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Abstract

This dissertation studies the problem of safety commuioicdh vehicular networks. De-
spite advances in automative safety during the past decatibésthousand of injuries and
fatalities happen yearly in vehicle-related accidentsdiPeted Short Range Communication
(DSRC) technology enables vehicles to communicate to etier through wireless medium,
so they can inform each other of a potential danger on the rbad important applications of
vehicular network technology are collision avoidance awltecting traffic information. Colli-
sion avoidance relies on periodic sharing of safety messegavoid accidents. Each vehicle
that receives these safety messages from its neighbors thesm to determine if any of the
neighbors poses a collision threat. If a vehicle determihasthis is the case, the onboard unit
will warn the driver. For collision avoidance it is importathat the status data of the vehicles
be delivered on time and so the Medium Access Control (MA®)qmol design is very im-
portant. This dissertation studies two different appreacto the MAC design protocol: First,
we use the QoS mechanism of IEEE 802.11 to reduce the callisi® among safety packets
when IEEE 802.11p is used which is the likely scenario in ébhiStates. Then, we introduce
a new contention-free TDMA-based MAC protocol tuned forigalar communication which
can guarantee an upper bound on the delivery delay of safesgages. Finally, we propose a
strategy for collecting safety information of vehicles iflRaad Side Units (RSU). This infor-
mation can be used for analysis on the road traffic conditibichvcan 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 rasuitss of thousands of lives and
billions of dollars. Although the automotive safety has beteadily improving during the
past decades, the total numbers of injuries and fatalitiee ktill remained relatively flat due to
the increasing number of vehicles and total miles drivén T2]further increase safety, a more
active approach is needed to prevent collisions on the asadpposed to the traditional passive
approaches such as airbags and seatbelts which are detgreelilice the chance of fatalities
and injuries after the collision.

Communication-based safety technologies is a promisingtavenove toward active safety
technologies. Communication among vehicles providesérformation to the driver to warn
him/her of a potential danger in an earlier phase, to prewelfisions. One of these technolo-
gies is Dedicated Short Range Communication (DSRLC) [3] vkigoports Vehicle-to-Vehicle
(V2V) and Vehicle-to-Infrastructure (V2I) communicatidghrough a wireless medium. This
technology is under active development in the United Statelsin other countries.

Fig.[1.1 shows a few examples of collision avoidance usinfO%chnology. Each vehicle
with a DSRC device broadcasts Basic Safety Messages (BMpMaining status informa-

tion, including location, speed, acceleration and headigry hundred(s) millisecond over a
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range of a few hundred meters. Each vehicle that receives safety messages from its neigh-
bors, uses them to compute the trajectory of each neighbmen Tt compares the computed
trajectory with its own predicted path and then determih@sy of the neighbors poses a col-
lision threat. If a vehicle determines that this is the céise ,onboard unit will warn the driver.
In some cases, it may even assist the driver in controlliegvéhicle. The warning message to
the driver can be conveyed audibly, visually (e.g., heauigligplay, dashboard screen, mirror
signal), and haptically (e.g., shaking seat or steeringelyhand can range in intensity from
inform to caution to warning J1]. While the communicationtween DSRC devices must fol-
low carefully designed interoperability standards, thterimal threat computation and warning
system employed by a vehicle is determined by the automaialeufacturer.

The U.S. Department of Transportation (DOT) and severaraakers in the United States
have studied DSRC-based collision avoidance. The Vehiatet$ Communications Applica-
tions project, completed in 2009, demonstrated the fdagilof several V2V safety applica-

tions [3], including:

e Emergency electronic brake lights (hard-braking vehitieaal)

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 compatioin can address up to

82% of all traffic related crashes in the United States [1Jolinvolve unimpaired drivers. This



Emergency electronic brake lights

Figure 1.1: Collision avoidance using safety message camuation

will potentially save thousands of lives and billions of ldos. In 2013, the National Highway
Traffic Safety Administration (NHTSA) within the U.S. DOTais to decide whether to use
regulations to require or encourage deployment of DSRCpeggint in new vehicles in the
U.S. [8].

DSRC can be used for many other applications beyond calligimidance. For example,
DSRC can be used to assist navigation, make electronic pagnie.g., tolls, parking, fuel),
improve fuel efficiency, gather traffic probes, and disset@rtraffic updates. It can also be
used for more general entertainment and commercial puspose

Vehicles may also communicate to and from DSRC RoadsidesJRiBUs) through safety
messages and other types of message. A vehicle can learmfr&%U about the existence of
a hazard such as ice, fog or emergency vehicle or the statsigihal at an intersection.

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

has allocated 75 MHz of licensed spectrum in the 5.9 GHz banB$RC communication [3].
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This spectrum is divided into seven 10MHz channels as shaviig. [1.2 . Each channel is

either a Service Channel (SCH) or a Control Channel (CCHg. @@&H (Ch. 178 in the US) is
designated as a special rendezvous channel that the dexlckse to on a regular basis. All
other channels in the band plan are designated service elsa{f8CH). V2V safety messages
are expected to be exchanged on Channel [172 [6].

With a broadcast rate of 10 Hz, and the potential for tens adheds of vehicle in a given
area, BSMs are expected to constitute the dominant soutcaffa€ on Ch. 172. In Europe Co-
operative Awareness Messages (CAM) [CAM], analogous tdBt@BM, are similarly expected
to represent most of the data on the Control Channel in theG54& spectrum.

In addition to collision avoidance, the information cadriey BSMs can also be useful for
researchers if collected at a Road Side Unit (RSU) espgdialistatistical analysis on travel
times and speeds on the roadways. This information can berdisated to vehicles to inform
them of accidents, dangerous road conditions or high trafdways.

In this dissertation, we focus on two applications of DSR@llision avoidance and gath-
ering traffic information. Both of these applications mag lBSMs as their primary source
of information. But they have different requirements. @Gidin avoidance requires the safety
packets to be delivered successfully within a certain deaedlln case of traffic probing, the
bandwidth consumption is the primary concern since the atnafidata to be gathered is large.

For collision avoidance, the design of MAC layer protocdignificantly important because
it affects the delay and reliability of safety message comication. Currently, DSRC uses the
IEEE 802.11p medium access control (MAC) protoddl [7], whis based on carrier sense
multiple access/collision avoidance (CSMA/CA). IEEE 8% is prone to packet collision
where a collision happens when two or more packet transomisgiverlap in time at a receiver.
When there is a collision, one or more of the packets invokeathot be received. The packet
collision probability increases with the offered load, alnin our study is primarily a function

of node density. Different approaches has been suggestédiggproblem. Some of them are
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solutions that are within the IEEE 802.11p standard. Moghem control the collision rate

using rate or power contral[[B] 9]. Some solutions proposerapietely new MAC protocol
that is primarily designed for V2V environment. In this digstion we focus on both of these
approaches.

For gathering traffic information at a RSU, it is importantigsign a data gathering protocol
with minimum bandwidth consumption. In this dissertatiom propose an approach to exploit
the similarities among status data among vehicles to rethedotal amount of data that is
transmitted. This approach can also be used in environnsercts as sensor networks where
energy is constrained.

Considering the above issues, we first consider the probfamiing standard QoS mecha-
nism of IEEE 802.11 called Enhanced Distributed Channek&s¢EDCA) to minimize frame
collisions among periodic vehicle safety messages. We rnveétenain contributions: 1) We
demonstrate an Access Category (AC) isolation technigatediamatically reduces the colli-
sion probability of high priority packets in dense enviramts. 2) We introduce a novel concept
called virtual division by which significant reductions iollisions among lower priority packets
can be achieved. AC isolation and virtual division are cami@nt with IEEE 802.11p and can
be supported by existing integrated circuit implementetioThese techniques are motivated
by the periodic safety message environment under develupimehe US, Europe and parts
of Asia, but they may have applicability for other vehicudgaplications or more general WiFi
networks. The results are verified via extensive NS-2 sitimra of both simple and hidden
node topologies.

Second, we introduce a new contention free MAC protocol feriqalic safety message
communication which can bound the delay in a very dense uiticietworks and derive the
theoretical lower bound on the maximum delay, in delivenB&Ms. This bound is a linear
function of the maximum number of vehicles that interferéhwane vehicle, in the network.

The theoretical lower bound, can be achieved, if there isndityehat 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 suchyeexiists in vehicular networks,
we propose a distributed cluster-based MAC protocol, whieximizes collision-free parallel
transmissions of periodic safety messages. The proposed ptétocol guarantees an upper
bound on the delivery delay of routine safety messages wkiohly within 4 times from the
optimal delay. Our protocol is distributed and dynamic, eadily adjusts to the changes in the
network.

Third, we study the problem of collecting the traffic infortiea from all the vehicles in
access points for traffic probing. This raw data can be uged far further analysis on the
traffic information on certain roads at different times dof thay. Although, monitoring traveling
information is possible through deployment of inductivegs, cameras and other sensors on
the roads, these solutions are very costly. A more costteféesolution, is to use vehicles
as traffic probe sensors. An efficient protocol is requiredditect all these raw data across
the network at a certain access point or RSU with minimum tédfith consumption since
bandwidth is a sparse resource especially when the highsvdgrise. For this purpose, we
exploit the correlation on the data of vehicles to reducelthedwidth consumption during
data collection by suppressing the redundant data fromipteultehicles. In our methodology,
a certain subset of vehicles send out their data without apypression (full transmission).

The vehicles that perform full transmissions are calle@naxice nodes. The rest of vehicles
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only send out the difference between their data and thatfefarece nodes. Our strategy is

based on two key principals. The first is to minimize the totamnber of full transmissions.
This strategy minimizes the overall bandwidth consumpsioice in general, full transmissions
consume significantly more bandwidth than transmissiomefcompressed data. The second
principal is to remove the redundant data sent by each foimgnode on the path to the access
point. In this dissertation, we first obtain a theoreticavdéo bound on the total number of full
transmissions required for lossless collection of datdataccess point. This lower bound is
equal to the size of a specific subset of nodes. We then inteodn efficient algorithm that
approximates the elements of this set. We also find a lowendan the minimum number
of bits that a node which is responsible for forwarding théadaf its neighborhood should
transmit for lossless data collection. Based on our thiealdindings, we propose a practical
data collection algorithm which can reduce the overall badth consumption significantly.
Finally, we present the numerical simulations that verify theoretical results. This result is
also applicable for sensor network environment where tlgctize 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&8020 improve vehicle

safety communication.

e In chapter 3, we introduce a new contention free TDAMA-badé protocol for safety

communication in vehicular network.

e Chapter 4 describes a data collection mechanism for gathesffic probes in an access

points.

e Chapter 5 concludes this dissertation and present futurkswad 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 depemdhe communication performance
of safety messages. EDCA, the standard IEEE 802.11 QoS itiapatas designed for net-
works with a mix of voice, video and best effort traffic. Thisapter examines how to use
EDCA to reduce frame collisions for a channel dominated hyode& safety messages. We
make two main contributions: Access Category(AC) Isotatimd Virtual Division. AC isola-
tion eliminates inter-AC countdown collisions, dramalliceamproving the success rate for high
priority packets. Virtual Division uses isolation in a nbweay that also reduces collisions for
lower priority packets. Both techniques are consistenhwie 802.11 standard. This chapter

includes detailed analysis and insightful NS-2 simulation



2.1 Introduction

Collision avoidance applications in the US are enableduijinghe exchange of periodic safety
messages on Ch. 172. The Basic Safety Message (BSM) [3] &lbast by each vehicle to

convey its core state, e.g. location, speed, heading, ter afthicles within a few hundred

meters so they can assess the extent to which the sendergoosiision threat. Other safety-

related message types might also be sent on Ch. 172, for éxé@wya roadside unit to advertise
the geometry and signal state of an intersection.

The safety channel traffic can be homogeneous or heterogeméth respect to its priority
classes. If we do not classify messages based on relatiwgtyrive call the traffic homoge-
neous. In the more general heterogeneous case messagbe wléissified into two or more
categories. The classification is based on type (e.g. BShhtersection message) and/or con-
tent. For example, a sender could classify one BSM as roatideanother (perhaps indicating
sudden deceleration) as critical, and assign them to diftezategories. Note that both routine
and critical BSMs have the potential to prevent collisioss,we want both to be successful.
But, we attach a higher value to the sender-identified atititass and thus seek to improve its
relative reception probability. We are not concerned whith ¢lassification criteria.

DSRC uses a variation of IEEE 802.11 at the medium accessotdNMAC) layer [7], a
carrier sense multiple access with collision avoidance&&A) protocol. A packet collision
happens when transmission of multiple packets overlapria tt a receiver. While CSMA/CA
attempts to avoid collisions, they do occur, especiallyighmtthannel load environments. Colli-
sions are primarily of two types: simultaneous countdownylich the CSMA/CA mechanism
leads two or more nodes to initiate transmission at the seme &nd hidden node, in which the
transmitting nodes do not sense each other. To evaluatectf@mance of the IEEE 802.11p
MAC in a vehicular network, we use the Packet Error Ratio (JPERtric, which is the fraction
of the transmitted packets that are not successfully redeiVhis can be computed in aggregate

or as a function of specific senders or distances. Latenayathar potential metric of interest.
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Given that safety applications are tolerant of a small nunaibéost packets, each effectively

adding 100 msec to the model update interval, we considariggidatencies on the order of
tens of milliseconds to be relatively insignificant. In tdissertation we choose techniques that
limit queuing latencies to this order, and we do not furthmrsider latency as a metric.

Our approach is to use the priority mechanism of IEEE 802.tafled Enhanced Dis-
tributed Channel Access (EDCA). An EDCA-equipped deviceeases the medium with up to
four queues, each associated with an Access Category (ACeach characterized by three
parametersCW,,;, (minimum Contention Window), AIFSN (Arbitration Interdme Spacing
Number), and TXOP (Transmission Opportunity), to give ptyato different classes of traffic.
TXOP is required to be 0 for IEEE 802.11p, and so we excludeftbian our studies. Assigning
a frame to an AC determines thi8V,,.;, and AIFSN parameters the frame will use to compete
for channel access when it reaches the head-of-line. Ineadugneous system, each class of
frames is assigned to one AC; in a homogeneous system theméy/isne AC.

EDCA was designed primarily to control channel access defay real-time voice and
video streams, while also avoiding excessive collisios fos bursty best effort flows. A high
priority packet was assumed to be primarily latency sassitiOur challenge is to apply the
EDCA tool in our somewhat unique periodic safety messagenegvhere collision loss is the
most important criterion. A high priority packet in our eronment is assumed to be primarily
loss sensitive. The effect of IEEE 802.11p EDCA parameterthe PER has not been well
studied especially for periodic message transmissions.

This dissertation offers two principal contributions. Tist is a comprehensive study of
the effect of AIFSN and”W,,,;,,, on the PER of periodic safety packets. In the heterogeneous
case this includes the effect on the interaction between AGd we present an AC isolation
technique such that a packet from a given AC can only colliith another packet if it is in
the same AC. Under high load, AC isolation significantly reskithe collision rate of higher

priority packets compared to more conventional paramdieices. The second contribution
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is a novel methodology called virtual division, which candmplied in either a homogeneous
or heterogeneous setting. In this method, packets thatargnally of the same priority are

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

net collision rate is reduced compared to placing all thekgtscin a single AC. In order to

achieve fairness, each node with this class of packet wilhdyically alternate the assignment
to the various ACs according to a desired proportion. Releatlthe queuing delay is controlled
to be less than the message interval, so there is no conciroutiof-order delivery of packets

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

scenarios. For example, in simulations of a highway with @&icles per kilometer, we can
improve the PER from 60% to 36% for vehicles that are withi@-bieters of each other. Virtual

division does not need adaptive tuning based on the chaoae!l In addition, it is a practical

mechanism in the sense that it conforms to IEEE 802.11 andbeamplemented on existing

DSRC devices.

We discuss related work in Sectién 13.2 and describe the atdrDCA mechanism in
Section Z.B. We present results based on a simple simulgpetbgy in Sectiof 2]4. In2.4.1
and[Z.4.2 we study the effect of CWmin and AIFSN on the PERHeritomogeneous cases,
and in 4.3 for the heterogeneous case. This leads to thetiaefioif AC isolation in Section
. Building on the isolation technique, we introduce theuaitdivision mechanism in Section
[2.4.4. In sectiof 2]5 , we present simulation results forghway scenario with hidden nodes
and realistic fading model, using both AC isolation anduattdivision. In sections 216, we
briefly discuss interaction of virtual division with messagte congestion control, respectively.

We offer conclusions in Sectidn 4.7.



12
2.2 Related Work

The EDCA mechanism defined in IEEE 802.11e has been wellestuabth theoretically [10]
and experimentally [11] for the WLAN. In the context of vehiar networks, EDCA has been
studied in[[12E16] [2,3,6,9,13,14]. The authorslin![12,h4ye done a simulation study on the
effect of IEEE 802.11e EDCA parameters on the performansafety message transmission.
In [12], the study was conducted for a scenario with only oigé Ipriority node. For this par-
ticular case, it was concluded that both a smallév’,,,;,, and AIFSN would be beneficial for
the high priority node because it decreases the chance dlisiarobetween the high priority
packet and low priority ones. The study is limited in thatréhwvill generally be more than
one high priority node. Also, the study did not suggest a rapigm that can completely avoid
collisions between high and low priority nodes, as we do is dissertation. In[14], beside the
smallerCW,,;,, and AIFSN, a repetition mechanism was suggested for highifyrpackets, in
order to increase the probability of at least one being veceiHowever, the repetition mecha-
nism adds to channel congestion and increases the chano#isibo with other categories of
traffic. In [15], simulations of 802.11p EDCA parameterswhd that high priority nodes suffer
more collisions at high loads, but the authors did not offsolation to reduce the collision rate
of high priority packets In[[16], the authors proposed a seh&here they dynamically adjust
the transmission power based on the estimated local vetéeisity, while theC'W,,;,, size is
adapted according to the collision rate. In Sedfioh 2.6 wefligrdiscuss the interaction between
EDCA and active congestion control techniques. [ [13], aalyical study is presented for
EDCA 802.11p where they introduce a Markov chain to modehesxess category, and use
that to estimate the error rate. However, their model cabaatsed for periodic safety message
transmission since they are assuming that the traffic isrgegtin bursts according to a Pois-
son process. Furthermore, they are assuming that the nwhfsames generated in each burst

has a geometric distribution whereas the size of BSMs istaohs
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2.3 EDCA Mechanism of IEEE 802.11P

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

nism.

2.3.1 IEEE 802.11 MAC Protocol

The legacy 802.11 Distributed Coordination Function (D@&@s a carrier sense multiple ac-
cess/collision avoidance protocol (CSMA/CA). Before i@y a transmission, each wireless
node, senses the channel. If the channel has been idle foioa jpgual or longer than a spec-
ified duration, called Distributed Inter-Frame Space (DIRSen the node begins transmitting.
The DIFS period consists of a 32sec SIFS (Short Inter-Frame Space) interval plus twg 13
sec time slots (these times are standard for a 10 MHz chanifiehle channel is sensed busy
during the DIFS interval, the node starts a countdown praetly choosing a random number
between 0 and’'W,,,;,, whereCW,,.;,, is the upper limit of the contention window. Let CW
represent the current countdown state. When the channeiescidle the node decrements
CW once per time slot until CW reaches zero or the channelrbesdusy again. The count-
down procedure is suspended when the channel is busy, amtieéssvhen the channel goes
idle again. When CW is decremented to zero the node beginsnhigsion. Since vehicular

safety messages are broadcast the upper limit of the cariemindow is alwayC'W, ;..

2.3.2 Priority Mechanism of IEEE 802.11p

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

in that messages are classified into access categories taghdir relative priorities. There
are up to four access categoriel;;, each with a queue whose head-of-line packet competes
for channel access using a pair of parameteVg,,,;, and AIFSN.CW,,.;, has the same role

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

channel idle and begins or resumes a countdown. AIFS islegééclias follows for each ACi:

AIFS(AC;) = SIFS + AIFSN;.slot (2.1)

Notice that if AIFSN is equal to 2, then AIFS = DIFS. There isubtie difference between
the DCF and EDCA countdown methods [16]. In DCF, CW is decr@rtkat the end of each
idle slot and a node can start transmitting as soon as CWmdeats to 0. In EDCA however,
CW is decremented at the beginning of the slot time even ifesotiner node begins transmission
during the slot. When CW is decremented to 0, transmissiothdtyAC is allowed at the end
of the slot time if the channel is still idle, and is otherwiseferred to the end of the next busy
time.

Table[Z.1 summarizes the default EDCA parameters of IEEE18@2[1] for access cate-
gories ACO, AC1, AC2, and AC3. Note that 802.11p allows usearf-default parameters, for

example if specified in a controlling standard or regulation

Table 2.1: Default EDCA parameters of IEEE 802.11p
Access category CW,,;,,  AIFSN

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

Fig. [2.1 illustrates how the head-of-line packets of 4 EDOBsAaccess the channel using
the default parameters. Each AC is shown with its AIFS @d,,,;,, + 1 countdown slots. The
vertical line at left represents a transition from busy te ioh the channel, but a given AC will
not recognize the channel as idle until its AIFS elapses,catgthen if no higher priority AC
has seized the channel. AC3 recognizes the third slot afe$ & available. The head-of-line

packet will begin transmission, if CW=0, or decrement CWhdf transmission begins in the
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ACO Lowest Priority = AC_Background
(AIFSN =9, CW=15) Data
AC1
IEEE 802.11p | (AIFSN =6, CW=15) AC_Best Effort
Default EDCA AC2 Data
parameters (AIFSN =3, CW=7)
AC3 .
(AIFSN =2, Data AC_Video
CWwW=3)
[ ——
E:g SIFS Data Highest Priority = AC_Voice
[ E—
Countdown while medium is idle
Suspend countdown when medium becomes
busy

Defer access

Figure 2.1: AIFS of the default EDCA access categories

third slot, then both AC3 and AC2 recognize the fourth sloaealable. If either head-of-line
packet has CW=0 it begins transmission, otherwise it deenesrCW (if two head-of-line pack-
ets in the same node decrement to zero on the same slot, aralraebitration determines which
is transmitted). The head-of-line of AC1 does not recogaizepportunity to send/decrement
until the seventh slot, and for ACO it is the tenth slot. If thedium becomes busy at any time,
all countdowns are suspended until the busy period ends. GS3he smallest'\,,,;, and
AIFSN, so it has the smallest average waiting time among tt&tégories. However, a frame
from AC2 might gain access first if it has a small enough CW. A@8 the longest average
waiting time.

In section 4 we present a thorough study on the effect thét EBXCA 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 transionsscan be unsuccessful for any

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

tion from busy to idle channel, they may decrement theireetpe CWSs to zero on the

same slot time, and their transmissions will collide.

e Hidden node collisions: A hidden node collision happensménesceiver is within range
of two transmitters that cannot sense each other. If traasans from these transmitters

overlap in time, their packets collide.

e Attenuation and Fading: Wireless signals will be attendistih distance, and the packet
may fail if the signal power is not strong enough at the rezriFading is the variation in

signal attenuation, usually modeled as a random process.

Attenuation and fading are physical layer problems thairatependent of the MAC layer
protocol. Hidden node collisions are difficult for the 80R.MAC to prevent, especially for
broadcast packets that cannot use the RTS/CTS mechanissndtiumplementation of EDCA
targets the only remaining category of packet loss, the Isimeious count down collision. In
the next section we use a simple topology where all the nogeatahe same location. This
topology helps us to exclude packet losses that are dueeouattion, fading or hidden node
collisions so we can focus on countdown collisions. In sedf.%, we will study a realistic

highway scenario with hidden node collisions and a realfsiiling 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 PBRgeriodic traffic, through

simulation. We use the NS-2.34 simulator [18] for our analyand for now, we consider a
simple topology where all the nodes are located at the saace piVe begin the study with this
simple scenario in order to exclude packet losses that aisedaby signal attenuation, fading

and hidden terminals, and focus on the packet collisions&tedue to simultaneous count
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down to zero. We study the more realistic highway scenarigertion 5. In our simulations,

each node transmits a 350-byte packet at 6 Mbps with an avéntagval of 100msec. While a
real system would schedule transmissions at close to 100 misgvals (perhaps with a small
random jitter), in our simulations when a vehicle generatesessage at time t, it schedules its
next message at time t+T, where T is a uniform random varia@ethe interval [50, 150]. This
100 msec random interval allows us to approximate a Montéo@arsemble over successive
transmissions, so that the statistics of packet loss agpamntient of the vehicles initial phases.
The simulation parameters have been summarized in [all&r Bese 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 hytes
Data rate 6 Mbps
Transmission Power 10 dbm

2.4.1 Effect of CWmin on Homogeneous Traffic

In this subsection, we study the effect©@iV’,,,;,, on PER when packets are transmitted period-
ically. We assume that the traffic is homogenous, i.e. alkg®care assigned to a single AC.
For simplicity we useAI F’'SN = 2, which is the minimum allowed.

Fig. [2.2 shows the PER (y-axis) versus number of nodes &-dar CW,,;,,= 3, 7, 15,
31. We see that for low-to-moderate number of vehicles tlseaeclear advantage to choosing
a largerCW,,;,, and we can explain this trend informally with the followitagic. For these
loads, the countdown interval that a node experiences ikalylto be interrupted by another
busy period. Thus, the most likely collision modality isween two nodes that each became ac-

tive during the same busy period, and they collide if and drihey choose the same countdown
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Figure 2.2: Effect ofCW,,.;, on PER

value CW. The probability of choosing the same value i€'W(,,;,,+1), so largelCW,,,;,results
in lower collision probability. When more than two nodes e active in a given busy period,
the collision probability is a more complex, but it is stitiiersely proportional t@'W,,,;,,. As
the number of nodes increases, the countdown of a given moereasingly likely to span
multiple busy periods, and the advantage of a l&'g€,,.;,, diminishes (e.g. for 200 nodes in
Fig. 2). In the extreme, the node is only able to decrement @Q¢é er busy period, i.e. the
first slot after AIFS is always seized by one or more trangrstivithC'WW = 0. In that case, the
probability of collision is the same after every busy periadd is thus independent of the initial
CW value a node chooses. We see this effect in Fig. 2 for 3089)athere PER is independent
of CW.un. This effect has also been shown in [10]. Note that we canraier@'V,,,;,, arbi-
trarily large without incurring undesirable queuing delag'W.,,.;,, = 31, with queuing delays

less than 20 msec, is the larg€sil,,,;,, 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 foritbenogeneous case. After each
packet transmission, all active nodes wait fkF'S + AIFSN.slot;,. before they declare

the channel idle, and either start transmitting or decréimgrCW. During this AIFS period



19

08

—+ AIFSN=2, CW=15
o6l — AIFSN=3, CW=15
- AIFSN=4, CW=15
o —-AIFSN=5, CW=15
L 0.4r- -o- AIFSN=6, CW=15

0.2

o
R 4

| 1 1 |
150 200 250 300

Number of Nodes

e 1
0 50 100

Figure 2.3: Effect of AIFSN on PER

nobody can transmit. When we increase AIFSN, we increasemditing time for all the nodes,
which effectively reduces the number of messages/secatdhé channel can support. Thus,
the probability of collision increases with increasing SIR, since there is less time available
for data transmission.

Fig. [2.3 shows the effect of AIFSN on PER for different numbenodes. We have tried
AIFSN = 2,3,4,5,6 and we see a clear trend of increasing PER witkasess in AIFSN. This

shows that, for a homogeneous scenario, there is no reassie gy AIFSN larger than 2.

2.4.3 AC Isolation for Heterogeneous Traffic

Safety messages can often be classified by the sender aserouttritical, and placed in dif-

ferent ACs to give the critical messages priority channekas. Here we investigate how to
choose the EDCA parameters for this heterogeneous tra#icfar these higher priority (HP)

and lower priority (LP) ACs. For simplicity, we assume inglsubsection that HP traffic is
10% of the whole. Note that the principles illustrated hevendt depend significantly on this
specific percentage, nor do they depend on whether theattitadfic is concentrated in 10% of
the nodes or distributed.

We progress to our result in two steps, both illustrated o E2.4. 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 Tablé 2.1 for HP #hdCs, respectively. AC2
is a reasonable choice for the LP safety traffic because théybt be traffic on the safety
channel that is even lower priority than routine BSMs. In.H&4 we compare the PER for
these two ACs (labeled without isolation) with that of horangous traffic. The differences are
best illustrated for the highly loaded 300 node case, in wtiie PER for HP has significantly
decreased (from 72% to 30%) compared to the homogeneouysacasthis comes at a relatively
small price of increasing the PER of LP to 75%. The explanalé@ads us to more general
observations about how to choose parameters.

Fig.[Z.3 illustrates how nodes with an LP packet and nodds avitHP packet compete for
the channel after a busy period. HP nodes, with"SN = 2, recognize the channel as idle
after AIFS(2) = SIFS + 2.Ts whereTy 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 chanositand HP nodes only com-
pete against each other, making the collision probabititytliis slot is very low. This is key to

understanding the advantage of low AIFSN in a heterogeneloaisnel. If no HP node takes the
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Figure 2.5: AC2 and AC3 competing

first slot, LP and HP nodes compete in the second slot. An HE had a higher collision prob-
ability when transmitting in this slot, and in the others ¥anich LP and HP have overlapping
access. If the channel is still idle in the fifth slot LP nodel @nly compete among themselves.
Note that at heavy loads an HP node that originally pick& = 2 will frequently count down
twice toCW = 0 before the channel is seized by an LP node, and will thus antypete with
other HP nodes after the next busy period, with low colligiabability. Thus, for 300 nodes
roughly half the HP packet€ (I} = 0 and 2) have low collision probability in the first slot after
AIFS(2) and the other half have higher collision probagilivhich is why the PER is roughly
half that of the homogeneous case. This approximate asadygilains qualitatively what we
observe. It depends on the HP load being relatively smajl (B0% rather than 50%). LP has
both higher AIFSN and lowet'V,,.;,, than homogeneous, which accounts for the small PER
increase.

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

AC Isolation. Two ACs are isolated if there is no overlap ia 8iots in which they attempt to
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Figure 2.6: AC Isolation mechanism

access the channel. There can be no countdown collisiongéetpackets in isolated ACs.

Fig. [2.6 illustrates how AC Isolation works. Using the sanfe AC, we increase the LP
AIFSN to eliminate overlapping slots. After a busy period,agtive HP queue can completely
exhaust its CW (blue arrows), ever(iiV = CW,,.;,, before an LP queue considers the channel
idle. The two ACs access the channel during non-overlapplats, completely eliminating
countdown collisions between HP and LP packets. This cahdagyht of as a distributed strict
priority queue, i.e. an LP packet can only be sent if no nodedamHP packet. Note an HP
packet that is generated during the slot competition migirsimit at the same time as an LP
packet (red arrow slots). This low probability event is natcaintdown collision, and EDCA

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

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

In this dissertationAI FSN(HP) = 2 andCW,,;,,(H P) = 3, so equatiofi 2]2 is satisfied
with AIFSN(LP) = 6. CWp,n(LP) can be chosen large, e.g. 15, to reduce collisions

between LP nodes. We return to Fig.]2.4 to see the effect ofsétion on PER, comparing
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with the non-isolated heterogeneous case. For HP (greexdysirere is a significant reduction

in PER for all N, e.g. at 300 nodes the comparison is about 430%s. For LP (pink vs blue)
the isolated and non-isolated ACs perform similarly. Fet1%0 the isolated AC has slightly
less PER due to largéfiV,,,;,,. For N>150 the isolated AC has slightly more PER due to larger
AIFSN. In both ranges the difference is small. The dramatiprovement for HP thus comes
at essentially no cost for LP, showing that AC Isolation esgly preferable to using default
AC3 and AC2.

Thus, if we only have two classes of traffic, we suggéstit,..., = 3, AIFSN = 2) for
the HP class anddW,.;, = 15, AIFSN=6) for LP. Generally it is not advisable to choose
CWmin<3 in any class unless the proportion of traffic in the classeis/ysmall, and with
our 10% assumption we will consistently s€iV,,;, = 3 for the HP class. Similarly, we
consistently sed/F'SN = 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 ptyo(MP)) we can utilize a
third isolated AC. We apply equati¢n 2.2 twice. Startingh®'W,,,;, = 3, AIFSN = 2) for
HP, we must sedl/ F'SN = 6 for the MP class. In order to keep AIFSN from becoming large
for the LP class we set the MP clag8V/,,,;,, to either 3 or 7, depending on the proportion of
traffic expected in the MP class. The more likely case is ta’$&},,;,, = 7, in which case from
equatio 2.2 we havd I F'SN = 14 for the LP class. Table_2.3 summarizes our suggested

parameters for three access categories based on the AGdsdaategy.

Table 2.3: Suggested EDCA parameters for DSRC safety
Access Category CW,,;n  AIFSN
AC1 (LP) 15 14
AC2 (MP) 7 6
AC3 (HP) 3 2
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2.4.4 \Virtual Division

Observe that in all of the PER plots the curves are initiatlgvex. Evidently, for some range of
N, adding one vehicle creates enough potential new callistonbinations thaPER(N +1) >
PER(N) = N 4+ 1/N. This observation enables the our novel contribution: &rDivision.

It motivates us to try experiments of the following type: €y the safety messages generated
within each node into three classes using a ratid: N2 : N1, assign those in the first class
to AC3 (Tabld_Z.B), those in the second class to AC2, thodeeithird class to AC1, and assess
the aggregate PER across all classes.

We discovered choices for the ratio such that the aggredakersulting from this tech-
nigue is indeed lower than if all messages use a homogeneGused. CW, i, = 15,
AIFSN = 2). In other words, even if all the messages are of equal valngverage PER
advantage can be obtained by segregating them into diffé&@s, and specifically in this case
isolated ACs. The assignment of the individual messagededny random division or using a

deterministic rotation. We call this technique Virtual Biwn because the assignment to ACs
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is not based on actual priority differences among the packitis illustrated in Fig.[2]7 for

the equal division case, i.V3 = N2 = N1 = 1/3. We next examine the impact of Virtual

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

Virtual Division For Naturally Homogeneous Traffic

Fig. [2.8 shows simulation results for the case illustrateig. [2Z.7. The traffic is naturally
homogeneous. We form three ACs using the parameters of Zahl&ach vehicle assigns one
third of its packets to each AC, using a deterministic rotatifter an initial random assignment.
The figure compares the PER of Virtual Division (red) withttba true homogeneous assign-
ment (blue). The red curve is the aggregate PER experiengceddiven vehicle, across all
three ACs. We see that for low-to-moderate N, Virtual Dioisimakes a modest improvement
in the PER, but for high N the PER is improved significantignfr 72% to 58% (i.e. a 50%
improvement in reception probability). Notice that virttdavision will result in higher queuing
delay for lower priority packets. If that delay reaches thekgt generation period, 100 msec,
we use a push-out queuing technique such that the old packetdarded and the new packet
is enqueued. Hence, the queuing delay for a successfuhtissisn can not be higher than 100
msec, and this is not critical for safety applications. @Arsiing 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. somtnwriue high priority, we still can
use the Virtual Division technique on the remainder. shows simulation results for such
an example. We again assume 10% of traffic in any messagealpsiitassified HP. A vehicle
without an HP packet in a given period uses Virtual Divisionassign its packet with equal
probability to the MP or LP AC, e.qg. it can alternate assigntedrom period to period. PER

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

distinguish. However, the PER for LP with division (pink)significantly reduced compared to
without division (blue) for higher values of N. For exampiar, N = 300 the PER has improved
from 82% to 68% (the probability of reception has increasgdnbre than 50%). Note that in

this subsection we have used examples in which the Virtugkldhn is done on an equal basis
among the subclasses, e.g. half to each of two, or one thieddh 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 divisioatios were chosen in the prior
subsection for simplicity. To investigate the optimal digih we use a heuristic tool to efficiently
search the (N3, N2, N1) space. This tool estimates PER foremglivision quickly compared

to a simulation. For example, an exhaustive search with Sudarity requires checking 231
(N3, N2, N1) combinations, and takes a few minutes with tleé tcompared to many days via
NS-2. The tool uses as input PER vs. N simulation data for ea¢he three homogeneous
cases: AC3 alone (e.g. from Fig._R.2), AC2 alone, and ACleldfor a given N3:N2:N1 it

estimates the channel busy fraction (load) and PER cotdboy each AC. Since the ACs are
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Figure 2.9: Virtual Division for naturally homogeneousffia

isolated, aggregating the results is easy. A key assumptaidated by simulation, is that the
load depends on the ratio of messages to message interved. afethe specific steps for a
given division and a given N:

1) From input data determine the channel load (L3) and PERWR8n N3 « N nodes use
AC3 on a 100 msec channel.

2) Determine the load (L2) and PER (P2)Nf2 « N/(1 — L3) nodes use AC2 over 100
msec. This modeld'2 x N nodes on a channel already reduced by higher priority AC3.

3) Finally, determine the PER (P1)M 1« N/(1 — L3 — L2) nodes use a 100 msec channel,
modeling/N'1 x N nodes on a channel reduced by higher priority AC3 and AC2.a0ugegate
PER for the division is the®3 « N3 + P2 N2+ P1 % N1.

Fig. [2.10 shows the tool applied fof = 300, with ACs defined in Table 2|3, using AC3
input data from Figl_2]2 and similar data for AC2 and AC1. Théroal division is identified as
0.4:0.2:0.4. The PER surface resembles a triangle, whasersorepresent the three homoge-
neous cases, sagging in the middle. It appears to be unitn®ased on follow-up simulations,

the division it identifies is near-optimal, with PER withifelof the true minimum. The PER
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corresponding to the near-optimal division found using tbol is also plotted in Fid. 2.8.

2.5 Realistic Highway Scenario

In this section, we will study the effect 6f\V,,,;,, and AIFSN on PER of safety traffic for a more
realistic highway scenario. In this scenario, packet lossa be caused by signal attenuation,
fading, hidden terminal problem as well as simultaneousitmwn collisions.

For simulations in this section, we again use NS-2.34 sitoul@here we have the following
scenario: We have a circular 3-kilometer highway where trmilar highway is used to avoid
the boundary effect [18]. We set the transmission power ta@Bf which is equivalent to
transmission range of 500-meters. Hence, we have many rhidddes in this 3-kilometer
road. Every vehicle is transmitting a 350-byte packet eu€iymsec with some random jitter.
We use the Nakagami distribution, for radio propagation ehoghich has been shown more

realistic for vehicular communication environment thamgpRayleigh distribution or two ray
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ground model [2,8]. The Nakagami distribution is alreadylemented in NS-2.34 and the

mathematical description is given below [2].

flz;Q,m) =
(2.3)
2>0,Q>0m>1/2

Wherem is the shape parameter, afldontrols the spread of the distribution. When= 1,
the Nakagami distribution becomes the Rayleigh distrdmytiwhich models a harsh scenario
where no line of sight exists. When > 1, it approximates the Rician distribution, which
closely models line of sight scenario. For our simulatioms,use the fading parameters as in
[2] (these parameters were measured by collecting empdaia on a real highway), where
we assume line of sight for closer ranges {0 meters) withm = 3, less severe fading for
the distances up to 150 meters with= 1.5, and Rayliegh fading for distance more than 150
meters withrm = 1.

We calculate the PER for each transmitter-receiver pair allethe distances, and then
calculate the average PER based on the distance. Noticethkrabverall PER is a function
of both the distance between the transmitter and the racaiethe node density. We define
different distance bins where for each bin, we calculateatrerage PER between each pair of

nodes falling within that bin.

2.5.1 Effect ofCW,,;, on Homogeneous Traffic

In this subsection, we study the effect of CWmin on the PER iaadistic highway scenario
when packets are transmitted periodically. We assumehiatdaffic is homogenous and all the
packets are assigned to a single AC.

Fig.[2.11 shows the PER (y-axis) f6fW,,,;, = 3,15, 31 for two scenarios: one where the
highway is lightly loaded with 300 nodes over a 3km highwayQ(hode per kilometer) and one
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Figure 2.11: Effect of CWmin on PER in a highway scenario (a0d 900 nodes on a 3km
highway)

where the highway is heavily loaded with 900 node over 3krhay (300 node per kilometer).
The x-axis represents the distance bins [0-50, 50-100,1500-150-200] meters. Each point
represents the average PER for all the transmitter-recpaies that their distance falls within
the specified bin. The AIFSN=2 for all the simulations. We saa that the variation i@'W,,;,,
does not have any significant effect on the PER in this scendrether the highway is lightly
loaded or heavily loaded. The reason is that in highway s@enae have both hidden node
and countdown collisions, which are not independent frogheaather. In fact, reducing the
simultaneous count down collisions may result in a highddén node collision rate. Reducing
the count down collisions creates more successful trasgmss. This decreases the channel idle
time, which increases the chance of hidden node collisidrerdfore, although large&riv,,.;,,

at low and medium loads reduces the simultaneous count doilsians, but it increases the
hidden node collisions because of decreasing the chanpatity and hence, the overall PER

does not improve when we increase the siz€'of,,;, 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 gly scenario, larger AIFSN results
in longer waiting time before transmissions. This redubesriumber of messages/second that
channel can support and so the probability of collision eases. 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 tegha over the PER of HP and LP
traffic in a realistic highway scenario. It should be noteat fin this subsection like in [2] we
study the highly loaded scenario (900 nodes which is eqeriteb 1 car every 27 meters per
lane in an 8 lane highway). In this scenario PER is high andseheme improves PER by
significant margin. We again assume that HP traffic is 10 pemthe whole traffic. Fig 2.2
illustrates the PER of both HP and LP as well as the PER of hemmgs case with only one AC.
In this example, for heterogeneous case, AIFSN (HP¥=H/,,,;,.(HP)=3 and AIFSN(LP)=6,
CWin(LP)=15. For homogeneous case, AIFSN=2 éfd,,,;,=15. We can see that the PER
of HP (blue) for all the distance bins has improved. As an g{anthe PER of [50-100] bin
has improved from 50 percent to 20 percent compared to thegeneous case (black), and

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

2.5.4 Virtual Division

As noted earlier, the virtual division examples studied éat®ons 4 and 5 employ an equal
proportion strategy, e.g. 50%-50% or 33%-33%-33%. We detnated that this strategy is
effective in improving communication performance in a ggriof topologies, priorities, and
densities. Many other strategies are possible. In geramalmight expect the optimal propor-
tions to be a function of vehicle density, message size ata] 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 stenand have observed some
that have better performance than equal proportion diviskor example, when we simulated
the case of homogeneous traffic in a realistic highway sa@ngith 900 nodes over 3 km,
we found that a 20%-30%-50% division has lower aggregate th&eRan equal 33%-33%-33%
division. One can imagine constructing an adaptive pramoselgorithm that reacts to changing
load, topology, etc. The topic of optimizing the proporsoof 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 Divistas on naturally homogeneous traf-
fic in a realistic highway scenario. We form three ACs usintap@eters from Table2.3. Each
vehicle assigns one third of its packets to each AC, usingermnistic rotation after an ini-
tial random assignment. Fid. 2]13 compares the PER of Viliasion with that of a true
homogenous assignment for two different load scenario8:a@@ 300 nodes over 3 km high-
way. For the lightly loaded 300 node scenario virtual diMisigreen) performs similarly to
homogenous (black). For the highly loaded 900 node sceltzi®ER using virtual division
(blue) has improved over all the distance bins. For examiptisgance bin [50- 100] the PER
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Figure 2.13: Virtual division for naturally homogeneousffic (900 nodes on a 3km road)

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

Virtual Division For Naturally Heterogeneous Traffic on Hig hway

We study the effect of virtual division, on a naturally hegeneous traffic in a realistic highway
scenario in this subsection. The high priority traffic is Jrqent of the total traffic whose
packets go into HP AC. The remaining 90 percent of the vebialeernate assignment of their
packets between the MP and LP ACs. FFig. 2.14 shows the siimliasults, for this scenario.
The green curve shows the PER over distance for LP when n@l/itvision is performed for
LP nodes. The black curve represents the PER for LP wheraVidiuision is performed for
LP nodes. We can see that the PER of LP has improved over aistance bins when virtual
division is performed. For example, for the [50-100] bin €TPER has improved significantly
from 60% to 36%. The blue curve shows the PER for HP when noalidivision is performed
for LP nodes. The red curve represents the PER for HP whamaVidivision is performed for
LP nodes. This time, we can see that virtual division for LB &lightly increased the PER of

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

count down collisions for LP using virtual division, decsea the channel idle time which will
result in an increase in the hidden node collisions for HRymaring to the case with no virtual
division for LP. But this increase for the PER of the HP (e.gonf 20% to 23% percent in
[50-100] bin) is fairly negligible when keeping in mind thigsificant decrease in the PER of
the LP (60% to 36%). To bring that into perspective, if lossesindependent, the probability
that a given set of 4 packets will be lost in HP at the [100-150] is approximately 3% if

virtual division is not performed for LP. That probabilityililbe increased to approximately 4%
if virtual division is performed for LP. Both these probatids are fairly small. However, the
probability of 4 losses for LP with no division is 33% for [1:0%0] 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 ggserthtion assume each node
sends safety messages at a fixed rate. However, the AC asoéaid virtual division techniques

will also work in an adaptive message rate environment. fdapate algorithms to control
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channel congestion are subject of current research [L9/&08Yyanced EDCA techniques and

message rate control are complementary technologies.e Hrerpotentially complex interac-
tions between these technologies. For example, if the ED&€Aniques produce lower PER
(and thus higher channel load) for a given offered load, ggestthe target channel load of the
adaptive message rate algorithm should higher than witultedEDCA (e.g. 70% rather than
60%). Another interaction is the impact that adaptive raa& on virtual division proportions;
for example if rates are reduced should the proportion gainige LP AC, which has the highest

collision rate, be reduced? We leave these interestingtignedor future research.

2.7 Conclusion

In this chapter we study the application of IEEE 802.11 ED©@As¢hicular safety commu-
nication. We present two techniques that significantly imwprcommunication performance:
AC isolation and virtual division. Through comprehensivdations these techniques are
shown to reduce PER for both critical and routine safety agss. Simulations are presented
for a simple topology to illustrate the basic principlesgd atso for realistic highway scenarios.
Application of AC isolation requires use of non-default E®@arameters. We recommend a
specific alternative parameter set, which could be staimttdor use on a safety channel (e.g.
US Ch. 172 or European CCH). The techniques themselves armnlyoconformant with the
EDCA standard, but area also easy to implement on existingwaae that can support per-
packet priorities. Further research is suggested to leame mbout selecting virtual division

proportions, and to explore joint operation with congestontrol algorithms.



Chapter 3

On Minimization of the Maximum
Delay for Safety Communication in

Vehicular Networks

This chapter introduces a new contention free MAC protoaos&fety communication in vehic-
ular networks. As discussed in previous chapter, IEEE 8@Ri4 a contention-based protocol,
which can cause extensive and unbounded delays, espdniainse networks. Therefore, to
bound the delay, in this chapter, we focus on a contentiea-WMAC protocol, and derive the
theoretical lower bound on the maximum delay, in deliven\B&Ms. This bound is a linear
function of the maximum number of vehicles that interferé¢hvone vehicle, in the network.
The theoretical lower bound, can be achieved, if there isrdityethat is aware of the posi-
tion, and interference range of every vehicle. Since no sutity exists in vehicular networks,
we propose a distributed cluster-based MAC protocol, whieximizes collision-free parallel
transmissions of safety data. The proposed MAC protocotaguiees an upper bound on the
delivery delay of BSMs which is only within 4 times from thetopal delay. Our protocol is

distributed and dynamic, and easily adjusts to the chamgéeinetwork.We verify our results,
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and evaluate our protocol through numerical simulations.

37



38
3.1 Introduction

As described in Chapter 2 in detail, DSRC uses the IEEE 8p2riédium access control
(MAC) protocol [7], which is based on carrier sense multgteess/collision avoidance (CSMA/CA)
and is prone to packet collision. The packet collision philits increases with the offered load,
which in our study is primarily a function of node density.k8gai et al. [17] showed, that for
the case of unlimited transmissions, the access delay i& IE#E.11 DCF, has a heavy-tailed
delay distribution. This means that, the delay can not bedtled, if the packets are not dropped
after certain number of un-successfull tries. Thus, IEEE BDp MAC protocol is prone to long
delays especially in dense networks, and can not guaraniggpr bound on the delivery delay
of BSMs.

In this chapter, the goal is to bound the delivery delay of BSM vehicular networks,
using a contention-free protocol. The key idea is to maxgénmarallel transmissions of safety

messages without causing any collisions. We have threermaijaributions:

e We derive the theoretical lower bound on the maximum delaingua TDMA-based

protocol in vehicular networks.

e We propose a distributed cluster-based MAC protocol thedlission free and guarantees
an upper bound on the delivery delay of routine safety messaghich is within 4 times

from the optimal delay.

e Since the network is dynamic, and the structure of clusteemges, we propose a dy-
namic clustering and scheduling protocol geared for vehiauetwork environment that

easily adjusts to the changes in the network with low ovatteaclustering.

To obtain the theoretical lower bound, we introduce an fatence graph which is a graph
that represents the interference among all the vehicldsinétwork. We prove that, the lower

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

no such entity exists in vehicular networks, we propose taibliged cluster-based MAC proto-
col, which maximizes parallel transmission of data witHumsters, without causing interference
among clusters. Our dynamic clustering and schedulingopobt takes advantage of the pre-
dictable moving pattern of the vehicles, to reduce the adeealdjustment overhead.

The contention-free protocol proposed in this chapter idMPBbased, where we assume
that all the vehicles are time synchronized using Globait®ogg System (GPS) receivers.
This is a realistic assumption since in future, all vehielééhave a GNSS (Global Navigation
Satellite System) receiver on board, as it will be enforcgthypnew initiatives, such as Galileo
in Europe, GPS modernization in USA, and QZSS in Japan. Taese@cquisition code (C/A)
of GPS can be used for time synchronization in vehicular agtsy as studied in [18], and can
provide very precise synchronization (in order of nano sdsp

The rest of this chapter is organized as follows: SediiohiS#h overview of the related
work. In sectiorl 3.3, we derive the theoretical lower boundh®e maximum delay. In section
3.4, we introduce our MAC protocol, and then obtain the aiwdl upper bound on the delay
of routine safety messages using our protocol. In se¢fiBin\8e explain how the proposed
protocol adjusts to the changes of topology in the network.eWéluate the proposed protocol,

through simulation in sectidn 3.6, and secfiod 4.7 condutes chapter.

3.2 Related Work

Contention-free MAC protocols, in the context of vehicutatworks and mobile wireless net-
works, have been studied in [19+26].

One of the proposed contention-free MAC protocols, is Sdaieesion Multiple Access
(SDMA) and its variations [19, 20]. The key idea is to dividhe troad into spaces and dedicate

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

as described ir [27]. In addition, the overall network métion is low, since many time slots
are unused, in a sparse network.

Distributed TDMA, is another contention-free MAC protocahd has been studied in va-
riety of forms in [21:28,26]. In STDMA[[22], ADHOC MAC]21],rsd VeSOMAC [23], the
key idea is that, each vehicle, reserves one unused timdosldself, which is periodically
repeated. During this time slot, the vehicle sends infoiznatThe slot time information are
exchanged across 1-hop and 2-hop to avoid hidden termiollgn. The disadvantage of these
protocols is that new vehicles, may compete for one timersjotatedly. The proposed algo-
rithm in [286] is similar to our approach in that both suggeshestering approach where TDMA
is chosen as the access protocol for the nodes within a cludtavever, Gerla et al. did not
obtain a bound on delivery delay of messages using theiogobt Furthermore, they suggest
lowest ID algorithm for clusterind [28] where vehicles metically broadcast their neighboring
information. Our cluster adjustment protocol for vehicuiatworks has much less overhead by
taking advantage of the fact that vehicles movements adigbable and restricted to the road.
In addition, Gerla et al. suggest using CDMA to avoid intesfeee among adjacent clusters,
where separate codes are used for different clusters. Udth@€ DMA is a feasible solution,
but it requires a more complex hardware and also has thewdintatje of a lower data rate in
comparison to TDMA.

The approach proposed by Su etlall [24], also uses a diggdBAUDMA in combination with
a contention-based scheme. They use a clustering algotdhpiace vehicles into different
clusters, where each cluster has a vehicle as the clustdr WMg#hin each cluster, TDMA is
used, for collection and delivery of safety messages inltstar, which are consolidated in the
cluster head. Two clusters communicate through their etustads, using a contention-based
protocol. Thus, two vehicles can not communicate directihwach other, if they are from

different clusters, even though they are within each otlearmmunication range. This will add
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Figure 3.1: Optimal channel assignment using greedy ewora) Vehicles with their corre-
sponding transmission ranges b) Interference graph repiaon of a) ¢) Optimal channel
assignment

extra delay, for delivery of routine safety data.

3.3 Theoretical Analysis on Delivery Delay of Basic Safety k-

sages

Our objective is to design a MAC protocol, that can guaraateeximum delay for delivery of
safety messages. In this section, we derive a theoretisarlbound, on the maximum delay,
in delivery of routine safety messages, using a TDMA-bas&CNbrotocol. We assume that
the vehicles are all time-synchronized, using GPS recgiMeor simplicity, in this section, we

consider a static network. We describe our algorithm, ferdiinamic network, in sectidn 3.5.
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In addition, to obtain the theoretical lower bound on the rmasn delay, we assume that there

is an entity that is aware of the position, and interfereacgje of all the vehicles. Since such an
entity does not exist in vehicular networks, in the nextisectve will explain how our proposed
MAC protocol, uses local information to minimize the maximdelay in transmission of safety
data.

To derive the lower bound, we maximize parallel transmissithat do not cause collision.
For this purpose, we model the interference among nodes axgjtaph that we caihterference
graph and reformulate the problem as a graph coloring problemenTkve prove that the
interference graph is an interval graph in vehicular neksoFinding the optimal coloring, in
interval graphs, is not NP-hard, and the optimal solutiantmafound efficiently [29]. Using this
fact, we derive the lower bound on the maximum delay, in égjivof routine safety messages.
This bound is a linear function of the degree of the interfeesgraph.

Definition 1 Aninterference graphis a graph in which, each vertex represents a vehicle, and
each edge between two vertices, represents that theirsmoreling vehicles have overlapping
interference areas.

Using the above definition, we prove that:

Theorem 1 For a TDMA-based collision-free scheduling protocol in dieallar network, the
maximum delay for transmission of safety messages, is lomerded by A + 1)7T', whereA
is the degree of the interference graph, corresponding eantttwork, and’” is the duration of

one time slot.

Proof. We derive minimum number of time slots that a vehicle, with lmaximum wait time,
has to wait, before it can transmit its data. The transmissghould be collision-free. To
avoid collisions, vehicles with overlapping interfererareas, should not transmit data, in the
same time slot. But vehicles with overlapping interfereamsas are adjacent in the interference

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

colors, for coloring the vertices of the graph such that no adjacent vertices share the same
color. Now, the communication range of each vehicle is uguabre than 150 meters, which is
much larger than the width of the road. Therefore, we caressnt the interference area of each
vehicle with an interval. Thus, the interference graph iséarval graph. An interval graph is a
graph that can be represented with a set of intervals asbigrtbe vertices so that vertices are
adjacent, if and only if the corresponding intervals indets29]. In interval graphs, the optimal
coloring problem is not NP-hard, and requires at mbst 1 colors [29], whereA is the degree
of the interval graph. Therefore, the lower bound on the maxn delay, in transmitting routine
safety data i$A + 1)7". This completes the proof. |
The following example, shows the interference graph andptinal channel assignment

for a given network.

Example 1 Let’s consider a snapshot of a 3-lane highway in[Eid.3.1 agmetvehiclesd, .., F
want to transmit their safety messages. Our objective, fmtbthe lower bound on the max-
imum delay, in delivery of safety messages. The interferaneas of vehicles is shown with
intervals. Vehicles with overlapping interference intdsy should not transmit their safety
messages concurrently, because it will cause collisiomn. ekample, concurrent transmission
of A andC, will collide in B and D. Fig[3.1 b) shows the interference graph corresponding to
Fig[3.1 a).

The optimal scheduling for the this problem can be foundgutie greedy coloring algo-
rithm, described in[[20]. The solution is given in Fig.B.1 &)l the vehiclesA, .., F' have to wait
for only 3 time slots, before transmitting their data to ala@bllision. Therefore, total delay,
between two transmissions, is equal to 3T. This is smalkam the degree of the interference
graph plus 1 which is 7 (the degree of naklés 6). Note that, the lower bound on the maximum
delay, is equal tqA + 1)7', only if the interference graph is fully connected, whiclwizen

all the vehicles are in the interference range of each othas clear that, in a fully connected



44
network, in each time slot, only one vehicle should transiai.

Notice that, this optimal solution can be found, only if théerference graph is completely
known, by an entity in the network. This means that, the gstiould be aware of the position
and interference range of all the vehicles on the road. Nio sntity exists in vehicular network,
and the interference graph is only known locally. In thedwiing section, we will propose a

MAC protocol that uses local information to minimize thealebf safety data transmission.

3.4 MAC Protocol for Routine Safety Messages

In this section, we introduce our contention-free TDMA4ASAC layer protocol for routine
safety messages. We assume that every vehicle is awargosit®n and velocity, and that all
the vehicles are time-synchronized using GPS devices. ¥deagisume that interference range
of vehicles is twice their transmission range. Our settig highway with two moving direc-
tions. The objective is to maximize the number of vehiclegwion-overlapping interference
ranges that can broadcast their data during the same timeVg®first explain our clustering
algorithm which partitions the network into clusters. Thewe describe our scheduling protocol
which maximizes parallel transmissions within clusterthwio overlapping interference area.

We take advantage of the current existing physical layer®RD standard, for which Fed-
eral Communications Commission (FCC) has allocated 75 MHZ®GHZ bandwidth. The
75 MHZ bandwidth of DSRC is divided into seven 10 MHZ channélsnong them, we use
two of the 10 channels (CH172 and CH174) for each moving time®n the highway. Since
our protocol is similar in both directions, we only discusedirection.

We partition the network into clusters, within which theetgfmessage transmissions are
scheduled. Then, we schedule the transmissions withircawljeclusters such that parallel
transmission that cause interference, are avoided. Easteclis identified by a Cluster Head

(CH). Any node in the transmission range of a CH belongs tahirgter and is called a Cluster
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Member (CM). A vehicle that lies within the transmissiongarof two CHS, is called a gateway.

Gateway nodes coordinate data transmissions among atjeosters, such that concurrent
data transmissions within two different clusters, do naiseainterference in any node. Since
transmission range of vehicles is more than the width of d,reach cluster only has maximum
of two adjacent cluster neighbors with the same moving tolec One in the front and one in
the back. This makes the coordination easy since gatewdybfave to coordinate the schedule
of two adjacent clusters.

Here, we explain how scheduling works within each clustet ig adjacent clusters, as-
suming no changes occur in the topology of the clusters.dm#éxt section, we discuss how the
structure of clusters changes, when topology of networkigba due to vehicle movements.

In each cluster, the channel is assigned by the CH, and isuaced to the CMs and gate-
ways through the beacon messages. On each beacon messamgg@idcks the ID of the next
node within the cluster that should broadcast its status. daH dedicates the designated time
slot to the CMs and gateway nodes in a round robin fashions;Tthe time that a vehicle has to
wait in a cluster, for its turn to transmit its data, dependsh® number of nodes in the cluster.
Gateway nodes can either follow the transmission scheduteed front cluster or their back
cluster. Gateway nodes make this decision based on the mwhhedes in the two clusters.
Every CH dedicates an empty time slot to the vehicles thatvdliag to join the corresponding
cluster. These vehicles will send a request to join the efudtiring this empty time slot.

We enforce a wait/transmit schedule within each clusteh shiat transmission in one clus-
ter, does not interfere with transmission in any other elisst The key idea is that, only one
cluster, among four consecutive clusters, should allow ttansmission, during each time slot.
This rule, first ensures that, two directly adjacent clissteo not transmit data concurrently.
Second, it ensures that non-adjacent clusters, with onewoclusters in between, do not trans-
mit at the same time, either. The second rule avoids datsioollat the middle clusters, when

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

considered to be twice the transmission range and panaleissions can cause interference
even when transmitting clusters are two clusters apart. tlisrpurpose, we introduce three
different schedules{Sy, S, S2, S3}. Fig.[3.2 shows these four schedules. The schedules will
be repeated periodically. We assign one of the four schedaleach cluster. Each schedule
determines the time slots during which, a vehicle shouldsim@t data in a cluster, and the time
slots during which, the cluster should be silent. Each peronsists of one time slot for data
transmission within the cluster, followed by three sileéméd slots, during which, vehicles in
the adjacent clusters transmit data. Schedules differeat time of transmission and silence.
At each time sloff}, if the result of(i mod 4) is equal to schedule number, then a transmission
should happen, within the cluster. For example, a clustér sdheduleS, can transmit during
time slotsTy, 14, Ts,..., and a cluster with schedufg can transmit during time slots;, 15,
Ty,.... Each cluster determines its schedule by obtainingthedule of its front cluster, adding

it by one, and then modulo 4 the result. This is the respditgilnf gateway nodes to ensure
that adjacent clusters, have different schedules, as iexgilain later.

Example 2 Fig. [3.3, shows vehicled, ..., N that are all moving in one direction. The road is
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Figure 3.3: Scheduling protocol example: Moving directi®from left to right.
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partitioned into five clusteré’,, ..., C5. In this example, red, blue and yellow vehicles represent
CH, CM and gateways, respectively. Clusters with identszdledules, have identical colors
(ClustersCy and (' are usingSp). ClustersCs, C's andCy are usingsSy, So and.Ss schedules,
respectively. When a node in clustés, such asD, sends data, based 3 schedule, adjacent
clusters,C1, C3 andCy remain silent. Similarly, cluster§y, Cy, C4 andCs remain silent, when

a vehicle inC' is transmitting data. An empty time slot, shown in gray, sdu®r vehicles that
are willing to join the cluster. During this empty time sl@H transmits a beacon, with a null
destination.

When a vehicle is asked to send its safety data, it broadaistse information regarding
its status. This includes time stamp, location, speed,l@@t®n, heading, and CH ID. During
the beacon transmission, CH sends its own ID, and the |D ohéxt transmitter within the
cluster. CH also sends a number that determines the "backnkj of the transmitter, which
is used, for the dynamic clustering, as we will explain inteed3.5. Note that the overhead of
clustering using this algorithm is low. CMs do not broadegstlustering information. The only
clustering information that CH broadcasts is the ID of thgtrieansmitter within the cluster,

and the back-up rank.

3.4.1 Delay Analysis

In this subsection, we first obtain the lower bound on the maxn delay in delivery of safety
messages, using our MAC protocol. Then, we show our MAC padicsatisfies the delay
requirements of safety message transmission in a vehioatamork.

The maximum waiting time, for a vehicle in the cluster, tangmit its status data, is equal
to the total time for transmission of all other vehicles ie tuster, plus the total silent time,
required after each transmission. Lt be the number of nodes in the cluster. After each
transmission in the cluster, the cluster remains silentHmge time slots, to avoid interference

with adjacent clusters. Thus, the maximum wait time for d@slehis (N — 1 + 3.N¢ — 3)T,
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plus the time assigned to the empty time slot, and the silets after that which iS7". Thus,

the total wait time is:

min(max(delay)) = (No + 3.N¢)T <= 4(A + 1)T, (3.1)

whereA is the degree of the interference graph, dhid the duration of one time slot.

As an example, if the update interval of safety messagedisriH) the size of safety packets
is 350 hytes, and the channel rate is 6 Mb/s, the durationiofedlot is about 0.467 ms. Thus,
the maximum number of vehicles, in a cluster, to satisfyyetguirements of less than 100 ms

is 54.

3.5 Dynamic Clustering and Scheduling

So far, we explained how scheduling works within each clusted its adjacent clusters, as-
suming structure of the clusters does not change. In thifogseeve explain how the schedules
are adjusted, when topology of the network changes.

Any change in the network topology, falls under one of théofeing three categories.

e A vehicle joins the road.

e A vehicle leaves the road.

e Vehicles’ relative positions with respect to each othemgjeaon the road.

In the following subsections, we explain how clusters arttedales 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 clustéthere is already one, or it will

form a new cluster, if there is none. To discover if a clustezaaly exists, newly joined vehicle,
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which we callV, will listen to the channel for a predefined period. During tie, one of the

following scenarios may happen:

e V receives the beacon transmission of one CH.
e 1/ receives the beacon transmission of two CH(s).

e VV hears no beacon transmission.

If V' only receives a beacon of one CH, it requests to join thateduduring the empty
time slot of the cluster. The empty time slot, is identifiedadbkeacon message with a "null”
destination. V' waits for a random time, which is shorter than the duratiorthef time slot,
and broadcasts a Request To Join (RTJ) message. This messedge ID of V. Then, CH
dedicates a time slot t&, to send its safety data. The only clustering overhead mdase is
the RTJ message.

Note that using this algorithm, a CH stays a CH unless it eékitsroad, or fall into trans-
mission range of another CH, as we will explain in the follogisubsections.

If V receives beacon transmission of two CHs, it will become avgay. A gateway node
should make sure that the schedule of the adjacent clustiia aoordination. Thusl/ first
checks if the schedule of the back cluster, is equal to sébedthe front cluster plus 1 modulo
4. Ifitis, V just simply sends a RTJ message during the first empty tinbécstmme, which in
average leads to joining the cluster with the least numbenerhbers. If not, it keeps sending
a Change of Schedule (CS) message for the back CH, duringealligcoming unused time
slots, until it changes its schedule. CS message, is a steatage, that includes the suggested
schedule for the back cluster. As soon as CH of the back cJusteeives this message, it will
change its schedule. Thel, can join either cluster. Note that the CH of the back cluster,
should also ensure that the schedule of its own back clustequal to the its new schedule

plus 1 modulo 4. Thus, it selects one of its own back gatewaysform its own back cluster,
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Algorithm 1 Vehiclev; joins the roadT,, is wait time which is equal to the duration of 4 time
slots. RTJ is Request to Join message.

1: v; waits for duration off,
2. if duringT,,, v; hears a beacon transmission by one tGéeh
3 Sends a RTJ message during empty time slot
4 Upon receipt of schedule by CH, transmits status data
5. end if
6
7
8
9

. if duringT,, v; hears a beacon transmission by two Ghin

: Becomes a gateway > algorithm[2
s endif
- if duringT,,, v; hears no beacon transmission aftetw then
10: Becomes a CH > algorithm[3
11: end if

Algorithm 2 Vehicle v; becomes a gateway. CS is the Change of Schedule message. BC is
Back Cluster and FC is Front Cluster
if Schedule(BC}) Schedule (FC)+1 modulethhen
Send CS message to the back CH repeatedly
end if
if Schedule(BC) is changdten
Send a RTJ message during the first upcoming empty time slot
Upon receipt of schedule by CH, transmits status data
end if

=

No g~ wDN

about the change of schedule. The clustering overheaddrstieinarios includes RTJ and CS
messages.

Algorithm[1 summarizes our protocol.

If V' hears nothing, after a predetermined time period, it sinpglgomes a CH, picks one

of the four schedules randomly, and starts sending beacesages.

3.5.2 Leaving the Road

When a vehicle that is a CM or a gateway, leaves the Road, baltirhe slot that was assigned
to it, will be released. Departure of a CH, is not as trivialck CH, ranks all the nodes of
its cluster, except for the back gateway nodes, as its bpsk-lihe ranking is based on their

closeness to the CH, such that the closer a node is to the €Higher its rank is. CH informs
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Algorithm 3 Vehiclev; becomes a CH
1: Picks a random schedule and send beacons based on the schedul

. Assigns one empty time slot for vehicles willing to join

if receives RTJ messages during empty timetslen
Assign a time slot for each joining vehicle
Assign a backup rank for each vehicle based on their closen&gSH
Announce schedule and back up rank through beacon trangmiss

end if

No g~ wDN

Algorithm 4 Vehiclev; looses a CH
1: if v; hears no beacon transmission from a CH after 4 time hets
2. while myrank > 1 do
3 myrank <— myrank — 1
4 if v; hears beacon transmission of a @tén
5: joins the cluster
6: end if
7
8
9:

end while > myrank = 0
v; Becomes a CH > algorithm[3
end if

the CMs of their back-up ranking, through beacon transmissi When CH leaves, beacon
transmissions will be stopped. At this point, the first bagknode in the ranking, becomes the
new CH, and resumes beacon transmission according to thieyseschedule. Other back-up
nodes, become CH, if they do not hear beacon transmissidreahéir higher ranked nodes.
After a CH leaves, nothing changes for the gateway nodesntbed following the status
of the other CH. However, if a gateway node was following ttieesiule of the CH that left, it
will apply for membership of the other cluster, during theptyntime slot, if it does not hear

beacon transmission of a back-up node. But, if all the gatewdes, transmit their membership

Algorithm 5 v; is a CH in transmission range of another CH
1: if v; hears beacon transmission from another @idn
2: if v; less members than the other @tén
3 v; stops sending beacon message
4 v; 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 mhlgecolo avoid collision, gateway

nodes, wait for a time depending on their back-up rankingl, 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 tlee CH

CM stops hearing beacon transmissions of its CH.

CM starts hearing beacon transmissions of a new CH in additigtis own CH.

When two CHs fall into the transmission range of each otheth Istart hearing beacons.
The CH with less number of CMs stops transmitting beacon agess and becomes a member
of the back cluster. CHs know the number of the members of eti@r based on the back up
ranks that they hear from the other CH. In this case, someeoEiis of the other cluster, may
loose their CH. At this point, one of the back-up nodes, ingimaller cluster, should switch to
the CH status, as explained in the previous section.

When a CM stops hearing beacon transmission of its CH, itswait a time based on its
back-up status in the cluster. As described in the previobsextion, 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, itche# to the gateway status,

as described in subsectibn 315.1.
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3.6 Simulation

In this section, we quantitatively evaluate the perforngaocour MAC layer protocol, through
numerical simulations. For our simulations, we use MATLA®ieonment. We consider a one-
directional highway of 2000 meters. Each vehicle, joinshigdway from a random position,
and stays on the highway, until it reaches to the end of thd, raiwhich point it exits, and
rejoins the highway, at the beginning of the road. Averageedpof the vehicles is 30 m/s
(108 km/h). We simulate vehicles movement, using the IDRonatnodel [30, 31], where the
acceleration of a particular vehicle at a given time is dakedl by evaluating the desired gap to
the vehicle in front.

The data transmission rate, is assumed to be 6 Mb/s, andrissien range is 150 meters,
for every vehicle. We consider the total size of a safety pechlus the physical layer header
to be 125 bytes. Thus, the duration of each time slot is 0.187Ewery plot shows the results
averaged over 10 runs.

In Fig[3.4, we show the impact of maximum cluster size on treximum delay. The
green curve, is the optimal scheduling delay, computedgugiredy coloring[[29], assuming
there is an entity that knows the position of all the vehicl&se blue curve is the maximum
transmission delay, using our MAC protocol. The red curviéstheoretical upper bound on
the delay, computed based on the maximum cluster size ofrotwgw! (equation[(3]1)). For
this simulation, the network is static. The simulation tssshow that the delay, using our MAC
protocol, is always less tha{ A + 1), whereA + 1 is the maximum cluster size.

In Fig[3.8, we compare our proposed MAC protocol with IEER2.8Qp in terms of IPG
for a dense scenario of 900 vehicles in a 3km highway. Theisxfapresents the distance bins
[0-50, 50-100, 100-150, 150-200] meters. Each point remtssthe average IPG in seconds for
all the transmitter-receiver pairs that their distancks faithin the specified bin. The blue curve
shows the average IPG when the MAC protocol is IEEE 802.11@ simulation parameters

are similar to chapter 2. The red curve shows the average flf@ proposed cluster based
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MAC protocol is used where there is 300 nodes per cluster. sithalation results shows for

the distances less than 125 meters, the average IPG is sihlEE 802.11p MAC protocol is
used. However, for larger distances, our proposed MAC pobtperforms significantly better
than IEEE 802.11p in terms of average IPG. As expected, apgsed MAC protocol bounds

the delay for dense scenarios.

3.7 Conclusion

We focused on a contention-free MAC protocol design for eelair networks. We found the
theoretical lower bound on the maximum delay in delivery amftine safety messages. This
bound is a linear function of the degree of the interferen@mly, and can be achieved if the
interference graph is fully known by an entity in the netwof&ince no such entity exists in
a vehicular network, we proposed a MAC protocol which parii the network into clusters,
and applies a TDMA-based scheduling within each clustee Silggested protocol guarantees
an upper bound on delivery delay of routine safety messagesjs within 3 times from the
optimal delay. We verified our results and evaluated ourgmailtthrough numerical simulation.

For future works, we want to extend our algorithm for urbavimments.



Chapter 4

Efficient Data Collection Algorithm for

Traffic Probing in Vehicular Networks

Vehicle-based sensors can be used for trafc monitoringsébensors capture information such
as location and speed of the vehicles which can be colledtdteaoad side units. This data
can be used for statistical analysis on the traffic conditiointhe roadways. In this chapter, we
study the problem of collecting the traffic information frath the vehicles for traffic probing.
DSRC technology and the safety data of vehicles can be usechffic monitoring. But col-
lecting all the raw safety data consumes considerable anodloandwidth while it is a sparse
resource especially in dense vehicular networks. In thégtdr, we propose a Distributed and
Energy efficient algorithm for Collection of Raw data in valiar networks called DECOR.
This algorithm can also be used for collection of data in sengtwork where energy is the
main concern. DECOR exploits spatial correlation amongsthtus data of the close by sen-
sors to reduce the bandwidth consumption and communicatiergy. In our approach, at each
neighborhood, one node shares its raw data as a refererfteheitest of the nodes without

any suppression or compression. Other nodes use thismeéedata to compress their data by
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representing them in the forms of mutual differences. Inghllyi correlated network, transmis-

sion of reference data consumes significantly more enerdypandwidth than transmission of
compressed data. Thus, we first attempt to minimize the nuwibeference transmissions.
Then, we try to minimize the size of mutual differences. Wewdeanalytical lower bounds
for both these phases and based on our theoretical res@tpropose a two step distributed
data collection algorithm which reduces the number of tratied bits significantly compared
to existing methods. In addition, we modify our algorithnm fassy 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 beetegnto researchers and trav-
elers. Monitoring traveling information is possible thgbudeployment of inductive loops,
cameras and other sensors on the roads. But these solut@rers costly. A more cost ef-
fective solution, is to use vehicles as traffic probe senandsdevelop a framework to use their
information for further data analysis [32434]. In many US8ed, taxi companies often deploy
GPS-based sensors on their taxies for the effective dispdteehicles. These mobile sensors
can constitute a vehicle-based mobile sensor network, ever data sensed can be collected
through either DSRC technology or cellular networks.

In this chapter, we focus on the problem of collection of ttaus data of the vehicles in the
network in an access point. The solution to this problemss applicable to any scenario where
data of wireless nodes need to be collected at one accessapdia special resource is limited
which requires to conserve the number of bits that are tratesirin the air. This specifically
applies to the data collection problem in sensor networksrevthe limited resource is energy
since sensors are battery operated and will be left for largttbn to operate on their own.
In this chapter, we use the temmodesandsensorsanterchangeably. Similarlpase statiorand
access poinare both the units where data will be collected and they carsed interchangeably
as well.

If a user/application can express its interest to the dategarery, the query will be sent into
the network. Based on the query, nodes perform aggregaticheir readings to reduce the
amount of data that is transmitted to the access painis Bj5F8r example, if in a network, a
user is only interested in the minimum or maximum speed ofétécles, all the redundant data
can be easily dropped on their way to the access point ancboelyalue is reported. However,
in many situations, raw data from all the nodes is required.

Lossless collection of data in wireless networks comes atptfice of power and band-

width consumption. To reduce this cost, different techagjhave been suggested to exploit
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the spatial correlation among the data of nodes for datect@h [36| 39=42, 42, 43]. One of

these techniques is distributed source coding [40] whiahidavtransmitting redundant infor-
mation if nodes know the correlation of their data. Howewstjally this knowledge does not
exist a priori. Therefore, most of the data collection scegmequire an expensive initialization
phase during which raw data from all the nodes is colle¢t®d42]. During this phase, nodes
transmit their raw data toward the base station where theelation structure is determined.
Different approaches have been proposed_ in[36, 42, 43]nmve the redundant data at each
relaying node on the forwarding path to the base station. é¥ew in these techniques, each
node should still perform one full transmission where a ftadhsmission is a transmission of
one node’s raw data without any suppression. Full transomssare the inevitable task during
lossless data collection. In a highly correlated netwouk, tfansmissions consume consider-
ably more energy and bandwidth than transmissions of casapcedata since uncompressed
data is significantly larger than the compressed data.

For the above reason, in order to minimize the total numbgmatmitted bits and to reduce
the overall energy and bandwidth consumption, we suggesinidine following two strategies:
1) Minimize the number of full transmissions 2) Remove ratamt data on the forwarding
path to the access point or base station. For the first sytategy do a theoretical study on
the minimum number of full transmissions required for lessl collection of data at the base
station. For the second strategy, We find a lower bound on themam number of bits that
a node, which is responsible for forwarding the data of itgmeorhood, should transmit for
lossless data collection.

To minimize the total number of full transmissions, we regrg the network with a graph
and introduce what we calllinimum Semi-Connected Dominating @d4S5CDS). The elements
of this set are a dominating set of the graph and they are tlyenodes that require to do full
transmissions for lossless data collection at the baderstathese nodes perform only one full

transmission during a data collection. We identify thesanants as reference nodes. Other
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nodes are only required to transmit the difference betwbkem tlata and that of the adjacent
reference nodes. Since finding a minimum dominating set ish&l#, it is very likely that
finding MSCDS is also NP-hard. Thus, we introduce a practigsttibuted algorithm which
approximates this set. We show that the cardinality of thr@pmated set is within a constant
factor of that of MSCDS.

We then find the minimum number of bits required for represgna set of data of nodes
in the forms of mutual differences. This lower bound is edoalhe sum of edge-wights of
the minimum spanning tree of a logical weighted graph whaggaveights correspond to the
size of mutual differences between each pair of nodes’ diltés is the minimum amount of
data that each node, which forwards the data of a neighbdrtoyeard the base station, should
transmit.

We propose a practical algorithm for collecting the datdnatbase station or access point.
This algorithm is designed to minimize the total number ¢ bo be transmitted by the nodes.
Then, we discuss how it can deal with lossy communicatiomicis. We evaluated the algo-
rithm through numerical simulations with other existingpegaches that exploit spatial corre-
lation and show significant improvement over them. Our nugaésimulations also suggest
that our algorithm can capture the redundancy when the nupflsensors increases and thus
avoids transmitting the redundant data in highly dense owdsv

Our algorithms are distributed and run locally at each nodheveO () time and message
complexity wheren is the number of nodes.

The chapter is organized as following: Secfiod 4.2 desstibe system model and problem
formulation. In sectiof 4]13, we describe how we can minintieenumber of full transmissions
and number of bits transmitted by each forwarding node. ttime[4.4, we explain our data
collection algorithm. In sectioris 4.5 ahd 4.6, we evaluatedalgorithm through analysis and

numerical simulations, respectively. Conclusion andriituork are in section 41.7.
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4.2 System Model and Problem Statement

Consider a data collection problem in a wireless networkreshenodess;,i € {1,...,n}
report their observations to a base station. The objedit@ ¢ollect the data of all the nodes at
the base station with the minimum number of transmittedtbifsreserve the energy and make
efficient use of bandwidth. Assume that the nodes are densglipyed and so their data is
highly correlated and redundant. We avoid transmittingrddgundant data by computing the
difference between data of adjacent nodes and then suppeessdundant data. We assume
that every node is capable of running an algorithm to comtheaedifference of its data with
respect to a reference provided by another node. We callliffésencedelta

Base station reconstructs the data of all the nodes if altléias and required references
are received. We model the communication network among tldesiand the base station
with a unit-disk graphC' where two nodes in the network are adjacent in the gi@ghthe
Euclidean distance between them is less than the commigmaainger. We assume that’
is connected otherwise some nodes can not share their dditaheibase station. Nodes use
broadcast communication. As a result, when a node sends mgtsaage, it is received by
every node or base station within its communication range.alo assume that each node is
capable of computing the difference between its data andothanother node. We use this
defined model to address the problem of minimizing the numbéansmitted bits using two
strategies.

First strategy is to to minimize the number of full transriogas through which reference
data are being transmitted. Since the network is not fullgnected, transmission of each
reference data is only received by the nodes that lie in tngsinitter's neighborhood. This
implies that at least dominating sebf nodes in grapit’ should send out their reference data
so that the rest can compute their deltas. [3& a dominating set of grapfi, if every vertex in
the graph that is not i, has a neighbor ifv. But this reference data should also be transmitted

over a multi-hop path to the base station such that furtHetr&nsmissions are avoided. Hence,
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for minimizing full transmissions, it is not sufficient toguidentify a minimum dominating set

of graphC' as reference nodes.
Second strategy is to minimize number of transmitted bitsaah neighborhood where one
node is responsible to forward the data of all its neighbodhtoward the base station. This

node has to represent a set of deltas optimally with the mimimumber of bits.

4.3 Theoretical background

In this section, we first present a theoretical study on th@mim number of full transmissions
required for lossless collection of data at the base statiimen, we find a lower bound on
the minimum number of bits that a node, which is responsibiefdrwarding the data of its

neighborhood, should transmit during lossless data datec

4.3.1 Minimum Number of Full Transmissions

In this section, we obtain the minimum number of transmissiof reference data that is re-
quired for data collection at the base station. Each nodeldhieceive at least one reference
data to compute its delta. To ensure that, at least a domgnsgit of nodes in the graghshould
transmit their reference data. However, as we demonstidxample[B, this dominating set
should also have an extra property to ensure that all refeseand deltas can be collected at the
base station without any reference data being retranshittée call this specific dominating
set a Minimum Semi-Connected Dominating Set (MSCDS). Weifitsoduce a MSCDS and
then prove that the cardinality of this set is equal to theimirm number of full transmissions
required for full data gathering at the base station.

We first introduce &ridge graphwhich will be used for defining a MSCDS.

Definition 2 For a graphC' = (V, E), its bridge graph on the set of verticed” C V', denoted

by Cyw, is a new graph such that two vertices in the Bétare adjacent inC'yy if and only if
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Figure 4.1: Wireless Network in Examplé 3
they are within the 2-hop distance of each other in gréph

Definition 3 A dominating seD of graph(, is a Semi-Connected Dominating Se{SCDS)
of graphC, if its bridge graphCp, 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 shal8GDS rather than just a

dominating set.

Example 3 Consider a network with the communication gragtpresented in Figl_4]1 where
nodess;,i € {1,...,4} should transmit their datg;,i € {1,...,4} to the base statio.
In this example, sefsi, s4} is a dominating set but not a SCDS becauseand s, are not
within the 2-hop neighborhood of each other and so their @gponding bridge graph is not
connected. However, sgt;, s3} is a SCDS of the communication graph sisgeand s; make
a dominating set and are within the two-hop distance of edhbraand so their corresponding

bridge graph (a graph consisting ef and s3 and an edge between them) is connected.
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Assume that nodes; and s, (black nodes in Fig.[[4]1.l) send out their reference data

delivering f1 and f4 respectively. In this case, at least three reference datasimissions are
required for gathering all the data @ That's becauses; should transmit eithe)f, or f3 to ss.
Now, assume that nodes and s3 (black nodes in Fig._411.11) send out their reference data
delivering f1 and f3. Nodes, computes\, 3 and transmits it tas3 whereA; ; is the difference
of f; with respect tof;. Nodess; transmitsAy 3 to so. Nowss has{fi, ..., f1} asitalready has
receivedf; and fs and can reconstrucfs using A, 3. Therefore,s; can computeds 1, As 1,
and A4 ; and transmit them te;. To gather all the data i, it is enough that; retransmits
these deltas td. Since base statiohalready has received, it can reconstruct f,, ..., f4}
using the received deltas. Therefore, in this case, the tiginal full transmissions by; and

s3 are enough for gathering all the data at

Inspired by ExamplB, we generalize this result in Theoréin

Theorem 2 The minimum number of transmissions of reference data sacefor data gath-

ering at nodeb € C, is equal to the size of MSCDS@f

Proof. We first show that ifD is a SCDS, the transmissions of reference data by the nodes in
D, is sufficient for data gathering ih Then, we prove that the number of the transmissions
of reference data which are necessary for data gatherimmptitess thariA/ SC DS| where
|MSCDS| is the size of MSCDS.

Consider a SCDS sd? in graphC'. The set of nodes iv, form a connected bridge graph
Cp. SinceD is a dominating set) or at least a neighbor dfis in Cp. That means for any
nodes; € D, there is another node < D in the 2-hop neighborhood &f such thats; is on
a path froms; to b. Note thats; is closer thars; to b on this path. Thus, whes; ands; send
out their reference data, there is at least one ngdbat receives boths;, transferss;’s data to
sj by only transmittingA; ;. With the similar strategy; € D transmits its data (and; ;) all

the way tob. Now, for any nodes, ¢ D there is at least one nodge € D in its neighborhood.
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Nodes, can transmitA,; to any node on its neighborhood on a patih tdong whichA,.; can

be simply forwarded. Thus, no more reference data trangmi$gr s,.’'data is required. Thus,
one reference transmission by the node®irs enough for full data reconstruction bn

Now, we prove that the number of transmissions of referelate decessary for data gath-
ering, is not less thaj\/ SC' DS|. Consider a data gathering which requitésansmissions of
reference messages to reconstruct all the daia\ake show thatM/ SCDS| < t. We refer to
the set of nodes that transmitted theeferences as sét. Note that/R| < ¢ (a node may have
done more than one full transmission). $&should be a dominating set, otherwise some of
the nodes do not receive any references. Now, we have to staivgetR is a SCDS. IfR is
not a SCDS, the set of nodes ihform a non-connected bridge graph;. That means there
should be at least one nodg € R from which there is no path tb or any ofb’s neighbors
in C'r. Thus, considering any path through which negéransmits its data té, there should
be at least two adjacent nodes¢ R ands; ¢ R that have no common neighbor i Let’s
consider one path from; to b. Without loss of generality let's assume thatis closer tos;.

s ands, have no common neighbor iR whose reference data transmission can be heard by
both. Thus, to transmi;’s data, node, has no other option other than one full transmission of
one reference data; otherwise dataofan not be reconstructedatBut s,. does not belong to

R. This is in contradiction with our original assumption thaeference data transmissions by
nodes inR is enough for data gathering. Thus, #&its a SCDS and sp\M/ SCDS| < R which
implies| M SCDS| < t. [

In order to minimize the overall energy and bandwidth constion, during data collection,
we need to reduce the total number of transmitted bits. T®eahd, we suggest to minimize
the total number of full transmissions as the first step since densely deployed network,
references are usually significantly larger than diffeesncTo this end, we need to identify
the MSCDS of the communication gragh As finding the minimum dominating set problem

is well known to be NP-hard [44], in subsectibn 414.2, we ssfiga heuristic algorithm that
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approximates the MSCDS as part of our data collection dlyori

4.3.2 Optimal Data Representation

In this section, we determine the theoretical lower bountheriotal number of bits required for
representing a set of data in the forms of mutual differentass is the minimum data that each
node, responsible for forwarding the data set of its neigintad toward base station, should
transmit.

We first define a delta grapH as a complete graph in which each edge-weight between two
nodess; ands;, is equal tad; ; whered; ; is size ofA; ; in bits. Note that we assumg; = d; ;
for any: andj. We also assume that the references have the same size.

Any set of data can be represented as a reference plus a pesgéimutual differences. For
example ' = {f1,..., f3} can be represented #g(a reference) plus set 6f = {A; 2, Ay 3}.
That means set F can be reconstructed fifgrand setS.

A delta representation gragh for a representation sétis a graph in which two vertices
ands; are adjacent it if and only if A; ; or A ; is in the setS.

Optimal delta representation graph a representation graph corresponding to a representa-

tion set with minimum total number of bits.

Theorem 3 An optimal delta representation gragh,, is a MST of the delta grapH .

Proof. The representation grajgh,,: spans all the nodes so that every data can be reconstructed.
GraphG,,; is connected, otherwise every data can not be reconstruGeaphdG is a tree,
otherwise it would have a loop. Assume we have a loop. Noweif@move an edge within the
loop, still every data can be represented. Therefore, we &anew representation graph with a
less total edge-weight which is a contradiction.

It remains to prove thatr,,; is theminimum spanning tree. This is straight forward since

the total number of bits for representing a set of data (witlvonsidering the reference data) is
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the sum of edge-weights 6t,,;. Thus, if this sum is minimum, the@,,,; is a MST. |

4.4 Data Collection Algorithm (DCA)

In this section, we introduce our proposed Data CollectidgoAthm (DCA) which is our
methodology for collecting the data of all the nodes in anrgnefficient way at the base
station. This is a practical algorithm to minimize the tatamber of bits to be transmitted. DCA
has three phases: First, the Level Calculation Phase (llaPfimds the shortest distance of each
node in number of hops from the base station. We need thismaftion in the next stages of the
algorithm. Second, the MSCDS Approximation Phase (MAP)cWliinds the set of reference
nodes that transmit their reference messages. Third, tte Gathering Phase (DGP) which
gathers every node’s data at the base station. All theseithlgs are distributed and run locally
at each node. In this section, we first assume that our sharethanication link is lossless and

error-free. In subsectidn 4.4.4, we explain how we deal wikhssy communication channel.

441 Level Calculation Phase

LCP identifies the distance of each node in number of hops fhebase station which we refer
to aslevel Also for each node, LCP determines jitarentswhich are defined as the adjacent
nodes that are one level closer to the base station. We nisddftirmation 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 leviutation stage in[[45]. In
this phase, starting from base station, each node annoitadegel which is zero for the base
station. Upon receiving the level announcement messagk,remle that has not determined its
level yet, identifies it by increasing the minimum receivededl by one. In addition, each node
recognizes the nodes from which it receives the minimuml lmeéssage, as its parents. Notice

that each node may have multiple parents.
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Figure 4.2: State transition diagram for MSCDS ApproximatPhase

4.4.2 MSCDS Approximation Phase (MAP)

MAP approximates MSCDS through distinguishing two sets adas: BLACK nodes and
GRAY nodes. BLACK nodes represent the nodes which perfothtrnsmissions, and GRAY
nodes represent the rest of nodes. Initially, all the node3\#HITE which means that it has
not yet been determined whether they are BLACK or GRAY. Daitime algorithm run, some
nodes become BLUE meaning that they may be eligible to be®IACK, later.

Fig. [4.3 shows the state transition diagram of MAP. BLUEestatshown with the dashed
lines. After LCP, where every node’s level and parents aterdened, the base statiéreolors
itself BLACK and sends out a message to its neighbors. Net thither owns a reference data
or acquires one from one of its neighbors so it colors itselABK. Each node, upon receiving
a message, makes a decision about its color and then ansatintée decisions are made as

following:
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e Each WHITE node colors itself GRAY if it receives a messageifia BLACK parent.

e Each WHITE node colors itself BLUE if it receives a messageifia GRAY parent.

e Each BLUE node colors itself GRAY if it receives a messagenfeoBLACK neighbor.

If a WHITE node receives two messages at the same time fromA&Bland GRAY parent,
it always gives the priority to the message of the BLACK pagerd becomes GRAY.

These simple steps make sure that if a node has a refereneémitgldirect neighborhood,
it doesn’t need to transmit a reference data.

The algorithm for BLUE nodes is more complex. BLUE nodes ieg® with their BLUE
neighbors to make their decision about becoming BLACK. Tpragpimate the MSCDS, we
suggest a greedy choice for BLUE nodes in the sense that a BiddE that covers the max-
imum number of neighbors among its other BLUE neighborspbmexs BLACK. Each BLUE
node only competes with its BLUE neighbors in its own levehisTway competition is lim-
ited within each level and no BLUE node competes with its BLébiHdren. If two neighboring
BLUE nodes, at the same level, have equal number of neighboesof them randomly colors
itself BLACK and informs the other. Note that based on thigoathm, except for the base
station, every BLACK node has been BLUE before.

To explain how MAP works on a network, consider the followag@mple:

Example 4 Consider the communication graph in Fg. ¥#.4. Each node/slies marked in the
parenthesis. The levels are identified through the firstestegexplained. MAP on this networks
runs as follows:

[) We start with LCP. The levels are identified in Hig.]4.4.1

II) Base statiorb colors itself BLACK and announces its color (Hig.]14.4.11).

[I1) Nodes s; and s,, at level 1, upon receiving the message from BLACK ngdmlor

themselves GRAY and announce their colors (Eid. 4.4.111).
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Figure 4.3: State transition diagram for MSCDS ApproximatPhase

IV) Nodess; and s4, at level 2, upon receiving the message from GRAY nodes, tbelm-
selves BLUE (Fig_4]4.1V, color BLUE is shown by dashed )ines

V) Nodess has 4 neighbors whereag has only 3. Thus; colors itself BLACK and sends
a message to its neighbors. (Fig. 4.4.V).

VI) Nodess, and s5 upon receiving this message, color themselves GRAY{HEQ/ 3.

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. 14.4. Thus, is thi
example, MAP was able to determine MSCDS.

In section’4.b, we will first prove that set of BLACK nodes itiiad through MAP con-
struct a SCDS of the communication grafgh Then, we find the upper bound on the number
of BLACK nodes determined through MAP. We show that the calitiy of the set of BLACK
nodes found through MAP is within eight times the cardiyatit the MSCDS.
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4.4.3 Data Collection Phase (DCP)

So far, we explained how to minimize the number of full trarssions by approximating
MSCDS through MAP. In DCP, delta and references will be otdld at a base station. Our
goal is to minimize the number of transmitted bits by minimgzthe size of data transmitted
by each set of nodes.

In DCP, each node tries to contribute in compressing the skttaf its neighborhood op-
timally by finding the Minimum Spanning Tree (MST) of the agsponding delta graph in a
distributed way.

Nodes use four types of messages to communicate during DCP.

REF: Data message containing the reference data and thethi2 abde that transmits a

reference.

e DIFF: Data message containing the delta and the ID of the tooaich the delta belongs

and the reference ID with respect to which the delta is coatput

e SIZE: Message sent by a parent to its BLACK child containing D of the child and

the size of the child’s data represented by the parent.

e SELECT: Message sent by a child containing the ID of sk&ectedparent responsible

for transmitting data of the child.

Pseudocode of DCP is in[25]. In summary, if a node is BLACkshiares its reference data
with its neighbors. If it is GRAY, it attempts to minimize tlsize of GRAY node’s delta. If a
node (BLACK or GRAY) has children, it transmits its childielata toward the base station.

DCP starts when each BLACK node performs a full transmissigrsending out a REF
message that contains its reference data. The REF messageiiged by the set of BLACK
nodes’ neighbors. Every GRAY node computes its delta wispeet to a transmitted reference

data. Some GRAY nodes may receive multiple references attteyowill be able to compute
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multiple deltas for their data. If a node has more than ontagditlcan choose the smallest one.

s

After full transmissions, data of BLACK and GRAY nodes wi# bollected. The strategies
for collecting the data of BLACK and GRAY nodes are differastfollowing:

For BLACK nodes, we should make sure that every referenca idatompressed with
regard to another reference data of a higher level node. aMuigls the loop referencing that
may occur otherwise. Data of each BLACK node will be sentdfoone of its GRAY parents
as explained in Examplé 3. Notice that a BLACK child has no Blk®parent since during MAP
each BLACK node ensure that all its neighbors are GRAY. Sirlyil a BLACK parent has no
BLACK child. Every GRAY parent of a BLACK node receives at$¢another reference data
from a BLACK parent or neighbor. The parent, computes thiedihce of these two references.
Then, it sends out a SIZE message representing the size déltiadbetween them (If the parent
has more than one delta for its BLACK child, it sends out tlze sif the smallest one). The
BLACK child that may have received the SIZE message fromiplalparents, selects a parent
with the smallest size delta. Then, it notifies the parerdugh a SELECT message to forward
its delta to its own parent. The forwarding continues urgita reaches to the base station.

Strategy for transmitting the data of GRAY nodes is is a®fed: A GRAY node, waits for
a time directly proportional to the size of its delta to sendlits delta through a DIFF message.
This transmission will be heard by all the parents and neghbf this node. Then, it chooses
a parent randomly using a SELECT message to forward itsridtesl delta. The advantage
of having a waiting time proportional to the size of deltathiat nodes with the smaller deltas
will transmit their deltas first. Nodes with the larger deltaave a chance to wait and overhear
other transmissions to see if they can re-represent th&rwligh smaller deltas. Every time a
node receives a delta, it will reset its waiting time. Notibat a GRAY node only updates its
delta if it can represent its data with a smaller delta. Wédhisicuss in subsectidn 4.5.2 that in a

fully-connected neighborhood of nodes, this strategylte#to the optimal delta compression
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since it is in fact a distributed version of the Prim’s algom [46] for computing MST.

Each parent forwards the DIFF that it has received from it®\&Bhildren immediately by
choosing a parent randomly through SELECT.

We explain our algorithm through Examjile 5.

Example 5 Consider the wireless network in Fig._#.5. In Exanidle 4, waébthat MSCDS
for this graph is{b, s3}. Now, nodes;,: € {1,...,5} should transmit their data té.

Initially nodesb and s3 transmit their reference datg, and f3 through REF messages
respectively. These two are the only full transmissionsdte&required for our data collection.
Note that we assume base statiois a node too and so provides. fj is received by, and
so and f5 is received by, so, s4 and ss.

Nodes; computes\; o andA; 3 and keeps the smaller one (say o). Similarly s2, s4 and
s5 keepAq o, Ay 3 and As 3 respectively.

We first explain how data of BLACK nodes are transmitted tdotee station. Nodes is
BLACK, so Nodes; ands; as the parents ofs compute the difference between two reference
data fy and f3 (As ). Nodes, ands; both transmit size ofA3 ; through the SIZE message.
Since they both transmit the same sizg¢ randomly chooses one, (say) and sends out a
SELECT message containings ID. Thus,s; now sends\s  to b.

Now, we explain how data of GRAY nodes is transmitted: Assyrisehe first one which
transmits its delta, 3. Sensors, choosess; as its parent through a SELECT message since it
is the only parent of,. Nodess, forwardsA, 3 tob asb is also the only parent of,. After Ay 3
is transmitted by, it is received bys, and ss. Nodess, and s; use/A, 3 to constructf, and
thenA, 4 and A5 4 respectively. Let'sSize(As ) < Size(As3). Nodess updates its delta to
A5 4 and resets its timer to start over its waiting time. But létiaze(Az o) < Size(Az4). Node
so does not update its delta but it still updates its timer. Negehooses a parent randomly
(says4) and after timer ofs; expires, it will transmitA; 4 which will be forwarded by, to so

and then bys, to b. Nodess, ands; similarly transmitA, o and Ay o respectively ta.



Figure 4.5: Example of Data Collection Algorithm
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Having fo, A2,0, Az, A0, Asz andAs 4, base statiorb can reconstruct f1,... ,f5}.

There exists a tradeoff between the size of deltas and thetesgtra storage and memory
footprint of each node. During DCP, each GRAY node has teedlata of all of its neighbors
that have already transmitted their data. That's becauskoitld be able to re-represent its
delta using the data of any of its neighbors as reference.nVdleode receives a delta from a
neighbor, it checks to see whether it has its reference oamatif it does, it reconstructs the
neighbor’s data. Thus, it has to keep an index list of thetiegjglata in its memory. However,
if each GRAY node only computes its delta with respect to #ference data provided by the
BLACK neighbors, it will only need to store the smallest dedind does not need to keep any
index list in memory. We call this version of the algorithrmfple DECOR (S-DECOR). Note
that in S-DECOR, no attempt for MST computation is performé&@ evaluate the performance
of DECOR and S-DECOR in section #.6 and compare them with soséing state of the art

solutions.

4.4.4 Data Collection Algorithm for Lossy Communication Channels

In wireless networks, communication links are noisy andisioh may occur especially when
we use broadcast communication. Thus, designing an digotibat is resilient to communi-
cation failures, is essential for a lossless data collactigorithm. In this section, we modify
DECOR to deal with lossy networks. Our strategy is to avoidaresmissions especially for
larger messages. When retransmission is inevitable, weeetthe chance of collision by intro-
ducing a random waiting time for each node after collisiofoleretransmitting the data. We
will discuss our strategy for each type of message that nighbst.

During DECOR, some control messages are sent, includingéssages sent during MAP
and also SIZE and SELECT during DCP. These are short messagesodes can afford to
employ simple error control techniques like ARQ (Automdiepeat Request) methods|[47] to

correct the errors during transmission. Thus, we ignoreeffeet of noise and interference for
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this kind of messages.

For DIFF messages, if one parent receives the data coriedibhgs not need to be retrans-
mitted. Thus, a DIFF message is lost when it is not receivedryyof its parents. If none of
the parents have received the DIFF message correctly, toHaes retransmitted using an ARQ
type technique.

A REF message might be lost too. In this case, our strategyasdid retransmitting the
references by the BLACK nodes as much as possible becagseiitsin the energy exhaustion
at the BLACK nodes.

In three cases, if a REF message is lost or received inclyractother full transmission
should be performed. We explain these three cases in ttenvialj. Notice that, strategies
described in 1) and 2) ensure that data of BLACK nodes wikirerto the base station whereas
the strategy described in 3) ensures that data of a GRAY madéas not received any reference
will be received by the base station.

1) If the full transmission by a BLACK node is not receivedremtly by any parent, there is
no other option other than BLACK node repeating its transiois The reason is that the data
of the BLACK node should reach to the base station throughodiits parents and so at least
one parent should receive its data. Notice that this is tie @se where BLACK node has to
repeat its full transmission.

2) If a GRAY parent has received an error-free full transinisgrom a BLACK child but
none from a BLACK parent or neighbor, then the GRAY node hadotone full transmission
in order to transmit its BLACK child’s data. The reason istths explained in DCP, the GRAY
parent should receive at least another reference data fsgoartient or neighbor to compute the
delta for its BLACK child. If it does not receive that, it hastb repeat the full transmission.

3) A GRAY node that has not received any error-free referemezd 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. T®eahd, we first evaluate perfor-
mance of MAP and then evaluate DCP. Finally, we determinegithe 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. W& firove that set of BLACK
nodes identified through MAP is a SCDS. Then, we derive an ppend 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 SCDIseafdmmunica-

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 neezhow that bridge
graphCp is connected. For that it is enough to show that there is atpdilin graphCp for
any BLACK node and so all the BLACK nodes are connected’inthroughb. To this end,
we show that for every BLACK node at levgl there is another BLACK node at level— 1
or [; — 2 within the two-hop neighborhood. Assume to the contrary tiwgles; is a BLACK
node at level; > 2 which does not have any BLACK node within its two-hop neigtiomd at
levelsl; — 1 orl; — 2. Nodes; has been BLUE before. Thus, has received a message from its
GRAY parents; at levell; — 1. But s; has also received a message either from a BLACK parent
sk at levell; — 2 or a BLACK neighbor at the same levigl- 1. This contradicts the assumption
thats; has no BLACK node within its two-hop neighborhood at lelyel 2 or[; — 1. [ |
Now, we show that the cardinality of the set of BLACK nodesrfdihrough MAP is within

eight times the cardinality of the MSCDS. In other words, MiAd% an approximation factor of
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at most 8.

The sketch of the proof is similar tb [45]. We denote the sizBI8CDS byopt. We first
show that the set of BLACK nodes in MAP is ardependenset where a set of nodes anele-
pendenif they are pairwise non-adjacent. Then, we find an upper ddanany independent

set of a connected graph, namely set of BLACK nodes foundititrdiAP, based onpt.

Lemma 1 Set of BLACK nodes determined through MAP is an indepenéént s

Proof. Assume to the contrary that MAP has determined two adjé8eACK nodess; ands;.
Neither one ofs; ands; can be the base station since all the neighbors of baserstszmme
GRAY, after base station announces its color. Thysands; have both been BLUE before.
But a BLUE node turns GRAY if it has a BLACK neighbor. Theredoset of BLACK nodes
determined through MAP are pairwise non-adjacent and smdependent. |
Now, we bound the size of any independent set in termgtf For our proof, we use this

fact that in a unit-disk graph, each node is adjacent to at fivesindependent nodeis [48].

Lemma 2 The size of any independent set in a unit-disk gréps (V, E) is at mosBopt + 1.
Proof. Consider a spanning tré@,;scps of the bridge graptCy/scps (Note thatChrssops
is connected, s@y;scps exists). We construct a subgraffhc C as follows: 1)T" includes
every vertex inly;scps. 2) For anyy; andv; that are adjacent iffy;scps, we add exactly
one vertexy, € C to T such thaty, is adjacent to botly; andv; in C' (by definition of bridge
graph suchy, certainly exists). We also add the two edges that conngtd v; andwvy, to v,
to graphT’. GraphT is a tree ;otherwise it has a loop. Now, we delete every vdhaiis not
in MSCDS from the loop i, along with their corresponding edges. Since all deletetices
were adjacent to exactly two vertices of MSCDS, the remgigiraph which isly;scps has
also a loop. This is a contradiction sin€g;scpgs is a tree. The size dF is at mostopt since
for each vertex; € M SCDS at most one vertex;, ¢ M SCDS is added tdl".

From here the proof is identical to the proofin[45].
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Let U be any independent set bf. Consider any arbitrary preorder traversaliofiven by

v1, V2, ..., Uoopt. LEL U] be the set of nodes iti that are adjacent to,. For any2 < i < 2opt,

let U; be the set of nodes iii that are adjacent to; but none ofvy, v, ...v;_1. ThenUy, Us,..,
Usaqpe form a partition ofU. In other words, each element &f appears in exactly one subset
of the list. Asv; can be adjacent to at most five independent nodég, < 5. But for any

2 <i < 2opt, at least one node iy, vo, ...v;_ is adjacent ta;. Thus,|U;| < 4. Thus the size

of any independent set is equal to:
2opt

U] =" |Ui| <5+ 4(20pt — 1) = Sopt + 1
=0

Theorem 5 The approximation factor of MAP is at most 8.

Proof: Lemmd_ 1 shows that the set of BLACK nodes is an independéansébased on Lemma
[2, the size of any independent set is boundeddpy + 1. Thus, the the total number of BLACK
nodes found through MAP is at masipt + 1. Therefore, the approximation factor of MAP is

equal to 8. |

45.2 Performance of DCP

In this section, we show that DCP can minimize the numberaofamitted bits by each node in
a fully-connected neighborhood.

In a fully connected network, each data transmission isivedeby every node. Since
every node resets its waiting time after receiving a dettaaah step always the node with the
smallest delta transmits its data. Thus, our algorithm fadha distributed version of the Prim’s
algorithm [46] for finding the MST where at each step a new esligle the minimum size will
be added to the constructed tree.

In general, a communication gragh of the nodes is not fully connected. However, a set

of nodes in the same communication rangare certainly fully connected. During DCP we
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take advantage of this property to minimize the total nunddebits in each neighborhood.

Therefore, although DECOR is not guaranteed to be optimehrn minimize the total number

of transmitted bits in each neighborhood of nodes withinsda@e communication range

4.6 Simulation

In this section, we evaluate the performance of DECOR andESDOR (sectioh 4.413) through
simulations. We randomly place 100 nodes in a two-dimemdidn< 1 space based on the
uniform distribution in MATLAB environment. Each node had@kbit data which should be
transmitted to the base station located at the center ofré@e(&igure 4.6).

In the following subsections, first, we evaluate the perfmmoe of MAP, as the first phase of
DECOR. Then, we compare performance of DECOR and S-DECORRIC and CRDC. As
explained in the introduction section, RDC removes the mddut data at each relaying node
on the shortest path to the base station and CRDC suppréssesitindant 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 withdhtual size of MSCDS
and the analytical upper bound we derived in secfioh 4.5 fé&PMWe run the simulations
for different communication graphs of the network. To chatige communication graph, we
change the communication range of the nodes. As shown iidEigthe cardinality of MSCDS
(minimum number of full transmissions), decreases wherctimemunication range increases.
This result is expected since the connectivity of the comioation graph grows with the nodes’
communication range. Thus, the size of MSCDS decreases. [£yalso shows that MAP
performs much closer to the optimal answer than the analytipper bound we derived in

sectio 4.b for MAP.
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4.6.2 Performance Evaluation of DECOR

We compare performance of DECOR and S-DECOR in data calleetith RDC and CRDC

by investigating the effect of the following three paramgten the number of transmitted bits:

e Correlation coefficient
e Number of nodes

e Probability of channel failure

Effect of Correlation Coefficient

Correlation Coefficient is used as measure of correlatioorgndata of sensors. We model
the relation between correlation coefficient, delta anddiseance between nodesands; as

following:

Size(i;) = (1—exp (—B1lsi = 513) ) 7, (4.1)

where||s; — stg is the distance between nodesands;, and [’ is the size of data (10 kbit) and
S is correlation coefficient which is a constant factor thaitoals the correlation among data of
sensors. This model is similar to the model proposed_if{ [@P,Notice thatA; ; has limiting
values ofF’ when g is infinite and zero wheg is zero.

Fig.[4.8 shows the number of transmitted bits normalizet véispect to the size of data ver-
sus correlation coefficient for DECOR, S-DECOR, RDC and CRDC. Both RDC and CRDC
algorithms requirex number of full transmissions since every node should do ahdréins-
mission. Therefore, for high correlation (smal, the number of transmitted bits in DECOR
and S-DECOR, which only require BLACK nodes to perform fudlrtsmissions, is much less
than those of RDC and CRDC. As the correlation among the ndd&sdecreases (largs,
the size of delta converges to the size of reference dataefidnie, normalized number of trans-

mitted bits in both DECOR and S-DECOR increases and conseaje ;" , [; wherel; is level



84

0.5 Pa—
[ ] z [ )
| ° i ‘.E ° * ) ° L J ° |
L e - L4 ° ° 4
° i °
L o Te ° : * i
e e Y Drrrnmmrnrnnn "5"0"'5""'0 """""""" %' g
i .4+ Basestgtion - e
° ° z z ° ®
0’ z - [ i
° o * : LI
[ ] - ® o-
B [ ] [ 2 z T
....................................... e @S
I . . % ° ° ' . * ]
g °* o2 . > .
,. ° ° .0 : i
°
_05 bt ° .\ ° d .‘ o
-0.5

Figure 4.6: Distribution of the nodes and the base statidherarea

of sensori. As shown in Fig.[4.18, the normalized number of bits sent ithi®ECOR and

S-DECOR are equal to that of RDC in low or no correlation. Té&son is that when there is
no correlation, DECOR, S-DECOR and RDC all similarly relag tlata along the shortest path
to the base station with no suppression. CRDC performs worse it first collects data of each

cluster at the cluster head and so data is not necessarigntitied through the shortest path.

Effect of Number of nodes

In this section, we study the number of transmitted bits asnatfon of the number of nodes
for fixed communication range and correlation coefficigntWe chooses3=1 which enforces
a large correlation among data of nodes. The results in[Ef.sdow that as the number of

nodes increases, the number of transmitted bits for RDC &IdCincreases linearly. This is
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because in these algorithms, number of full transmissioaases with the number of nodes.
Notice that RDC and CRDC show a similar performance for thected3. However, number
of transmitted bits in DECOR remains almost constant whenber of nodes increases. The
reason is that when number of nodes grows, their data becbigiely correlated and most of
it becomes redundant. DECOR successfully captures thislaes not transmit the redundant

data.

Effect of Channel Failure

Finally, we evaluate the performance of the algorithm presgkin subsectioh 4.4.4 for lossy
communication channels. We consider a network of 100 nodtesfiwed communication range

and correlation coefficienf. Moreover, we assume that the probability of channel failisr
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constant over the channels. Figlire 4.10 shows the numbearsitted bits for both DECOR
and S-DECOR normalized with respect to the number of trattsthbit for error-free com-
munication scenario averaged over 20 runs. As it is expetiednumber of transmitted bits
increases with probability of channel failure. Notice tRECOR is more robust to commu-
nication failure than S-DECOR. For example, if the prolgbidbf channel failure is equal to
0.5, DECOR requires only 3 times more transmitted bits comgatarthe error-free case where

S-DECOR requires 4.5 time more transmitted bits.
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4.7 Conclusion

In this chapter, we exploited the spatial correlation ondaé of wireless nodes to reduce
the communication energy and bandwidth consumption duttatg collection. We suppress
the redundant data sent through data collection using astestrategy. First minimizing the
number of full transmission and second minimizing the sizdata produced by set of nodes
at each neighborhood. We found a lower bound on the minimumibeu of full transmissions

required for lossless data collection. We also found theémmim number of bits required for
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compressing a data set using the mutual differences. Basedrdheoretical results, we intro-
duced a practical algorithm for data collection which restuthe overall energy consumption.

Finally, we presented the numerical simulations to verify theoretical results.



Chapter 5

Conclusion

This dissertation studies two important problems in velaicnetworks: collision avoidance and
gathering roadway traffic information. Both of these apiiens can use DSRC technology for
communication and use basic safety messages as their psmaice of information. However,
the primary challenges for these two applications are wdiffe Collision avoidance requires the
safety packets to be delivered successfully within a aerdgiadline. For traffic information
gathering, the bandwidth consumption is the primary camsénce the amount of data to be
gathered is large.

We first studied the problem of using standard QoS mechanidBEi 802.11 called En-
hanced Distributed Channel Access (EDCA) to minimize franmlsions among periodic ve-
hicle safety messages. By minimizing the frame collisioroagperiodic safety messages, we
reduce the delay in delivery of the safety messages. We wsbdsic parameters of EDCA
called ATF'SN and CW,,;, and we made two main contributions: 1) We demonstrated an
Access Category (AC) isolation technique that dramaiicaduces the collision probability
of high priority packets in dense environments. 2) We inti&tl a novel concept called vir-

tual division by which significant reductions in collisioasnong lower priority packets can be

89
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achieved. We verified via extensive NS-2 simulations of sitiple and hidden node topolo-

gies.

Second, we introduced a new contention free MAC protocolpfmiodic safety message
communication which can bound the delay in very dense vé&hicwetworks. We have the
following main contributions: 1) We derived the theoretit@ver bound on the maximum
delay, in delivery of basic safety messages. This bound iisead function of the maximum
number of vehicles that interfere with one vehicle, in thevoek. 2) We proposed a distributed
cluster-based MAC protocol, which maximizes collisioadrparallel transmissions of periodic
safety messages. The proposed MAC protocol guaranteespan bipund on the delivery delay
of routine safety messages which is only within 4 times framaptimal delay. Our protocol is
distributed and dynamic, and easily adjusts to the chamgéeinetwork.

Third, we studied the problem of collecting traffic infornuet in access points. Using ve-
hicles as traffic probe sensors, is a cost effective soldutdhis problem. Since bandwidth is a
sparse resource especially when the highway is dense, aieeffprotocol is required to col-
lect all the data across the network at a certain access @oREU with minimum bandwidth
consumption . For this purpose, we exploit the correlatiothe data of vehicles to reduce the
bandwidth consumption during data collection by supprestiie redundant data from multiple
vehicles. In our methodology, a certain subset of vehictesl Dut their data without any sup-
pression (full transmission). The vehicles that perfordhtfansmissions are called reference
nodes. The rest of vehicles only send out the differencedmmtvtheir data and that of reference
nodes. Our strategy is based on two key principals. The §itst iminimize the total number of
full transmissions. This strategy minimizes the overatidaidth consumption since in general,
full transmissions consume significantly more bandwid#mthransmission of the compressed
data. The second principal is to remove the redundant datebgecach forwarding node on
the path to the access point. We have three main contritaatibpwe obtained a theoretical

lower bound on the total number of full transmissions regplifor lossless collection of data
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at the access point. This lower bound is equal to the size péeific subset of nodes. 2) We

introduced an efficient algorithm that approximates thenelets of this set. 3) We determined
a lower bound on the minimum number of bits that a node whicksponsible for forwarding
the data of its neighborhood should transmit for losslesa dallection. Based on our theo-
retical findings, we proposed a practical data collectigmi@hm which can reduce the overall
bandwidth consumption significantly.

The three proposed strategies in this dissertation are teps that make vehicular network
technology closer to reality. MAC protocol solutions susfgé in this dissertation will reduce
the delay in delivery of safety messages which is cruciakfilision avoidance applications.
It can be envisioned that in US, adaptive rate algorithmsotatrol channel congestion will
interact with EDCA techniques to lower PER. For examplehd EDCA techniques produce
lower PER (and thus higher channel load) for a given offeced | perhaps the target channel
load of the adaptive message rate algorithm should be htgharwith default EDCA. Another
interaction is the impact that adaptive rates have on \idivésion proportions. TDMA-based
MAC protocols for vehicular network are the subject of reskan Europe and we can predict
that techniques similar to the proposed protocol will bedudéore research needs to be done to
extend this algorithm for the intersection and urban séesaAnother important application of
vehicular network is gathering traffic information, anaythe data at some central location and
then disseminate this information to the vehicles. Moreaesh has to be done to do analysis
on this subject especially how to disseminate this informmato the vehicles so that vehicles

can avoid traffic and select routes accordingly.
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