, there is another nodesj ∈ D in the 2-hop neighborhood ofsi such thatsj is on

a path fromsi to b. Note thatsj is closer thansi to b on this path. Thus, whensi andsj send

out their reference data, there is at least one nodesk that receives both.sk transferssi’s data to

sj by only transmitting∆i,j. With the similar strategy,sj ∈ D transmits its data (and∆i,j) all

the way tob. Now, for any nodesr /∈ D there is at least one nodesl ∈ D in its neighborhood.
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Nodesr can transmit∆r,l to any node on its neighborhood on a path tob along which∆r,l can

be simply forwarded. Thus, no more reference data transmission for sr ’data is required. Thus,

one reference transmission by the nodes inD is enough for full data reconstruction inb.

Now, we prove that the number of transmissions of reference data necessary for data gath-

ering, is not less than|MSCDS|. Consider a data gathering which requirest transmissions of

reference messages to reconstruct all the data atb. We show that|MSCDS| ≤ t. We refer to

the set of nodes that transmitted thet references as setR. Note that|R| ≤ t (a node may have

done more than one full transmission). SetR should be a dominating set, otherwise some of

the nodes do not receive any references. Now, we have to show that setR is a SCDS. IfR is

not a SCDS, the set of nodes inR form a non-connected bridge graphCR. That means there

should be at least one nodesi ∈ R from which there is no path tob or any ofb’s neighbors

in CR. Thus, considering any path through which nodesi transmits its data tob, there should

be at least two adjacent nodessr /∈ R andsk /∈ R that have no common neighbor inR. Let’s

consider one path fromsi to b. Without loss of generality let’s assume thatsr is closer tosi.

sk andsr have no common neighbor inR whose reference data transmission can be heard by

both. Thus, to transmitsi’s data, nodesr has no other option other than one full transmission of

one reference data; otherwise data ofsi can not be reconstructed atb. But sr does not belong to

R. This is in contradiction with our original assumption thatt reference data transmissions by

nodes inR is enough for data gathering. Thus, setR is a SCDS and so|MSCDS| ≤ R which

implies |MSCDS| ≤ t. �

In order to minimize the overall energy and bandwidth consumption, during data collection,

we need to reduce the total number of transmitted bits. To this end, we suggest to minimize

the total number of full transmissions as the first step sincein a densely deployed network,

references are usually significantly larger than differences. To this end, we need to identify

the MSCDS of the communication graphC. As finding the minimum dominating set problem

is well known to be NP-hard [44], in subsection 4.4.2, we suggest a heuristic algorithm that
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approximates the MSCDS as part of our data collection algorithm.

4.3.2 Optimal Data Representation

In this section, we determine the theoretical lower bound onthe total number of bits required for

representing a set of data in the forms of mutual differences. This is the minimum data that each

node, responsible for forwarding the data set of its neighborhood toward base station, should

transmit.

We first define a delta graphH as a complete graph in which each edge-weight between two

nodessi andsj, is equal todi,j wheredi,j is size of∆i,j in bits. Note that we assumedi,j = dj,i

for anyi andj. We also assume that the references have the same size.

Any set of data can be represented as a reference plus a properset of mutual differences. For

example,F = {f1, . . . , f3} can be represented asf1 (a reference) plus set ofS = {∆1,2,∆2,3}.

That means set F can be reconstructed fromf1 and setS.

A delta representation graphG for a representation setS is a graph in which two verticessi

andsj are adjacent inG if and only if∆i,j or ∆j,i is in the setS.

Optimal delta representation graphis a representation graph corresponding to a representa-

tion set with minimum total number of bits.

Theorem 3 An optimal delta representation graphGopt, is a MST of the delta graphH.

Proof: The representation graphGopt spans all the nodes so that every data can be reconstructed.

GraphGopt is connected, otherwise every data can not be reconstructed. GraphG is a tree,

otherwise it would have a loop. Assume we have a loop. Now, if we remove an edge within the

loop, still every data can be represented. Therefore, we have a new representation graph with a

less total edge-weight which is a contradiction.

It remains to prove thatGopt is theminimum spanning tree. This is straight forward since

the total number of bits for representing a set of data (without considering the reference data) is
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the sum of edge-weights ofGopt. Thus, if this sum is minimum, thenGopt is a MST. �

4.4 Data Collection Algorithm (DCA)

In this section, we introduce our proposed Data Collection Algorithm (DCA) which is our

methodology for collecting the data of all the nodes in an energy-efficient way at the base

station. This is a practical algorithm to minimize the totalnumber of bits to be transmitted. DCA

has three phases: First, the Level Calculation Phase (LCP) that finds the shortest distance of each

node in number of hops from the base station. We need this information in the next stages of the

algorithm. Second, the MSCDS Approximation Phase (MAP) which finds the set of reference

nodes that transmit their reference messages. Third, the Data Gathering Phase (DGP) which

gathers every node’s data at the base station. All these algorithms are distributed and run locally

at each node. In this section, we first assume that our shared communication link is lossless and

error-free. In subsection 4.4.4, we explain how we deal witha lossy communication channel.

4.4.1 Level Calculation Phase

LCP identifies the distance of each node in number of hops fromthe base station which we refer

to aslevel. Also for each node, LCP determines itsparentswhich are defined as the adjacent

nodes that are one level closer to the base station. We need this information about the level and

parents of each node in the next two stages of the DCA.

LCP is straightforward and can be done similar to the level calculation stage in [45]. In

this phase, starting from base station, each node announcesits level which is zero for the base

station. Upon receiving the level announcement message, each node that has not determined its

level yet, identifies it by increasing the minimum received level by one. In addition, each node

recognizes the nodes from which it receives the minimum level message, as its parents. Notice

that each node may have multiple parents.
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Figure 4.2: State transition diagram for MSCDS Approximation Phase

4.4.2 MSCDS Approximation Phase (MAP)

MAP approximates MSCDS through distinguishing two sets of nodes: BLACK nodes and

GRAY nodes. BLACK nodes represent the nodes which perform full transmissions, and GRAY

nodes represent the rest of nodes. Initially, all the nodes are WHITE which means that it has

not yet been determined whether they are BLACK or GRAY. During the algorithm run, some

nodes become BLUE meaning that they may be eligible to becomeBLACK, later.

Fig. 4.3 shows the state transition diagram of MAP. BLUE state is shown with the dashed

lines. After LCP, where every node’s level and parents are determined, the base stationb colors

itself BLACK and sends out a message to its neighbors. Note thatb either owns a reference data

or acquires one from one of its neighbors so it colors itself BLACK. Each node, upon receiving

a message, makes a decision about its color and then announces it. The decisions are made as

following:
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• Each WHITE node colors itself GRAY if it receives a message from a BLACK parent.

• Each WHITE node colors itself BLUE if it receives a message from a GRAY parent.

• Each BLUE node colors itself GRAY if it receives a message from a BLACK neighbor.

If a WHITE node receives two messages at the same time from a BLACK and GRAY parent,

it always gives the priority to the message of the BLACK parent and becomes GRAY.

These simple steps make sure that if a node has a reference node in its direct neighborhood,

it doesn’t need to transmit a reference data.

The algorithm for BLUE nodes is more complex. BLUE nodes negotiate with their BLUE

neighbors to make their decision about becoming BLACK. To approximate the MSCDS, we

suggest a greedy choice for BLUE nodes in the sense that a BLUEnode that covers the max-

imum number of neighbors among its other BLUE neighbors, becomes BLACK. Each BLUE

node only competes with its BLUE neighbors in its own level. This way competition is lim-

ited within each level and no BLUE node competes with its BLUEchildren.If two neighboring

BLUE nodes, at the same level, have equal number of neighbors, one of them randomly colors

itself BLACK and informs the other. Note that based on this algorithm, except for the base

station, every BLACK node has been BLUE before.

To explain how MAP works on a network, consider the followingexample:

Example 4 Consider the communication graph in Fig. 4.4. Each node’s level is marked in the

parenthesis. The levels are identified through the first stage as explained. MAP on this networks

runs as follows:

I) We start with LCP. The levels are identified in Fig. 4.4.I

II) Base stationb colors itself BLACK and announces its color (Fig. 4.4.II).

III) Nodess1 and s2, at level 1, upon receiving the message from BLACK nodeb, color

themselves GRAY and announce their colors (Fig. 4.4.III).
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IV) Nodess3 ands4, at level 2, upon receiving the message from GRAY nodes, color them-

selves BLUE (Fig. 4.4.IV, color BLUE is shown by dashed lines).

V) Nodes3 has 4 neighbors whereass4 has only 3. Thuss3 colors itself BLACK and sends

a message to its neighbors. (Fig. 4.4.V).

VI) Nodess4 ands5 upon receiving this message, color themselves GRAY (Fig. 4.4.VI).

Note that{b, s3} is a MSCDS of the communication graph of Fig. 4.4.

Note that{b, s3} is a MSCDS of the communication graph of Fig. 4.4. Thus, in this

example, MAP was able to determine MSCDS.

In section 4.5, we will first prove that set of BLACK nodes identified through MAP con-

struct a SCDS of the communication graphC. Then, we find the upper bound on the number

of BLACK nodes determined through MAP. We show that the cardinality of the set of BLACK

nodes found through MAP is within eight times the cardinality of the MSCDS.
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4.4.3 Data Collection Phase (DCP)

So far, we explained how to minimize the number of full transmissions by approximating

MSCDS through MAP. In DCP, delta and references will be collected at a base station. Our

goal is to minimize the number of transmitted bits by minimizing the size of data transmitted

by each set of nodes.

In DCP, each node tries to contribute in compressing the dataset of its neighborhood op-

timally by finding the Minimum Spanning Tree (MST) of the corresponding delta graph in a

distributed way.

Nodes use four types of messages to communicate during DCP.

• REF: Data message containing the reference data and the ID ofthe node that transmits a

reference.

• DIFF: Data message containing the delta and the ID of the nodeto which the delta belongs

and the reference ID with respect to which the delta is computed.

• SIZE: Message sent by a parent to its BLACK child containing the ID of the child and

the size of the child’s data represented by the parent.

• SELECT: Message sent by a child containing the ID of theselectedparent responsible

for transmitting data of the child.

Pseudocode of DCP is in [25]. In summary, if a node is BLACK, itshares its reference data

with its neighbors. If it is GRAY, it attempts to minimize thesize of GRAY node’s delta. If a

node (BLACK or GRAY) has children, it transmits its children’s data toward the base station.

DCP starts when each BLACK node performs a full transmissionby sending out a REF

message that contains its reference data. The REF message isreceived by the set of BLACK

nodes’ neighbors. Every GRAY node computes its delta with respect to a transmitted reference

data. Some GRAY nodes may receive multiple references and sothey will be able to compute
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multiple deltas for their data. If a node has more than one delta, it can choose the smallest one.

s

After full transmissions, data of BLACK and GRAY nodes will be collected. The strategies

for collecting the data of BLACK and GRAY nodes are differentas following:

For BLACK nodes, we should make sure that every reference data is compressed with

regard to another reference data of a higher level node. Thisavoids the loop referencing that

may occur otherwise. Data of each BLACK node will be sent through one of its GRAY parents

as explained in Example 3. Notice that a BLACK child has no BLACK parent since during MAP

each BLACK node ensure that all its neighbors are GRAY. Similarly, a BLACK parent has no

BLACK child. Every GRAY parent of a BLACK node receives at least another reference data

from a BLACK parent or neighbor. The parent, computes the difference of these two references.

Then, it sends out a SIZE message representing the size of thedelta between them (If the parent

has more than one delta for its BLACK child, it sends out the size of the smallest one). The

BLACK child that may have received the SIZE message from multiple parents, selects a parent

with the smallest size delta. Then, it notifies the parent through a SELECT message to forward

its delta to its own parent. The forwarding continues until delta reaches to the base station.

Strategy for transmitting the data of GRAY nodes is is as follows: A GRAY node, waits for

a time directly proportional to the size of its delta to send out its delta through a DIFF message.

This transmission will be heard by all the parents and neighbors of this node. Then, it chooses

a parent randomly using a SELECT message to forward its transmitted delta. The advantage

of having a waiting time proportional to the size of delta, isthat nodes with the smaller deltas

will transmit their deltas first. Nodes with the larger deltas have a chance to wait and overhear

other transmissions to see if they can re-represent their data with smaller deltas. Every time a

node receives a delta, it will reset its waiting time. Noticethat a GRAY node only updates its

delta if it can represent its data with a smaller delta. We will discuss in subsection 4.5.2 that in a

fully-connected neighborhood of nodes, this strategy results into the optimal delta compression
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since it is in fact a distributed version of the Prim’s algorithm [46] for computing MST.

Each parent forwards the DIFF that it has received from its GRAY children immediately by

choosing a parent randomly through SELECT.

We explain our algorithm through Example 5.

Example 5 Consider the wireless network in Fig. 4.5. In Example 4, we found that MSCDS

for this graph is{b, s3}. Now, nodessi, i ∈ {1, . . . , 5} should transmit their data tob.

Initially nodesb and s3 transmit their reference dataf0 and f3 through REF messages

respectively. These two are the only full transmissions that are required for our data collection.

Note that we assume base stationb is a node too and so providesf0. f0 is received bys1 and

s2 andf3 is received bys1, s2, s4 ands5.

Nodes1 computes∆1,0 and∆1,3 and keeps the smaller one (say∆1,0). Similarlys2, s4 and

s5 keep∆2,0, ∆4,3 and∆5,3 respectively.

We first explain how data of BLACK nodes are transmitted to thebase station. Nodes3 is

BLACK, so Nodess2 ands1 as the parents ofs3 compute the difference between two reference

data f0 andf3 (∆3,0). Nodes2 and s1 both transmit size of∆3,0 through the SIZE message.

Since they both transmit the same size,s3 randomly chooses one, (says1) and sends out a

SELECT message containings1’s ID. Thus,s1 now sends∆3,0 to b.

Now, we explain how data of GRAY nodes is transmitted: Assumes4 is the first one which

transmits its delta∆4,3. Sensors4 choosess2 as its parent through a SELECT message since it

is the only parent ofs4. Nodess2 forwards∆4,3 to b asb is also the only parent ofs2. After∆4,3

is transmitted bys4, it is received bys2 ands5. Nodess2 ands5 use∆4,3 to constructf4 and

then∆2,4 and∆5,4 respectively. Let’sSize(∆5,4) < Size(∆5,3). Nodes5 updates its delta to

∆5,4 and resets its timer to start over its waiting time. But let’sSize(∆2,0) < Size(∆2,4). Node

s2 does not update its delta but it still updates its timer. Nodes5 chooses a parent randomly

(says4) and after timer ofs5 expires, it will transmit∆5,4 which will be forwarded bys4 to s2

and then bys2 to b. Nodess2 ands1 similarly transmit∆2,0 and∆1,0 respectively tob.
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Havingf0, ∆2,0, ∆3,0, ∆1,0, ∆4,3 and∆5,4, base stationb can reconstruct{f1,. . . ,f5}.

There exists a tradeoff between the size of deltas and the cost of extra storage and memory

footprint of each node. During DCP, each GRAY node has to store data of all of its neighbors

that have already transmitted their data. That’s because itshould be able to re-represent its

delta using the data of any of its neighbors as reference. When a node receives a delta from a

neighbor, it checks to see whether it has its reference or notand if it does, it reconstructs the

neighbor’s data. Thus, it has to keep an index list of the existing data in its memory. However,

if each GRAY node only computes its delta with respect to the reference data provided by the

BLACK neighbors, it will only need to store the smallest delta and does not need to keep any

index list in memory. We call this version of the algorithm Simple DECOR (S-DECOR). Note

that in S-DECOR, no attempt for MST computation is performed. We evaluate the performance

of DECOR and S-DECOR in section 4.6 and compare them with someexisting state of the art

solutions.

4.4.4 Data Collection Algorithm for Lossy Communication Channels

In wireless networks, communication links are noisy and collision may occur especially when

we use broadcast communication. Thus, designing an algorithm that is resilient to communi-

cation failures, is essential for a lossless data collection algorithm. In this section, we modify

DECOR to deal with lossy networks. Our strategy is to avoid retransmissions especially for

larger messages. When retransmission is inevitable, we reduce the chance of collision by intro-

ducing a random waiting time for each node after collision before retransmitting the data. We

will discuss our strategy for each type of message that mightbe lost.

During DECOR, some control messages are sent, including themessages sent during MAP

and also SIZE and SELECT during DCP. These are short messagesand nodes can afford to

employ simple error control techniques like ARQ (AutomaticRepeat Request) methods [47] to

correct the errors during transmission. Thus, we ignore theeffect of noise and interference for



78

this kind of messages.

For DIFF messages, if one parent receives the data correctlyit does not need to be retrans-

mitted. Thus, a DIFF message is lost when it is not received byany of its parents. If none of

the parents have received the DIFF message correctly, it hasto be retransmitted using an ARQ

type technique.

A REF message might be lost too. In this case, our strategy is to avoid retransmitting the

references by the BLACK nodes as much as possible because it results in the energy exhaustion

at the BLACK nodes.

In three cases, if a REF message is lost or received incorrectly, another full transmission

should be performed. We explain these three cases in the following. Notice that, strategies

described in 1) and 2) ensure that data of BLACK nodes will receive to the base station whereas

the strategy described in 3) ensures that data of a GRAY node that has not received any reference

will be received by the base station.

1) If the full transmission by a BLACK node is not received correctly by any parent, there is

no other option other than BLACK node repeating its transmission. The reason is that the data

of the BLACK node should reach to the base station through oneof its parents and so at least

one parent should receive its data. Notice that this is the only case where BLACK node has to

repeat its full transmission.

2) If a GRAY parent has received an error-free full transmission from a BLACK child but

none from a BLACK parent or neighbor, then the GRAY node has todo one full transmission

in order to transmit its BLACK child’s data. The reason is that as explained in DCP, the GRAY

parent should receive at least another reference data from its parent or neighbor to compute the

delta for its BLACK child. If it does not receive that, it has to to repeat the full transmission.

3) A GRAY node that has not received any error-free references need to do a full transmis-

sion itself, so its data will be received by its parents.
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4.5 Theoretical Performance Analysis

In this section, we evaluate the performance of DECOR. To this end, we first evaluate perfor-

mance of MAP and then evaluate DCP. Finally, we determine thetime complexity, message

overhead, storage and memory requirement of DECOR.

4.5.1 Performance Analysis of MAP

In this subsection, we evaluate the performance of MAP. We first prove that set of BLACK

nodes identified through MAP is a SCDS. Then, we derive an upper bound for the number of

BLACK nodes found through MAP based on the size of MSCDS.

Theorem 4 Set of BLACK nodes identified through MAP construct a SCDS of the communica-

tion graphC.

Proof: Set of BLACK nodesD are a dominating set since each GRAY node is adjacent to at

least one BLACK node.

Now, to show that set of BLACK nodes construct a SCDS, we need to show that bridge

graphCD is connected. For that it is enough to show that there is a pathto b in graphCD for

any BLACK node and so all the BLACK nodes are connected inCD throughb. To this end,

we show that for every BLACK node at levelli, there is another BLACK node at levelli − 1

or li − 2 within the two-hop neighborhood. Assume to the contrary that nodesi is a BLACK

node at levelli ≥ 2 which does not have any BLACK node within its two-hop neighborhood at

levelsli− 1 or li− 2. Nodesi has been BLUE before. Thus,si has received a message from its

GRAY parentsj at levelli−1. But sj has also received a message either from a BLACK parent

sk at levelli−2 or a BLACK neighbor at the same levelli−1. This contradicts the assumption

thatsi has no BLACK node within its two-hop neighborhood at levelli − 2 or li − 1. �

Now, we show that the cardinality of the set of BLACK nodes found through MAP is within

eight times the cardinality of the MSCDS. In other words, MAPhas an approximation factor of
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at most 8.

The sketch of the proof is similar to [45]. We denote the size of MSCDS byopt. We first

show that the set of BLACK nodes in MAP is anindependentset where a set of nodes areinde-

pendentif they are pairwise non-adjacent. Then, we find an upper bound for any independent

set of a connected graph, namely set of BLACK nodes found through MAP, based onopt.

Lemma 1 Set of BLACK nodes determined through MAP is an independent set.

Proof: Assume to the contrary that MAP has determined two adjacentBLACK nodessi andsj.

Neither one ofsi andsj can be the base station since all the neighbors of base station become

GRAY, after base station announces its color. Thus,si andsj have both been BLUE before.

But a BLUE node turns GRAY if it has a BLACK neighbor. Therefore, set of BLACK nodes

determined through MAP are pairwise non-adjacent and so areindependent. �

Now, we bound the size of any independent set in terms ofopt. For our proof, we use this

fact that in a unit-disk graph, each node is adjacent to at most five independent nodes [48].

Lemma 2 The size of any independent set in a unit-disk graphC = (V,E) is at most8opt+1.

Proof: Consider a spanning treeTMSCDS of the bridge graphCMSCDS (Note thatCMSCDS

is connected, soTMSCDS exists). We construct a subgraphT ⊂ C as follows: 1)T includes

every vertex inTMSCDS. 2) For anyvi andvj that are adjacent inTMSCDS, we add exactly

one vertexvk ∈ C to T such thatvk is adjacent to bothvi andvj in C (by definition of bridge

graph suchvk certainly exists). We also add the two edges that connectvk to vi andvk to vj

to graphT . GraphT is a tree ;otherwise it has a loop. Now, we delete every vertexthat is not

in MSCDS from the loop inT , along with their corresponding edges. Since all deleted vertices

were adjacent to exactly two vertices of MSCDS, the remaining graph which isTMSCDS has

also a loop. This is a contradiction sinceTMSCDS is a tree. The size ofT is at most2opt since

for each vertexvi ∈MSCDS at most one vertexvk /∈MSCDS is added toT .

From here the proof is identical to the proof in [45].
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LetU be any independent set ofV . Consider any arbitrary preorder traversal ofT given by

v1, v2, ..., v2opt. LetU1 be the set of nodes inU that are adjacent tov1. For any2 ≤ i ≤ 2opt,

let Ui be the set of nodes inU that are adjacent tovi but none ofv1, v2, ...vi−1. ThenU1, U2,..,

U2opt form a partition ofU . In other words, each element ofU appears in exactly one subset

of the list. Asv1 can be adjacent to at most five independent nodes,|U1| ≤ 5. But for any

2 ≤ i ≤ 2opt, at least one node inv1, v2, ...vi−1 is adjacent tovi. Thus,|Ui| ≤ 4. Thus the size

of any independent set is equal to:

|U | =

2opt
∑

i=0

|Ui| ≤ 5 + 4(2opt− 1) = 8opt+ 1

�

Theorem 5 The approximation factor of MAP is at most 8.

Proof: Lemma 1 shows that the set of BLACK nodes is an independent set and based on Lemma

2, the size of any independent set is bounded by8opt+1. Thus, the the total number of BLACK

nodes found through MAP is at most8opt+ 1. Therefore, the approximation factor of MAP is

equal to 8. �

4.5.2 Performance of DCP

In this section, we show that DCP can minimize the number of transmitted bits by each node in

a fully-connected neighborhood.

In a fully connected network, each data transmission is received by every node. Since

every node resets its waiting time after receiving a delta, at each step always the node with the

smallest delta transmits its data. Thus, our algorithm is infact a distributed version of the Prim’s

algorithm [46] for finding the MST where at each step a new edgewith the minimum size will

be added to the constructed tree.

In general, a communication graphC of the nodes is not fully connected. However, a set

of nodes in the same communication ranger are certainly fully connected. During DCP we
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take advantage of this property to minimize the total numberof bits in each neighborhood.

Therefore, although DECOR is not guaranteed to be optimal, it can minimize the total number

of transmitted bits in each neighborhood of nodes within thesame communication ranger.

4.6 Simulation

In this section, we evaluate the performance of DECOR and S-DECOR (section 4.4.3) through

simulations. We randomly place 100 nodes in a two-dimensional 1 × 1 space based on the

uniform distribution in MATLAB environment. Each node has a10 kbit data which should be

transmitted to the base station located at the center of the area (Figure 4.6).

In the following subsections, first, we evaluate the performance of MAP, as the first phase of

DECOR. Then, we compare performance of DECOR and S-DECOR with RDC and CRDC. As

explained in the introduction section, RDC removes the redundant data at each relaying node

on the shortest path to the base station and CRDC suppresses the redundant data at each cluster

head where the cluster data is collected.

4.6.1 Performance Evaluation of MAP

We compare the number of BLACK nodes found through MAP with the actual size of MSCDS

and the analytical upper bound we derived in section 4.5 for MAP. We run the simulations

for different communication graphs of the network. To change the communication graph, we

change the communication range of the nodes. As shown in Fig.4.7, the cardinality of MSCDS

(minimum number of full transmissions), decreases when thecommunication range increases.

This result is expected since the connectivity of the communication graph grows with the nodes’

communication range. Thus, the size of MSCDS decreases. Fig. 4.7 also shows that MAP

performs much closer to the optimal answer than the analytical upper bound we derived in

section 4.5 for MAP.
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4.6.2 Performance Evaluation of DECOR

We compare performance of DECOR and S-DECOR in data collection with RDC and CRDC

by investigating the effect of the following three parameters on the number of transmitted bits:

• Correlation coefficient

• Number of nodes

• Probability of channel failure

Effect of Correlation Coefficient

Correlation Coefficient is used as measure of correlation among data of sensors. We model

the relation between correlation coefficient, delta and thedistance between nodessi andsj as

following:

Size(∆i,j) =
(

1− exp
(

−β ‖si − sj‖
2

2

))

F, (4.1)

where‖si − sj‖
2

2
is the distance between nodessi andsj , andF is the size of data (10 kbit) and

β is correlation coefficient which is a constant factor that controls the correlation among data of

sensors. This model is similar to the model proposed in [49, 50]. Notice that∆i,j has limiting

values ofF whenβ is infinite and zero whenβ is zero.

Fig. 4.8 shows the number of transmitted bits normalized with respect to the size of data ver-

sus correlation coefficientβ for DECOR, S-DECOR, RDC and CRDC. Both RDC and CRDC

algorithms requiren number of full transmissions since every node should do one full trans-

mission. Therefore, for high correlation (smallβ), the number of transmitted bits in DECOR

and S-DECOR, which only require BLACK nodes to perform full transmissions, is much less

than those of RDC and CRDC. As the correlation among the nodesdata decreases (largeβ),

the size of delta converges to the size of reference data. Therefore, normalized number of trans-

mitted bits in both DECOR and S-DECOR increases and converges to
∑n

i=1
li whereli is level
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of sensori. As shown in Fig. 4.8, the normalized number of bits sent in both DECOR and

S-DECOR are equal to that of RDC in low or no correlation. The reason is that when there is

no correlation, DECOR, S-DECOR and RDC all similarly relay the data along the shortest path

to the base station with no suppression. CRDC performs worstsince it first collects data of each

cluster at the cluster head and so data is not necessarily transmitted through the shortest path.

Effect of Number of nodes

In this section, we study the number of transmitted bits as a function of the number of nodes

for fixed communication range and correlation coefficientβ. We chooseβ=1 which enforces

a large correlation among data of nodes. The results in Fig. 4.9 show that as the number of

nodes increases, the number of transmitted bits for RDC and CRDC increases linearly. This is



85

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

5

10

15

20

25

30

35

40

45

Communication range

N
um

be
r 

of
 fu

ll 
tr

an
sm

is
si

on

 

 

MAP
MSCDS
Analytical upper bound

Number of sensors=100

Figure 4.7: Number of full transmission versus communication range

because in these algorithms, number of full transmissions increases with the number of nodes.

Notice that RDC and CRDC show a similar performance for the selectedβ. However, number

of transmitted bits in DECOR remains almost constant when number of nodes increases. The

reason is that when number of nodes grows, their data becomeshighly correlated and most of

it becomes redundant. DECOR successfully captures this anddoes not transmit the redundant

data.

Effect of Channel Failure

Finally, we evaluate the performance of the algorithm presented in subsection 4.4.4 for lossy

communication channels. We consider a network of 100 nodes with fixed communication range

and correlation coefficientβ. Moreover, we assume that the probability of channel failure is
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constant over the channels. Figure 4.10 shows the number of transmitted bits for both DECOR

and S-DECOR normalized with respect to the number of transmitted bit for error-free com-

munication scenario averaged over 20 runs. As it is expected, the number of transmitted bits

increases with probability of channel failure. Notice thatDECOR is more robust to commu-

nication failure than S-DECOR. For example, if the probability of channel failure is equal to

0.5, DECOR requires only 3 times more transmitted bits comparing to the error-free case where

S-DECOR requires 4.5 time more transmitted bits.
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Figure 4.9: The number of transmitted bits (normalized withdata size) versus the number of
nodes

4.7 Conclusion

In this chapter, we exploited the spatial correlation on thedata of wireless nodes to reduce

the communication energy and bandwidth consumption duringdata collection. We suppress

the redundant data sent through data collection using a two-step strategy. First minimizing the

number of full transmission and second minimizing the size of data produced by set of nodes

at each neighborhood. We found a lower bound on the minimum number of full transmissions

required for lossless data collection. We also found the minimum number of bits required for
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Figure 4.10: The number of transmitted bits (normalized with data size) versus the number of
nofrds

compressing a data set using the mutual differences. Based on our theoretical results, we intro-

duced a practical algorithm for data collection which reduces the overall energy consumption.

Finally, we presented the numerical simulations to verify our theoretical results.



Chapter 5

Conclusion

This dissertation studies two important problems in vehicular networks: collision avoidance and

gathering roadway traffic information. Both of these applications can use DSRC technology for

communication and use basic safety messages as their primary source of information. However,

the primary challenges for these two applications are different: Collision avoidance requires the

safety packets to be delivered successfully within a certain deadline. For traffic information

gathering, the bandwidth consumption is the primary concern since the amount of data to be

gathered is large.

We first studied the problem of using standard QoS mechanism of IEEE 802.11 called En-

hanced Distributed Channel Access (EDCA) to minimize framecollisions among periodic ve-

hicle safety messages. By minimizing the frame collision among periodic safety messages, we

reduce the delay in delivery of the safety messages. We used to basic parameters of EDCA

calledAIFSN andCWmin and we made two main contributions: 1) We demonstrated an

Access Category (AC) isolation technique that dramatically reduces the collision probability

of high priority packets in dense environments. 2) We introduced a novel concept called vir-

tual division by which significant reductions in collisionsamong lower priority packets can be
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achieved. We verified via extensive NS-2 simulations of bothsimple and hidden node topolo-

gies.

Second, we introduced a new contention free MAC protocol forperiodic safety message

communication which can bound the delay in very dense vehicular networks. We have the

following main contributions: 1) We derived the theoretical lower bound on the maximum

delay, in delivery of basic safety messages. This bound is a linear function of the maximum

number of vehicles that interfere with one vehicle, in the network. 2) We proposed a distributed

cluster-based MAC protocol, which maximizes collision-free parallel transmissions of periodic

safety messages. The proposed MAC protocol guarantees an upper bound on the delivery delay

of routine safety messages which is only within 4 times from the optimal delay. Our protocol is

distributed and dynamic, and easily adjusts to the changes in the network.

Third, we studied the problem of collecting traffic information in access points. Using ve-

hicles as traffic probe sensors, is a cost effective solutionto this problem. Since bandwidth is a

sparse resource especially when the highway is dense, an efficient protocol is required to col-

lect all the data across the network at a certain access pointor RSU with minimum bandwidth

consumption . For this purpose, we exploit the correlation on the data of vehicles to reduce the

bandwidth consumption during data collection by suppressing the redundant data from multiple

vehicles. In our methodology, a certain subset of vehicles send out their data without any sup-

pression (full transmission). The vehicles that perform full transmissions are called reference

nodes. The rest of vehicles only send out the difference between their data and that of reference

nodes. Our strategy is based on two key principals. The first is to minimize the total number of

full transmissions. This strategy minimizes the overall bandwidth consumption since in general,

full transmissions consume significantly more bandwidth than transmission of the compressed

data. The second principal is to remove the redundant data sent by each forwarding node on

the path to the access point. We have three main contributions: 1) we obtained a theoretical

lower bound on the total number of full transmissions required for lossless collection of data
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at the access point. This lower bound is equal to the size of a specific subset of nodes. 2) We

introduced an efficient algorithm that approximates the elements of this set. 3) We determined

a lower bound on the minimum number of bits that a node which isresponsible for forwarding

the data of its neighborhood should transmit for lossless data collection. Based on our theo-

retical findings, we proposed a practical data collection algorithm which can reduce the overall

bandwidth consumption significantly.

The three proposed strategies in this dissertation are new steps that make vehicular network

technology closer to reality. MAC protocol solutions suggested in this dissertation will reduce

the delay in delivery of safety messages which is crucial forcollision avoidance applications.

It can be envisioned that in US, adaptive rate algorithms to control channel congestion will

interact with EDCA techniques to lower PER. For example, if the EDCA techniques produce

lower PER (and thus higher channel load) for a given offered load, perhaps the target channel

load of the adaptive message rate algorithm should be higherthan with default EDCA. Another

interaction is the impact that adaptive rates have on virtual division proportions. TDMA-based

MAC protocols for vehicular network are the subject of research in Europe and we can predict

that techniques similar to the proposed protocol will be used. More research needs to be done to

extend this algorithm for the intersection and urban scenarios. Another important application of

vehicular network is gathering traffic information, analyze the data at some central location and

then disseminate this information to the vehicles. More research has to be done to do analysis

on this subject especially how to disseminate this information to the vehicles so that vehicles

can avoid traffic and select routes accordingly.
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