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ABSTRACT

Vehicular networking has become an attractive scenario, where Intelligent
Transportation Systems can provide tremendous benefits. Realizing this vision needs a
careful design of network architecture due to the dynamic vehicle mobility, unbalanced
network density, and specific requirements of its application. The current dominant
Internet Protocol (IP) is challenged in this vehicular environment. Named Data
Networking (NDN), a proposed future Internet architecture, is more suitable. In this
paradigm, interest forwarding is challenging. Further, vehicle mobility plays a significant
role in sustaining NDN. Therefore, this dissertation focuses on two aspects of vehicular
NDN: interest forwarding and vehicle mobility. The thesis aims to solve the issues of
interest forwarding in both dense and sparse networks.

Interest forwarding in vehicular NDN suffers packet loss and bandwidth overuse due
to broadcast storm, especially in dense networks. Our proposed work, Location-Based
Deferred Broadcast (LBDB) scheme, takes advantage of location information to set a
rebroadcast deferred timer before rebroadcast. Intermittent connectivity in sparse networks
leads to undeliverable packets and long response delay in vehicular NDN. We thus propose
a Density-Aware Delay-Tolerant (DADT) interest forwarding strategy that uses directional
network density to make retransmission decisions. We have fully implemented LBDB and
DADT in simulations. Our evaluation results show that they outperform other protocols
for the desired metrics.

The sustainability of vehicular NDN is highly related to vehicle mobility, which is
influenced by traffic signal operations in urban areas. Our work employs an empirical
approach to study the impact from the coordination of traffic signal operations on the

capacity and persistence of a vehicle-crowd (v-crowd) that is connected via vehicular NDN.
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The work delivers practical guidelines for adjusting signals in terms of desired capacity of

v-crowd.
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CHAPTER 1

INTRODUCTION

1.1 Background

1.1.1 Vehicular Ad-Hoc Networks

During recent years, with the advances in communication technologies, Vehicular
Ad Hoc Networks (VANETS) have attracted much attention in a wide range of groups from
academic researchers to automotive manufacturers. Even though Vehicle to Infrastructure
(V2I) communications (such as Wi-Fi, 4G/LTE) are becoming more and more reliable in
urban environments, it is preferable to use the Vehicle to Vehicle (V2V) communication for
the following reasons. At first, V2V allows vehicles to communicate between each other
directly, without needing central or distributed servers to store or distribute data, which
can save storage space and reduce communication delay. It is significant for time-critical
vehicular applications, such as collision warning and emergency notification [56]. Secondly,
in certain environments, such as battlefields, urban areas without enough service
infrastructures, or cities after disaster, V2V communication is the only way to transmit
information among vehicles. Thirdly, for financial reasons, some V2I communications are
costly, such as LTE. Therefore, V2V communication can be used to achieve better network
performance and lower financial cost than V2I communication.

Even though VANETSs have been developed for several years and many projects are
based on them, some issues have not been solved. In order to identify existing problems

and find better solutions in designing VANETS, we need to analyze features of VANETS.



The features of VANETS are not exactly same as the features of common Mobile Ad Hoc

Network (MANET). As shown in Table 1.1, there are some features especially for vehicular

environment.
Table 1.1: Features of Vehicular Network
Features Disadvantages Advantages
mobility moving fast, dynamic topology following patterns
density extremely sparse or dense network
resource energy, storage, GPS
wireless medium no packet collision detection overhearing
application data-centric, data is location-based
and time-based

1. Mobility. Because of the character of vehicular movement, the mobility in VANETS is
significantly different from the mobility in general MANETSs. On one hand, the
vehicles normally move at rapid speed, which results in poor and intermittent
connectivity in high mobility [23] [18]. Besides, the urban artifacts are a challenge for
vehicular communication. Traditional network protocols that apply for a stable
network may cause huge overhead in vehicular environment. On the other hand,
because vehicular movement is normally regular in urban or highway areas, it can be
predictable and relatively easy to handle. Thus, the vehicular movement provides
opportunities to apply Delay Tolerant Networking (DTN) [44] in vehicular

environment.

2. Density. Due to mobility of vehicles and traffic rules from transportation, the density
of VANETS is normally varying all the time and leading to dynamic and unbalanced
topologies. It occurs commonly that there is an extremely high density of vehicles on
some roads, but only a few vehicles on other roads. High network density leads to
transmission overhead, which costs bandwidth usage and contributes to packet

collisions. While, vehicles have intermittent connectivity in low network density.

3. Medium. The nature of wireless media makes routing and forwarding schemes in



VANETS quite different from wired networks. One feature is that the link-layer does
not provide any schemes to avoid collision, which has to be handled on other network
layers [68] [76]. Another feature is that the broadcast nature provides opportunities
for overhearing packets in-the-air, which can be used to enhance forwarding and

caching [49] [68] [76] [45].

4. Resource. Unlike other wireless ad-hoc networks, such as Wireless Sensor Network
(WSN), the constrained resources are not significant issues in VANETSs. The energy
can be taken from vehicles’ engines and the storage capabilities can be considered
theoretically unlimited. This feature can be considered in designing a caching

scheme [21].

Most of application scenarios in Intelligent Transportation System (ITS) will gain
benefits from VANETS, such as emergency notification, traffic flow control and navigation
assistance [28]. Applications in VANETS can be categorized into push-based and
pull-based. In push-based applications, producers generate information and distribute to
certain consumers. In pull-based applications, consumers need to send requests to
producers. The producers send data back to consumers. Therefore, the application data
can also have two categories. Some work proposed a hybrid approach to adapt the routing
scheme according to data type [78].

Information-centric is a one feature of VANETSs applications. For example, when a
vehicle requests traffic information ahead of it, it will not care about which host replies the
information. Any host holding the information can reply the request. Thus, the data itself,
not the host of the data, plays significant roles in routing and forwarding.

Most of the application data are location-based and time-based. Those spatial and
temporal information can be used to represent traffic information. For example, when a
vehicle crash happens, the involved vehicle can send a message to nearby vehicles. The
message includes information about time and location of the accident. Other vehicles can

forward the message to farther vehicles. Thus, many vehicles will be aware that there is an



accident somewhere and will navigate to other routes accordingly. Additionally, thanks to
the widely deployed GPS devices in vehicles, the real-time geographical location can be
easily obtained from each vehicle, and be used to enhance routing and forwarding [29].

The features of VANETSs and their applications require a network architecture that
can deliver and retrieve data efficiently. However, traditional IP-based network architecture
limits the message dissemination in VANETSs. It is not easy to maintain long-term and
stable host-to-host connections in such a dynamic network topology. High dynamic vehicle
mobility results in much packet loss, especially in low traffic density. Furthermore, the
host-based principle of IP networks no longer fits to vehicular environment, in which most
applications are data-based in nature. Therefore, a slate-clean solution to replace IP as

network architecture in vehicular environment is needed.
1.1.2 Named Data Networking

There are several network architectures that have been proposed as
information-centric solutions to replace the current TCP/IP network architecture [71].
Among them, Named Data Networking (NDN) [79] is an effective network architecture
that well matches wireless, especially vehicular environment. NDN replaces IP’s end-to-end
communication model with a request/reply model to retrieve data by names directly
(Figure 1.1). NDN significantly reduces the cost and overhead for establishing and
maintaining end-to-end communications. The principle of NDN and the benefits of
applying NDN to VANETSs will be discussed in details.

As proposed by Jacobson et al. [27], in NDN, each data has a persistent and unique
name. Names can be hierarchical so that prefix matching can be used in each step, just like
IP addresses in traditional networks. Also, the component pieces in a data name can have
relationship by representing certain meanings.

All nodes in NDN can have three different roles: (1) Consumer is the node who
requests data; (2) Producer is the node that can provide data; (3) Forwarder is the node

that are able to forward all packets. A NDN node can be in multiple roles.
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Figure 1.1: Network Architecture for NDN and IP [27]

There are two types of packets in NDN: (1) Interest packets include the requested
data name and initiated by consumers; (2) Data packets contain a data name and
metadata. Producers reply data upon Interest with the same name.

Each node stores three data structures in their local memory: (1) Content Store
(CS) caches generated or cached data. It is maintained by cache scheme and replacement
policy; (2) Forwarding Information Base (FIB) guides interest to the next forwarder.
It is constructed by routing protocols; (3) Pending Interest Table (PIT) keeps track of
the forwarded interest packets that have not yet been satisfied by a returned data packet.

The forwarding process at an NDN node has two phases: forwarding interest and
flowing data (Figure 1.2). In the first phase, a consumer initiates the data retrieval by
sending out an interest packet containing data name. When a node receives an interest
packet, it will first check its CS using prefix matching. If it already has the requested data,
it will reply by sending back the data. If the match is missed, it will check the PIT to see if
this node has sent a request with the same name. If yes, it will discard the interest packet
because the same request packet has been forwarded. Otherwise, it will forward the
interest packet according to the matched entry in FIB. In the flowing data phase, when a
node receives a data packet, its name is used to look up the PIT. If a matching entry is

found, the node sends the data packet to the interface according to the PIT entry. Then it



will delete the entry in PIT. In addition, it will duplicate the data packet in CS. If there is

no matching entry in PIT, the data packet is considered unsolicited and will be dropped.
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Figure 1.2: Forwarding Process at an NDN Node [79]

NDN provides a brand new option to realize a network. The NDN approach can be
beneficial in wireless networking environments [69] [35], especially in vehicular environment.
The advantage of using NDN in vehicular environment can be summarized as follows.

At first, unlike the traditional IP-based networking, NDN provides a host-free
connection between data provider and consumer. Identifications of nodes are no longer
needed to require data from them. This is clearly important for VANETSs applications
because most of them are caring about information itself, not which node provides it.

Secondly, mobility is well supported in NDN. Since it does not rely on a stable
connection to transfer data, in the case of topology change or connection interrupt, the
consumer just needs to resend an interest packet.

In addition, thanks to the on-path caching it provides, NDN mitigates influence
from dynamic topology in vehicular environment. Applications in VANETSs usually require

reusable data, such as traffic or parking information. Cached data will help to achieve

6



shorter request delay and lower transmission overhead.

Wireless networking, such as vehicular networking, differs from wired networking in
these aspects: ad-hoc connection, intermittent connectivity, and the ability of physically
transporting data. Thus, Vehicular Named Data Networking (V-NDN) [21] has some
modifications to the baseline NDN operations for the vehicular environment. First of all, to
take advantage of the nature of wireless broadcast, a vehicle caches all received data
regardless of whether it has a matching PIT entry and whether it needs the data for itself.
This opportunistic caching strategy can be advantageous in facilitating rapid data
dissemination in highly dynamic environments. Since the storage resource considered as
unlimited in vehicular environment, the opportunistic caching strategy is feasible.
Secondly, to take advantage of vehicles’ physical movement, packets can be carried by
running vehicles when they have no network connectivity. It enlarges data spreading areas
and increases rendezvous opportunity between consumers looking for a specific piece of
data and mules carrying a copy of it. Finally, due to the dynamics of connectivity among
moving vehicles, it is infeasible to run a routing protocol to build and maintain the FIB.
Therefore, V-NDN developed an interest forwarding strategy to forward interest instead of
obeying FIB.

Figure 1.3 represents communication model for NDN in vehicular environment by
showing examples. Suppose Consumer A needs to know the signal information in some
certain area. It sends an interest packet with the name /signal/location/time, which
indicates what type of traffic information it requests, its location, and its time. The
interest packet is then forwarded by Forwarder A and Forwarder B, and finally reaches
Producer A that is close to signal and able to generate the data. Then, the data is
forwarded back to Consumer A through Forwarder B and Forwarder A, and is cached at
each forwarder on the path. Suppose Consumer B needs the same information, it will send
interest packet that has the same name. The interest can be directly replied by the cached

data at Forwarder A. Even though Producer A has moved, Consumer B can still get the



data from Forwarder A. Similarly, the communication model can be applied when

Consumer C needs to know the accident information in some certain area.

el Interest
el Data

Figure 1.3: Vehicular NDN Communication Model

1.2 Challenges on NDN Forwarding

When building VANETSs upon NDN architecture, there are several research
challenges. Our research mainly focused on two challenges about forwarding in vehicular
NDN, directly dealing with issues about broadcast storm and delay-tolerant forwarding,

which commonly happen in dense and sparse networks.
1.2.1 Broadcast Storm
One challenge of NDN forwarding is the flooding issue caused by interest broadcast.

Because it is difficult to maintain forwarding tables in highly dynamic topology, each

forwarder simply rebroadcasts interest to all its neighbors. The blind broadcast leads to an



interest broadcast storm that could lead to more packet collisions that cannot be detected
on Media Access Control (MAC) layer. It results in network congestion, which costs
additional bandwidth usage and delays data retrieval.

Our work will use a location-based deferred broadcast scheme to realize the
forwarding strategy in vehicular NDN. The broadcast scheme ranks the potential
forwarders by jointly considering the location of previous forwarder and the location of

data.
1.2.2 Network Disruption

Another challenge of NDN forwarding is that a VANET often suffers lots of packet
delivery failures in sparse networks. Once interests have been issued by consumers, they
may not be satisfied by their matching data before they are expired. As we know,

DTN [19] is a common approach to improve robustness during network failures. In DTN,
packets are stored and carried at nodes until there appear opportunities to forward them.

However, because of the request/reply communication model in NDN, the DTN
forwarding strategy needs to be reconsidered. The retransmission mechanism of NDN can
be used to support DTN in a wireless environment. After the packet has been forwarded
by broadcasting, it will be added into a pending retransmission queue and wait for an
opportunity to be retransmitted. During that time, the packet may be removed if it is
acknowledged that this packet has been forwarded properly. Thus the key part of designing
an DTN forwarding strategy is selecting the best opportunity to retransmit the packet.
The purpose is to achieve a higher satisfaction ratio without bringing too much
transmission overhead.

Additionally, features of VANETS can assist DTN forwarding. For example, traffic
data usually contains spatial and temporal information that can be represented using a
hierarchical naming scheme in NDN. The geolocation in name can be used to guide DTN
forwarding. Vehicles’ current location obtained from GPS devices and the pre-stored map

can also assist DTN forwarding. By taking advantage of data’s location and vehicles’



mobility, DTN can forward the packet to the desired location.
Our work will use directional network density to calculate forwarding priority for

each neighbor and make retransmission decisions.

1.3 Challenges on Vehicle Mobility

In vehicular environment, high-demand applications require intensive computation
resource and large amount of storage space. A vehicle-crowd (v-crowd) centered, networked
system has the capability to support high-demand mobile edge computing applications by
harvesting the computing and storage resources through collaborations among grouped
vehicles that are knitted together via the vehicular networking protocols, such as V-NDN.
Vehicle mobility is the major player in impacting the sustainability of a v-crowd, which
affects its capability to host applications. In urban areas, vehicle mobility is highly coupled
with traffic signals and the coordination of adjacent signals, especially under heavy traffic
load.

Our work will use an empirical approach to study the interdependence between
traffic signal control and the sustainability of v-crowds and to deliver practical guidelines

for adjusting traffic signals to sustain v-crowd.

1.4 Dissertation Outline

The remainder of the dissertation is organized as follows. The broadcast storming
issue in vehicular NDN is addressed in Chapter 2. We propose a Location-Based Deferred
Broadcast scheme to mitigate broadcast storm. Chapter 3 addresses the problem of
network disruption in vehicular environment. We propose a Density-Aware Delay-Tolerant
forwarding strategy to retrieve data during network failures. Chapter 4 introduces an
empirical study on how traffic signal coordination influences vehicle mobility and further
influences capabilities of vehicular NDN. At last, chapter 5 concludes the dissertation and

presents future research directions.
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CHAPTER 2

A BROADCAST SCHEME FOR VEHICULAR AD-HOC NAMED DATA
NETWORKING

NDN suits to vehicular environment in terms of ad-hoc scenarios because it provides
connection-free searching, multicasting and on-path caching. NDN broadcasts interest to
find potential data, which forms the storming issue in ad-hoc scenarios. Broadcast storm
leads to packet loss due to collision and bandwidth overuse because of redundancy. In this
chapter, we propose a Location-Based Deferred Broadcast (LBDB) scheme for interest
forwarding in ad-hoc NDN, which takes advantage of location information to set a
rebroadcast deferred timer before rebroadcast. We fully implement LBDB under NDN
network architecture using ndnSIM, and provide experimental and simulation evaluation.
The simulation result shows that LBDB generates less transmission overhead and shorter
delivery delay than other broadcast schemes while maintaining relatively higher satisfaction
ratio.

This chapter is organized as follows. Section 2.1 outlines this work. In section 2.2,
we introduce the broadcast storming issue and analyze the similarity and the differences
between the broadcast in traditional MANET and the broadcast ad-hoc NDN. In section
2.3, we survey different approaches in designing broadcast scheme to address storming
issues. Section 2.4 introduces our proposed broadcast scheme LBDB and how it fits to
NDN architecture. Then section 2.5 and 2.6 demonstrate the performance of LBDB and

trade-off study. At last, section 2.7 summarizes the chapter.
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2.1 Introduction

Ad-hoc communication is widely used in vehicular environment. For example, when
a moving vehicle needs to know the traffic information (such as emergencies, accidents and
traffic signals) of somewhere. It needs to send a request to the nearby vehicles and they
forward the request to the farther vehicles until the request reaches the data provider.

NDN for ad-hoc networking (ad-hoc NDN) has been proposed in 2010 [48]. Since
then V-NDN [21] was designed and implemented. V-NDN differs from default wired NDN
in three aspects: abandons routing protocols, ubiquitous cache, vehicle can carry data
regardless of network connectivity.

In ad-hoc NDN, broadcast is an effective approach to spread interest and retrieve
data. However, broadcast suffers storming issues, which is described as follows. Since
ad-hoc NDN abandons routing information when forwarding interest, when a node receives
an interest, if it doesn’t have data to satisfy the interest, it will rebroadcast the pending
interest to its neighbors for potential data carrier. There occur two issues when simply
rebroadcasting the interest. Firstly, packet collisions will occur frequently if neighboring
vehicles rebroadcast interest at the almost same time, especially in dense networks.
Because the collisions cannot be detected on MAC layer, some packets will get lost.
Secondly, blind broadcast will make interest propagate to all directions and flood the
network that will bring much unnecessary transmission overhead to cost much bandwidth
usage and prolong data retrieval.

Even though broadcast storm in MANET has been researched for many years, the
same problem is worthy to be carefully studied for ad-hoc NDN because there are
significant differences between broadcast in MANET and broadcast in ad-hoc NDN. Some
existing works have proposed broadcast schemes for ad-hoc NDN, but we believe the
efficiency and performance of a broadcast scheme can be further improved by taking
advantage of location information. Furthermore, how broadcast scheme fits to NDN

architecture has not been studied yet.
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This chapter proposes a Location-Based Deferred Broadcast scheme for interest
forwarding in ad-hoc NDN. The scheme takes advantage of location information to set a
rebroadcast deferred timer before rebroadcast. In the scheme, two types of deferred timers
have been used: Collision-Avoidance (CA) timer to avoid rebroadcasting at the same time,
and Forwarding-Priority (FP) timer for separating forwarding priority for different
potential forwarders. This chapter also provides an architecture-wise consideration of
ad-hoc support for default NDN forwarding mechanism. The broadcast scheme should be
placed between network layer and MAC layer, where we name it Link Adaptation Layer
(LAL). We define the forwarding process of interest and data, which differs from default
NDN forwarding daemon. We have fully implemented LBDB and integrated it with default
NDN forwarding mechanism in ndnSIM. We evaluated LBDB and compared it with other
broadcast schemes in vehicular environment. The simulation results show that LBDB
generates less transmission overhead and shorter delivery delay than other broadcast

schemes while maintaining relatively higher satisfaction ratio.

2.2 Background

The storming issue of broadcasting has been deeply studied on routing protocols in
traditional MANET [64]. In an on-demand routing discovery, such as Ad Hoc On-Demand
Distance Vector (AODV) and Dynamic Source Routing (DSR), broadcasting is a
fundamental and effective routing request dissemination mechanism, where a node
rebroadcasts the first received routing request packets unless it has a route to the
destination, thus causing the broadcast storm problem. Firstly, many rebroadcast will be
redundant because of the feature of wireless medium. When a mobile node decides to
rebroadcast a broadcast message to its neighbors, its neighbors may already have the
message that was rebroadcasted by other neighbors. Secondly, heavy contention on wireless
medium could exist. If some neighbors try to rebroadcast the message, contention may

occur because two or more nodes are likely to be close and thus contend with each other on
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the wireless medium. Thirdly, collisions are more likely to occur because of the deficiency
of backoff mechanism (if the surrounding medium has been quiet for a while, collision will
occur when nodes receive message and try to rebroadcast because carriers can not be
sensed immediately due to such as RF delays and transmission latency), the lack of Request
to Send (RTS)/Clear to Send (CTS) dialogue, and the absence of collision detection. The
consequences of broadcast storms are: redundant broadcast generates much transmission
overhead and costs much network bandwidth; contention and collision lead to packet loss.
Similar to on-demand routing discovery that suffers redundancy, contention and
collision in blind broadcast, ad-hoc NDN bears the same problem when interests are
flooded. Although there seem to be some apparent similarities between broadcast in
MANET and broadcast in ad-hoc NDN, fundamental differences exist between the two.
First of all, their purposes and behaviors of broadcast are different. Routing discovery
broadcasts routing request to find a path from a source to a destination. Ad-hoc NDN, by
not using routing information, broadcasts interest to find the matching data. Secondly,
their consequences of broadcast are different. Data has to follow the routing path to reach
the destination after a routing discovery in MANET, which is indeed unicast. While data
in ad-hoc NDN can still be forwarded by broadcasting as long as it has been requested by
this node, which takes advantage of the nature of wireless medium. And broadcast in
ad-hoc NDN doesn’t need to record passing nodes’ information. Thirdly, due to different
network architecture, MANET and ad-hoc NDN treat broadcast at different network layer.
Broadcast in a MANET is at network layer. Ad-hoc NDN uses the concept of face to
connect between NDN forwarding daemon and MAC layer where a broadcast scheme can
be implemented with an ad-hoc face. At last, ad-hoc NDN offers more opportunities for
acknowledgement of broadcasted packets. Since MAC layer doesn’t provide
collision-detection mechanism, acknowledgement has to be implemented at upper layers.
MANET and ad-hoc NDN can both overhear packets in-the-air to acknowledge that the

packet has been rebroadcasted by other nodes. But NDN has more chances due to interest
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and data can share the same name. For example, if a node overhears a data packet, it
acknowledges the reception of interest with the same name. These new issues have

motivated researches to tackle the broadcast’s impact on ad-hoc NDN.

2.3 Related Work

2.3.1 Mitigating Broadcast Storm for MANET

An important approach to alleviate broadcast storm in on-demand routing
discovery is to prohibit some nodes from rebroadcasting to reduce the redundancy, and
thus, contention and collision. While there are many existing works, two main categories
are closely related to our work. One category involves selecting a subset of neighbors to
rebroadcast. For example, Stojmenovic et al. proposed to apply localized dominating sets
to eliminate the broadcast overhead [60]. Only internal nodes in a dominating set is
sufficient for reliable broadcasting. Calinescu et al. proposed to select a smallest set of
1-hop neighbors that cover all of the node’s 2-hop neighbors [17]. They proposed two
practical heuristics for selecting the minimum number of forwarding neighbors. Peng and
Lu proposed to utilize local topology information and the statistical information about the
duplicate broadcasts to avoid unnecessary rebroadcasts [51]. This scheme determines the
rebroadcast of a packet according to the fact whether this rebroadcast would reach
additional nodes. The other category uses probability in selecting nodes for rebroadcasting.
Kim et al. proposed a probabilistic broadcasting scheme based on coverage area and
neighbor confirmation [33]. This scheme used the coverage area to set the rebroadcast
probability, and used the neighbor confirmation to guarantee reachability. Zhang et al.
proposed a probabilistic broadcast scheme for reducing overhead in MANET [80] which

uses neighbor coverage knowledge and node density adaption to set rebroadcast probability.
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2.3.2 Mitigating Broadcast Storm for Ad-Hoc NDN

Works to mitigate broadcast storm in ad-hoc NDN can benefit from the works in
solving traditional MANET broadcast problems, yet with a focus on the unique issues in
ad-hoc NDN. The existing works generally fall into three approaches namely: selective
broadcast, probabilistic broadcast and deferred broadcast.

Selective Broadcast. The eligible forwarders are pre-selected to reduce the total
number of forwarder. Thus, the overall transmission overhead can be reduced. A
direction-selective forwarding strategy [45] has been proposed to reduce overhead generated
by interest packet forwarding process in ad-hoc NDN. Each node chooses the farthest
neighbor in each direction to be the next forwarder. By not storing interest packets in each
node, it reduces broadcast overhead significantly. However, this forwarding method has risk
to decrease hit ratio. In addition, it needs additional control packets to exchange neighbor
information that will bring more overhead. Grassi et al. proposed Navigo [22], which is a
location based packet forwarding mechanism for V-NDN [21]. It can guide interests
towards data producers using a specialized shortest path over the road topology by
mapping data names to data locations and forwarding interest packets along the best path.
It uses the strategy to cover a large area with the smallest number of hops by selecting
forwarders at the intersections. Ahmed et al. proposed a forwarding strategy to address
flooding for vehicular NDN that uses local and neighboring forwarding information to
select forwarder to unicast instead of broadcast [10]. Kim and Ko proposed a similar
strategy to address broadcast storm that uses neighbor information to select eligible
forwarders [32]. Kuang and Yu proposed a broadcast scheme for wireless NDN, which has
two parts: a mobility-based forward node selection algorithm selects the less mobility
nodes as the forward ones; an available link capacity-based forwarding scheme selects
forward nodes with larger available link capacities to forward packets [36].

Probabilistic Broadcast. Each node will have a certain probability to determine

whether to become a forwarder, thus the total broadcast counts can be reduced.
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Neighborhood-Aware Interest Forwarding (NAIF) [76] has been proposed to achieve lower
bandwidth usage. It adjusts forwarding rate (percentage of interest package to forward,
others will be dropped) dynamically based on forwarding statistic information it overhears
locally and estimates missed rate. If the missed rate is 0, relay node will continue to
decrease forwarding rate. Otherwise, it will increase forwarding rate. In this way, each
node reduces forwarding overhead by sharing workload with its neighbors. In

E-CHANET [13], each packet is forwarded by considering a counter-based suppression
mechanism to reduce the collision probability and limit the broadcast storm. Each node,
consumer or forwarder, keeps track of reachable content providers and the distance to
them. Ahmed et al. proposed a scheme to control data broadcast storm, which uses a hop
count to limit the packet dissemination [11].

Deferred Broadcast. Each node will have a deferred timer before rebroadcasting.
Among all nodes that need to rebroadcast the interest, the one with higher forwarding
priority will have a shorter waiting timer to defer the actual transmission. If the node
overhears an incoming interest/data packet that has the same name as its already
scheduled transmitted interest, it means the interest has been forwarded by another node
with higher forwarding priority than itself. Then it cancels its already scheduled
transmission for the interest. Eventually, only parts of nodes with higher forwarding
priority actually forward the interest. Therefore, the timer-based rebroadcast mechanism
reduces the probabilities of packet collisions and lowers the bandwidth usage. Listen First
Broadcast Later (LFBL) [49] has been proposed to address physical mobility of nodes and
logical mobility of data for highly dynamic wireless networks. Even though LFBL is not a
forwarding strategy specifically for NDN, its idea has been adopted by many wireless NDN
forwarding strategies. In LFBL, only nodes closer to a packet destination than the previous
sender are eligible to be the forwarders. Eligible forwarders set waiting timers before
forwarding [75], which serve with two purposes: collision avoidance and forwarding

prioritization. In LFBL, the distance to best path from source to destination as well as a
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random value decides the threshold of timer. Thus, a receiver closer to the best path will
have a shorter waiting timer. Nodes will wait to forward packet until the timer expires.
During the waiting time, if they receive a packet with the same name, they will check the
eligibility and decide if they will forward the packet. A rapid traffic information
dissemination [69] [68] is proposed for VANETSs applications to disseminate traffic
information rapidly. It is also receiver-based forwarding strategy. It inherits the ideas
about broadcasting and overhearing from LFBL and gets adjusted by the features of
vehicular environment. Similar with LEBL, it has collision-avoidance timer to avoid packet
collision on MAC layer. To push traffic information rapidly, it ranks forwarders by distance
from previous transmitter to set a push timer [30]. In particular, farther receivers from the
previous transmitter will wait for a shorter time to forward the packet than closer receivers.
During the waiting time, if a node receives an interest or data packet with the same name,
it will check if the overheard packet is from the neighbor farther away from the origin. If
so, it will cancel its own scheduled forwarding. Amadeo et al. proposed a provider-blind
forwarding strategy and a provider-aware strategy that use a defer timer and overhearing to
deal with flooding [12]. Li et al. proposed a forwarding strategy to address broadcast storm
issue by use distance to set deferred timer and angle to decide forwarding eligibility [39].
Comparision and Summary. The three aforementioned approaches mitigate
broadcast storm in different strategies. Selective broadcast normally pre-selects some
neighbors as eligible forwarders, which generates extra transmission overhead when
exchanging neighborhood information. In an ad-hoc network, network topology is usually
very dynamic thus maintaining neighborhood information is costly. Probabilistic broadcast
sets a certain rate to rebroadcast the interest for each node, which doesn’t bring additional
overhead but may lower packet delivery ratio. Deferred broadcast defers rebroadcast by
overhearing packets from its neighbors first. It doesn’t introduce extra transmission
overhead. Unlike probabilistic broadcast that uses forwarding rate to indicate forwarding

priority, deferred broadcast uses a deferred timer to indicate forwarding priority. In
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probabilistic broadcast, each node decides its own forwarding process based on its
forwarding priority, while in deferred broadcast, nodes’ forwarding priority can affect their
neighbors’ forwarding process. Deferred broadcast takes advantage of the shared wireless
medium to overhear packets in-the-air, and decides to cancel the pending interest if it
overhears an interest/data packet with the same name. It reduces more redundancy than
probabilistic broadcast can do. Also, unlike probabilistic broadcast that may decrease
delivery ratio because it uses a certain forwarding rate, in deferred broadcast, nodes with
higher forwarding priority will have 100% probability to forward the interest. Therefore,
deferred broadcast better suits to ad-hoc NDN to achieve higher delivery ratio and lower
transmission overhead. The key part of designing a deferred broadcast scheme is the
selection of metric to indicate forwarding priority. Some of the referred solutions rank the
potential forwarders but based on different priorities. LFBL [49] uses a distance metric,
which can be signal strength or hop count. NAIF [76] uses forwarding statistic information
to rank each forwarder. Navigo [22] prefer the forwarder in a better geographical location.
Two works [68] [45] use distance to previous forwarder to rank each forwarder to push the
packet to a farther distance. Another work [39] uses the distance and angle to set deferred
timers. Those works are challenged in cases that the desired data is unknown when the
interest has to be broadcasted to all directions to reach the potential data carrier, thus
reducing interest arrival ratio and bring extra transmission overhead. In addition, many
applications in vehicular environment are related to the data that have location
information that can be used in interest forwarding. Our work takes the opportunity that
data location can be used in interest forwarding. We designed a deferred broadcast scheme
by taking consideration of both nodes’ location and data’s location. The simulation results
show that our proposed broadcast scheme performs better than existing works in vehicular

environment.
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2.4 Broadcast Scheme Design

In this section, we will describe the design of our proposed Location-Based Deferred
Broadcast scheme in the order of application scenario, the architecture consideration and

how to assign rebroadcast deferred timers.
2.4.1 Application Scenario

Ad-hoc communication in vehicular environment is widely used when the cellular
resource is limited or for economic reasons. Our proposed broadcast scheme can be applied
to VANETSs when node’s GPS information is available and the application requests spatial
and temporal related data. For example, when a moving vehicle needs to know the traffic
information (such as emergencies, accidents or traffic signals) ahead of it. The vehicle
sends out an interest request to other vehicles near itself. The interest request is
forwarded /rebroadcasted through multiple vehicles and reach a vehicle that has the
requested data. Then the data is forwarded /rebroadcasted back to the vehicle who sends
the original interest request.

We make two assumptions in designing the broadcast scheme. One assumption is
that all nodes are equipped with GPS devices and are able to obtain their real-time
geographical locations. The assumption is reasonable because most of the nodes in
vehicular environment are equipped with GPS devices, such smart phones, smart vehicles,
and smart sensors attached with Road Side Unit (RSU). In our design, whenever a node
sends out an interest or data packet, it will attach its current geographical location to the
packet. Thus, other nodes who receive that packet will be able to obtain the location of its
previous hop. Another assumption is that each data is spatial and temporal related. Our
designed network system can be applied in retrieving traffic data, such as emergencies,
accidents and traffic signals, which describe transportation traffic information in an area,
or collecting data from geographically distributed sensors that detect and generate data

locally. In our design, we use the name structure of /(latitude,longitude)/sequence to
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represent data with spatial and temporal information, which indicates not only the
geographical coordinate of the data, but also the time sequence of it. Therefore, each

forwarder is able to get the data location by parsing the name.
2.4.2 Architecture Consideration

Unlike traditional MANET where routing protocols are used to discover forwarding
path, ad-hoc NDN takes advantage of MAC layer broadcast instead of maintaining
forwarding information.

As Figure 2.1 presents, the broadcast scheme is placed between MAC layer and
NDN network layer. The intermediate layer is called Link Adaptation Layer (LAL). Any
interest or data packets going through the network device and the NDN forwarding

daemon can be processed in LAL.
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)
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(Link Adaptation Layer)
MAC
(Layer 2)

Figure 2.1: Ad-Hoc NDN Architecture

Different from default wired NDN, in ad-hoc NDN, FIB is not used because the
interest is forwarded by broadcasting instead of using routing information. In addition to
PIT and CS, each node maintain two more Transmission (Tx) queues: Interest Tx Queue
and Data Tx Queue. The function of these two queues is recording the pending interest

and data that are waiting to be sent.
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Figure 2.2 represents the workflow of forwarding an interest. After a node receives
an interest, it will first check its Interest Tx Queue by matching the name. If it finds a
matched entry, it means the same interest is waiting to be sent in this node. However, since
the node receives the same interest, it means the interest has already been broadcasted by
other node with higher forwarding priority. So it deletes the interest from the Interest Tx
Queue. If it doesn’t find the matched entry from Interest Tx Queue, it will check Data Tx
Queue by matching name of the interest. If it finds the matched entry, it means the
requested data has been received by this node and waits to be sent. So forwarding the
interest is not necessary any more. Then it drops the interest. If it doesn’t find matched
entry from Data Tx Queue, it will check PIT and CS, which is the same process as the
default NDN forwarding. The only difference is that before actually broadcasting an
interest or a data packet, the node adds them to Interest or Data Tx Queue. Data

forwarding workflow is similar as shown in Figure 2.3.
2.4.3 Deferred Timer Design

LBDB uses two deferred timers to determine the waiting time before rebroadcasting
an interest packet: FP timer and CA timer. FP timer is for forwarding priority. A node
with higher forwarding priority should have shorter FP timer. It is calculated by
considering some factors that influence forwarding priority. In some cases when different
nodes have same forwarding priority, CA timer is used for collision avoidance. It is set to
distribute a random variable from a given range.

Figure 2.4 illustrates how deferred timer works in a vehicular ad-hoc NDN. In this
example, a consumer vehicle requests traffic information near the producer vehicle. It
broadcasts an interest containing location that can be represented in the name. Vehicles A,
B and C all receive the interest from consumer and decide to forward the interest because
they don’t have the data. They schedule a pending transmission using a deferred timer
that can be calculated based on each vehicle’s forwarding priority. In this example, vehicle

A has the highest forwarding priority thus its deferred timer is shortest. Therefore, A is the
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Figure 2.2: Interest Forwarding Workflow for LBDB

first to actually transmitting interest. Vehicles B and C will receive interest from A. They
will know the interest has been forwarded by some other vehicle with higher forwarding
priority. So they cancel their own pending transmission.

As introduced in section 2.3, the key part of designing a deferred broadcast scheme
is the selection of metric to indicate forwarding priority. Some existing works have been
using deferred timer to suppress broadcast, but our work differs from them in the FP timer
calculation. V-NDN [21], as well as other works [68] [45], assigns forwarding priority based
on the distance to the previous hop. A node with farther distance from the previous hop

will wait for shorter time, which can push data far away from its producer. However,
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Figure 2.3: Data Forwarding Workflow for LBDB

pushing packets far away from their sources cannot guarantee the efficiency of the packet
delivery. The location of data itself should be considered. In our deferred timer design,
data’s location and nodes’ locations are jointly considered.

We consider two factors indicating forwarding priority when assigning FP timers.
On one hand, the nodes farther away from the last hop should have higher forwarding
priority so that the interest can be propagated faster with fewer hops. On the other hand,
the nodes closer to data location should have higher forwarding priority thus the interest
could have more chance to be forwarded to its desired area. To consider these two factors,
we make use of the reference node, which is defined as the nearest possible

geo-coordinate (a virtual node) to the data location within the transmission range of the
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last hop [77]. For example, in Figure 2.5, node A receives an interest packet coming from
node B and the name indicates data location is D. So R is the reference node. In our
design, a node closer to the reference node has a shorter rebroadcast deferred timer because

of the higher forwarding priority. We use the following equation to compute the timer:

Dpg
Tre roadcast — Tmax— Tran om 2.1
broadcast 5D, + d (2.1)

where T},,, is the maximum deferred time, D,,,, is the transmission range and Dpg

indicates the distance to reference node. The value range of is from 0 to 1 so that

the range of deferred time is from 0 to T},.,. A random CA timer T},,q40m is appended to
the equation to avoid packet collision when two calculated timers are close to each other,

Both CA timer and FP timer play significant roles in the performance of a deferred
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Figure 2.5: Rebroadcast Forwarding Priority

broadcast scheme. We use both experiment and simulation to evaluate our proposed
LBDB. To investigate the impact of CA timer, we first design an experiment running
V-NDN code on a testbed to study packet success delivery ratio when FP timers are same.
Then, to further explore how FP timers impact performance and compare LBDB with
other schemes, we implement those schemes in simulation and evaluate their performance

in vehicular environment.

2.5 Experimental Evaluation

In our experiments, we use all active nodes from the main grid of Open-Access
Research Testbed for Next-Generation Wireless Networks (ORBIT) [3]. We use
baseline-ubuntu-12-04-32bit.ndz image with MadWiF1i [4] installed to drive the Wi-Fi
devices. Each node is equipped with at least one wireless card, and the transmittable
signal power can be adjusted. By changing the Wi-Fi signal power, we are able to emulate
network density. Since our goal is to evaluate the broadcasting performance in dense

network scenarios, and the signal speed is much faster than vehicles’ moving speed, it is
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reasonable to emulate a static environment. Figure 2.6 gives the grid availability and the

topology of our experiment.

Figure 2.6: ORBIT Experiment Topology

As Figure 2.6 shows, for example, when nodel0-10 needs to know the traffic
information of an interested area, it will broadcast one interest packet. All of the
neighboring nodes inside its transmission range receive the interest packet and rebroadcast
it after a deferred time. In our case, assuming nodel0-10 has the transmission range shown
in Figure 2.6, node7-6 and node6-7 will receive the interest packet at the same time. Since
they have the same distance to nodel0-10 and the same distance to Interest Area, their FP
timers will be same. Therefore, the CA timer will play an important role in avoiding
collision of the next rebroadcast from each of them.

The V-NDN code we were running has been tested [5] [21]. It contains NDN

daemon that works as a router and defines the network faces required by NDN. It is
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responsible for maintaining both CS and PIT tables as well as sending and receiving
network packets. If a consumer application requests the road traffic information about a
given desired location (in our example, it is the top-right corner in Figure 2.6), it sends the
interest packets and waits to receive the data. In vehicular NDN architecture, each node is
supposed to be equipped with a GPS device. Since there are no GPS devices on ORBIT
nodes, we use a fakeGPS software to provide continual GPS data during the experiment.
The broadcasting performance is measured as the success ratio, the ratio of the total
received number of interest packets over the total transmitted number of interest packets.
We measured how it changes when the range value of the CA timer changes. Figure 2.7
presents the result from our experiment. It shows that small timer range values will lead to
low success ratio, which suggests more packet losses. When the range increases, the success
ratio increases. After a certain value, the success ratio stays at a relatively consistent level.
Considering that a larger timer value will result in a prolonged delivery delay, for the
network density we studied, the best random number range from the collision-avoidance
timer is around 1500 microseconds. This preliminary result guides us that the value of CA
timer should be carefully considered to achieve high success ratio and short delivery delay.

Success ratio of Interest packets
22 I
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Figure 2.7: Success Ratio for Different CA Timers
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2.6 Simulation Evaluation

2.6.1 Simulation Configuration

Our simulation map is an urban area spanning about 1 x 1 km? in downtown, San
Francisco, as shown in Figure 2.8. We imported the real map into SUMO [34] and
generated a certain number of vehicles randomly distributed on the map. During the
500-second simulation, each vehicle picks up a random point on the map as a destination
and calculates a shortest path. Once it reaches the point, it will randomly choose the next
destination and keep doing so until the end of simulation.

We have chosen two points on the area as the centers of Region of Interest (Rol), as
shown in Figure 2.8, where a RSU is deployed. RSU can detect nearby traffic information
and generate data in response to interest packets. In our simulation, the two RSUs are
running NDN producer applications and replying data upon receiving interest requests. A
subset of vehicles are running NDN consumer applications by issuing sequential interest at
a certain frequency (10 seconds per interest). Each interest is requesting traffic data
generated by one of the RSUs and will be expired in 50 seconds. Other vehicles are playing
the role of forwarders to forward the interest if needed. This configuration is to mimic the
situation in VANETSs that vehicles periodically request sequential traffic information in
their interested area.

Two variables are used to simulate different network scenarios: number of cars and
number of consumers. The first one mimics the network density. More cars means denser
network. The second one simulates request load. More interests will be sent if there are
more consumers.

We fully implemented our proposed LBDB and compared schemes in a modified
version of ndnSIM 2.0 [8] [46]. The broadcast schemes were added to NetDevice interface
without making any changes to the default NDN Forwarding Daemon (NFD). All vehicles
and RSUs are equipped with Wi-Fi Ad-Hoc interfaces and installed with NDN stack.
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Figure 2.8: LBDB Simulation Scenario

2.6.2 Compared Broadcast Schemes

To study and evaluate our proposed broadcast schemes, we have chosen other four
broadcast schemes from current literature that use different approaches to address

broadcast storm issue.

1. No FP Timer. In this broadcast scheme, no forwarding priority timer is used. Each

potential forwarder only sets CA timer to avoid collision.

2. Rapid Forwarding [68]. This scheme assigns forwarding priority based on the
distance to the previous hop. A node with farther distance from the previous hop will

wait for shorter time, which could spread interest rapidly.

3. DASB [39]. Similar to Rapid Forwarding, this scheme uses distance to the previous
hop to set deferred timer. The difference is that in DASB, if a node overheads an

interest which has the same name of its pending interest, instead of canceling its
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pending transmission directly, it will check its forwarding eligibility based on the
locations. If the node is in a proper location that may help to spread the interest, it

will not cancel its own pending transmission.

4. NAIF [76]. It is a probabilistic broadcast scheme, which adjusts forwarding rate
dynamically based on forwarding statistic information it overhears locally and
estimates missed rate. If the missed rate is 0, relay node will continue to decrease
forwarding rate. Otherwise, it will increase forwarding rate. Each node decides

whether to forward the interest according to its forwarding rate.

2.6.3 Performance Metrics

In the following representation, we use m to indicate the total number of interest
packets issued by consumers during the whole simulation, n to indicate the number of

satisfied interests that contribute consumers to obtain the requested data.

n
1. Satisfaction Ratio. 1t is defined as —. This metric indicates the ratio of interest and
m

data packet on application level.

Z?:l hi
n

2. Average Hops. 1t is defined as , where h; indicates the count of interest hops

and data hops for a satisfied interest.

Yo Int;+ > | Data;
n

3. Normalized Transmission Overhead. 1t is defined as , where

Int; is the count of transmitted interest generated by each issued interest, and Data;
is the count of transmitted data generated by each returned data. Then their sum is
normalized by the satisfied interest to indicate the overhead cost for a certain

satisfaction ratio. This metric can measure the transmission cost and bandwidth

usage of the network.

n
i=1 ti

4. Awverage Delay. 1t is defined as , where t; indicates the delay between when
the interest is issued by the consumer and when the returned data arrives at the

consumer.
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2.6.4 Evaluation Results

At first, we evaluate the performance of satisfaction ratio of those broadcast
schemes. Figure 2.9 shows that satisfaction ratio of LBDB is lower than DASB and Rapid
Forwarding, but higher than No FP timer and NAIF. DASB achieves the highest
satisfaction ratio, which fits in with expectation. It is because in other deferred broadcast
schemes (LBDB, Rapid Forwarding, No FP Timer), if a node receives an interest which has
the same name of its pending interest, it will cancel its own pending interest transmission.
But in DASB, some nodes may not cancel their pending interest. Thus interests have more
opportunities to be forwarded to the potential data carrier. Satisfaction ratio of LBDB is a
little lower than that of Rapid Forwarding. It indicates that in an urban area, a shortest
path to data may not exist sometimes. Rapid Forwarding and DASB may choose father
nodes from data to forward the interest. Thus they will have a little higher satisfaction
ratio. However, LBDB doesn’t lose too much satisfaction ratio because of this. It has much
higher satisfaction ratio than No FP Timer and NAIF. We observe that more cars
contribute to a higher satisfaction ratio, which is reasonable because the interests have
more chances to be forwarded to the producer. We also find that more consumers result in
lower satisfaction ratio. It is because more interests are issued when there are more
consumers. Even though some interests can be satisfied by cached data, the total number
of lost interests is still increasing.

From above analysis, we find that LBDB doesn’t achieve highest satisfaction ratio
among all broadcast schemes. The reason is that LBDB forwards interest toward data, but
sometimes the node nearest to the data is not on the path to the data. The actual path
may be longer than the shortest path. Other schemes should not have this issue because
the interest may be forwarded to all directions. To verify our analysis, we measure the
average of hops, which indicates how long the path is from consumer to produce then back
the consumer. Figure 2.10 shows the results of average hops. We find that LBDB always

results in the least hop count, which indicates that LBDB always try to find the shortest
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Figure 2.9: Satisfaction Ratio for Different Broadcast Schemes

path to the data. And an interesting finding is that as the number of consumers increases,
there are more hops. It indicates that even though more interests can be satisfied by cache,
increased interests need more hops to get satisfied.

Next, we study the performance of normalized transmission overhead (interest and
data), which reflects the aim of our design: reducing the bandwidth cost of the whole
network. From Figure 2.11, we observe that LBDB has the least normalized transmission

overhead among all the evaluated schemes. It means that to satisfy the same amount of

33



Average Number of Hops vs. Number of Cars
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Figure 2.10: Average Hops for Different Broadcast Schemes

interests, LBDB costs less bandwidth than others. The advantage of LBDB is significant
when the network is dense or there are less consumers. The principle behind this is that
LBDB takes consideration of data’s location so the interest can be forwarded toward the
data and redundant forwarding can be avoided. DASB has the the most normalized
transmission overhead because it doesn’t cancel its own pending interest in some cases. The
charts also display that more cars (denser networks) can bring more transmission overhead,

which is because more cars participate the forwarding process. Also, more consumers lead

34



to less transmission overhead because more interests are satisfied by the cache.
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Figure 2.11: Transmission Overhead for Different Broadcast Schemes

Figure 2.12 presents the results of average delay. We notice that No FP Timer and
NAIF have the shortest delay, which because they don’t have FP timer thus the total
waiting time is reduced. Rapid Forwarding and DASB use the same method to calculate
FP deferred timer so their performance are similar. Our proposed LBDB has shorter
average delay than Rapid Forwarding and DASB, which indicates that LBDB takes shorter

time to satisfy interest than the existing works.
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Figure 2.12: Average Delay for Different Broadcast Schemes

2.6.5 Trade-off Study

As aforementioned, both CA timer and FP timer have a maximum value that is

used to set timers according to our defined calculation method. The value of maximum

timers determine not only the delay but also other performance (satisfaction ratio,

normalized transmission overhead). In this subsection, we study the impact of maximum

CA timer and FP timer, separately.

We first did the similar study as section 2.5. The difference is at this time, we use
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simulation and dynamic topology. Figure 2.13 shows that max CA timer doesn’t has
obvious influence on satisfaction ratio, average hops and normalized transmission overhead,
but there is a clear linear positive correlation between max CA timer and average delay.
Figure 2.14 gives the results of max FP timer’s impact on the performance. We
observe that longer max FP timers contribute to higher satisfaction ratio and less
normalized transmission overhead, but leads to longer average delay. This is a trade-off

when assigning the value of max FP timers.
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Figure 2.13: Impact of Max CA Timer for Different Broadcast Schemes

2.7 Summary

In this chapter, we have surveyed related works that address broadcast storm in
traditional MANET and ad-hoc NDN. Then we have proposed a broadcast scheme LBDB

for interest forwarding in vehicular ad-hoc NDN. We have fully implemented LBDB under
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NDN network architecture using ndnSIM. At last, we have provided experimental and
simulation evaluation. The simulation results show that LBDB generates less transmission
overhead and shorter delivery delay than other broadcast schemes while maintaining

relatively high satisfaction ratio.
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CHAPTER 3

A FORWARDING STRATEGY FOR VEHICULAR DELAY-TOLERANT
NAMED DATA NETWORKING

NDN has been considered as a promising networking architecture for VANETS.
However, interest forwarding in NDN suffers severe issues in vehicular environment. In
addition to broadcast storm that results in much packet loss and huge transmission
overhead (we have focused on this issue in Chapter 2), link disconnection caused by highly
dynamic topology can lead to low packet delivery ratio and extreme long delay in data
retrieval. Thus, an efficient NDN forwarding strategy to retrieve data is urgently required.
In this chapter, we propose the Density-Aware Delay-Tolerant (DADT) interest forwarding
strategy to retrieve traffic data in vehicular delay-tolerant NDN. DADT specifically
addresses data retrieval during network disruptions using DTN. It makes retransmission
decisions based on directional network density. Also, DADT is integrated with LBDB to
mitigate broadcast storms by using a rebroadcast deferred timer. We compared DADT
against other strategies through simulation and the results show that it can achieve a
higher satisfaction ratio while maintaining low transmission overhead.

This chapter is organized as follows. Section 3.1 introduces the motivation and
overview of this work. We discuss related work in section 3.2. Section 3.3 introduces our
proposed forwarding strategy. Section 3.4 analyzes DTN delay using a mathematical
model. And section 3.5 shows our simulation configuration and performance evaluation

results. At last, section 3.6 summarizes the chapter.
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3.1 Introduction

When building VANETSs upon NDN architecture, there are several research
challenges. Our research only focused on two, directly dealing with issues caused by the
wireless communication medium and intermittent connectivity.

One challenge is the flooding issue caused by interest broadcast. Because it is
difficult to maintain forwarding tables in highly dynamic topology, each forwarder simply
rebroadcasts interest to all its neighbors. The blind broadcast leads to an interest flooding
that causes network congestion, which costs additional bandwidth usage and delays data
retrieval. From the existing literature, most works [68] [77] [12] use timer-based
rebroadcast mechanism to counteract broadcast storm. Among all vehicles that need to
rebroadcast the interest, the one with highest forwarding priority will have a shortest
waiting timer to defer the actual transmission. If the vehicle overhears an incoming
interest/data packet that has the same name as its already scheduled transmitted interest,
it means the interest has been forwarded by other vehicle with higher forwarding priority
than itself. Then it cancels its already scheduled transmission for the interest. Eventually,
only parts of vehicles with higher forwarding priority actually forward the interest.
Therefore, the timer-based rebroadcast mechanism reduces the probabilities of packet
collisions and lowers the bandwidth usage. Our strategy considers locations of data and
last hop to set deferred timer for each forwarder (see Chapter 2 for details).

Another research issue is that intermittent connectivity in VANETS leads to lots of
packet loss. Once interests have been issued by consumers, they may not be satisfied by
their matching data before they are expired. As we all know, DTN is a common approach
to improve robustness during network disruptions. In DTN, packets are stored and carried
at nodes until there appear opportunities to forward them. Even though there are lots of
works on DTN specific routing and data dissemination techniques [16], few of them are for
NDN architecture and for vehicular environment. Lu et al. [44] proposed a Social-Tie based

Content Retrieval (STCR) scheme to retrieve content in delay-tolerant MANET. It
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computes the social-tie relationship considering both frequency and recency, and computes
the centrality sequence considering both average social-tie and its balanced distribution.
The key part of designing an DTN forwarding strategy is selecting the best opportunity to
retransmit the packet. The purpose is to achieve a higher satisfaction ratio without
introducing too much transmission overhead. By taking advantage of vehicles” mobility,
DTN can forward the packet to the desired location. Our strategy uses vehicular spatial
information to compute directional network density, then makes retransmission decisions.
In this chapter, we propose a Density-Aware Delay-Tolerant interest forwarding
strategy to retrieve traffic data in vehicular delay-tolerant NDN with the purpose of
improving packet delivery ratio. To be specific, each vehicle opportunistically maintains a
neighbor list by overhearing all incoming packets in-the-air and makes retransmission
decisions based on detected directional network density. To mitigate broadcast storms,
DADT uses a deferred timer that is calculated based on the locations of the vehicles and
data sources. The times and the locations are the main characteristics of the vehicular
networks used in the calculations because the transportation traffic data is bounded with
temporal and geographical coordinate information. Most of the applications that are
related to real-time traffic information can benefit from DADT. We have built a
mathematical model and defined a new metric to analyze the DTN delay. We have also
completely implemented DADT through simulation and evaluated its performance by
comparing against other forwarding strategies. After analyzing the numerical and
simulated results, we find that DADT achieves a higher satisfaction ratio while maintaining

low transmission overhead, but results in longer DTN delay.

3.2 Related Work

There are a number of existing works on position-based and geographical protocols
for MANET [47]. Some of them were focusing on delay-tolerant geographical routing in

vehicular environment. Leontiadis et al. proposed Geographical Opportunistic Routing
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(GeOpps) by selecting the next hop that is likely to carry the information closer to the
final destination of the packet [38]. It calculates the shortest distance from packet’s
destination to the nearest point of vehicles’ path and estimates the arrival of time of a
packet to the destination. Soares et al. proposed GeoSpray, which is inspired by GeOpps
but combines selected replication and forwarding with explicit delivery

acknowledgement [57]. GeOpps and GeoSpray use a navigation system and assume that
vehicles have a fixed route between two points.

Communication model in NDN brings potential advantages to VANETSs. It appears
to be more robust to overcome the mobility and intermittent connectivity challenges in
VANETS. Recently, several applications of Information-Centric Networking (ICN) to
VANETS have been published. Amadeo et al. focused on the design and evaluation of the
NDN forwarding plane in MANET [12]. It proposed provider-blind forwarding strategy and
provider-aware strategy which use a deferred timer and overhearing to deal with flooding.
In E-CHANET [13], each packet is forwarded by considering a counter-based suppression
mechanism to reduce the collision probability and limit the broadcast storm. Each node,
consumer or forwarder, keeps track of reachable content providers and the distance to
them. Grassi et al. proposed Navigo [22], which is a location-based packet forwarding
mechanism for V-NDN [21]. It can guide interests towards data producers using a
specialized shortest path over the road topology by mapping data names to data locations
and forwarding interest packets along the best path. It uses the strategy to cover a large
area with the smallest number of hops by selecting forwarders at the intersections. Yu et
al. proposed an opportunistic geo-inspired content based routing method, which utilizes
the last encounter information of each node to infer the locations of content holders [77].
With the last encounter information, the interests can be geo-routed instead of being
flooded to reduce the congestion level of the entire network and highest priority is always
given to forwarders who have relatively recent location information. Wang et al. proposed

and evaluated an application for V2V traffic information dissemination that leverages NDN
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for efficient interest and data broadcasting [68]. It employs a set of timers to coordinate
transmissions and minimize packets collisions on the shared wireless medium. NAIF has
been proposed by Yu et al. [76]. It adjusts forwarding rate dynamically based on
forwarding statistic information it overhears locally and estimates missed rate. In this way,
each node reduces forwarding overhead by sharing workload with its neighbors. Lu et al.
proposed a DTN scheme to retrieve content in MANET using social centrality [44].

Most related works mitigate broadcast storm using deferred timers and overhearing.
But these schemes had not specially dealt with DTN cases in VANETSs. Our work aims to
design a mechanism which considers rebroadcast and retransmission together, also

including the DTN case which is important for intermittent VANETSs.

3.3 Forwarding Strategy Design

In this section, we introduce our proposed Density-Aware Delay-Tolerant interest
forwarding strategy.

Following the convention, we acknowledge that all vehicles are equipped with GPS
devices and are able to obtain their real-time geographical locations. Each vehicle
broadcasts beacon messages that periodically announce their vehicle IDs and geographical
locations. In addition, whenever a vehicle sends out an interest or data packet, it will
attach its ID and current geographical location to the packet. Each vehicle maintains a
neighbor list, which is updated whenever it overhears a packet (beacon/interest/data)
in-the-air. The neighbor list records the timestamp of receiving the packet and its last
hop’s vehicle ID and location. Practically, the location information can be attached in the
periodic Dedicated Short Range Communications (DSRC) safety beacons and will not
generate extra packets. In our implementation, every second vehicle sends out a special
beacon interest packet with name /BEACON/. This type of interest cannot be forwarded
by other vehicles and will expire in just one second.

Our work considers retrieving traffic data, such as emergencies, accidents and traffic
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signals, which describe transportation traffic information in an area. This type of data
should attach geographical location that can be expressed under a naming scheme. In our
implementation, we use the name structure of /(latitude,longitude)/sequence to represent
the traffic data with spatial and temporal information. It indicates not only the
geographical coordinate of the center in a Rol, but also the time sequence of the traffic
data. Therefore, each forwarder is able to get the data location by parsing the name.

As aforementioned, the two challenges in vehicular NDN are interest flooding and
intermittent connectivity. Our proposed forwarding strategy DADT includes two
forwarding phases: rebroadcast and retransmission, targeting those two problems
separately. Rebroadcast occurs immediately after a node receives an interest packet.
DADT considers both the distance to the last hop and the distance to the data to set
deferred timers. Retransmission happens when a node stores-and-carries the interest packet
for a while and then decides to retransmit it. DADT uses neighbors’ geographical location

to calculate directional network density to decide whether to forward the packet.
3.3.1 Rebroadcast

When a vehicle receives an interest, if the vehicle doesn’t have data to satisfy the
interest, it will rebroadcast the pending interest to its neighbors for potential data carrier.
There are several issues when simply rebroadcasting the Interest, especially in a dense
network. First of all, packet collisions will occur frequently if neighboring vehicles
rebroadcast interest at the almost same time. Secondly, blind broadcast will make interest
propagate to all directions and flood the network. Last but not the least, making every
node forwarding interest arbitrarily will bring much unnecessary transmission overhead and
cost much bandwidth usage.

To deal with those issues, DADT takes advantage of the rebroadcast deferred timer
that sets a waiting period for each forwarder before their actual transmission. It can reduce
the probabilities of packet collision. A more significant benefit is that the vehicles with

higher forwarding priority will rebroadcast interest packets eventually.
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Among several neighboring vehicles that receive the same interest, each vehicle sets
deferred timer based on its forwarding priority and adds the interest to its pending
transmission queue. The vehicle with higher forwarding priority will have shorter waiting
time. During the waiting period of each vehicle, if it overhears an incoming interest/data
packet that has the same name with the previously scheduled transmitted interest, it means
that the interest has been forwarded by other vehicle that has higher forwarding priority
than the vehicle itself. So it cancels the scheduled transmission for the interest. Eventually,
only parts of vehicles with higher forwarding priority actually forward the interest.

We considered two factors indicating forwarding priority when assigning rebroadcast
deferred timers. On one hand, the vehicles farther away from the last hop should have
higher forwarding priority so that the interest can be propagated faster with fewer hops.
On the other hand, the vehicles closer to data location should have higher forwarding
priority thus the interest could have more chance to be forwarded to its desired area. To
consider these two factors, we make use of the reference node, which is defined as the
nearest possible geo-coordinate to the data location within the transmission range of last
hop [77]. For example, in Figure 3.1, vehicle A receives an interest packet coming from
vehicle B and the name indicates data location is D. So R is the reference node. In our
design, a vehicle closer to the reference node has shorter rebroadcast deferred time because

of higher forwarding priority. We use the following equation to compute the waiting time:

Dpg
Tre roadcast — Tmacc— Tran om 3.1
broadcast 5D, + d (3.1)

where T}, is the maximum waiting time, D,,,, is the transmission range and Dp indicates

the distance from current vehicle to reference node. The value range of is from 0 to

max
1 so that the range of waiting time is from 0 to T},,.. To avoid packet collision when two
calculated times are close, a random time T;.4n40m is appended to the equation.

We notice that the calculation of deferred time for each vehicle is based on its
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Figure 3.1: Retransmission Forwarding Priority

current location, last hop’s location and data location. Since the deferred times are
normally within one second, the vehicles’ movement during this small time period can be

ignored. Therefore, we can assume a static network topology during interest rebroadcast.
3.3.2 Retransmission

VANETS can be partitioned frequently. In the case of network interruption, NDN
suffers low interest satisfaction ratio. DTN is a common approach to address the
intermittent connectivity issue in vehicular environment. In DTN, vehicles store-and-carry
packets and retransmit them after a while. There are two questions when applying DTN to
NDN: (1) is the retransmission always necessary? (2) when to retransmit for better
performance? Our approach DADT aims to increase interest satisfaction ratio while trying
to keep transmission overhead low. Also, the DTN response delay should be acceptable.

In DADT, after forwarding the interest, each vehicle will add it to a pending
retransmission queue. If the vehicle overhears an interest with the same name that sent
from another vehicle with stronger forwarding capability, it will delete the interest from its
pending retransmission queue because this interest has been successfully forwarded by one

of the neighbors. The retransmission will also be canceled if the vehicle overhears a data

46



packet with the same name since the interest has already been satisfied. Therefore, one
copy of interest packet being forwarded will be stored at network edges during network
disruption. Once the network is recovered, the vehicle will retransmit the packet if it
detects an appropriate neighbor with forwarding capability. DADT measures vehicles’
forwarding capability by considering the location of the data and all the neighbors.

In Figure 3.1, to express the potential forwarding capability of vehicles, we define a
sector area between A and D with an angle of §. Clearly, the vehicles inside this area will
have more probabilities to forward the interest towards its desired location. In our design,
we define spatial priority P, which measures how close the neighbor Nj is to the
shortest line between the current vehicle and the data location. It is calculated according

to the neighbor list. Assume vehicle A maintains an up-to-date neighbor list N. For each

N; in N, the spatial priority P;,,,, can be expressed as follows:

IDQ(A7N7,)+D2(A7D>_DQ(NMD)

i e 3.2
@ 2D(A, N,)D(A, D) (3:2)
0 — 2at .
A 7 a , 20t <0
slpatial = (33)
0, 20 >=0
where function D calculates the distance between two vehicles. In equation (3.3), Psipatmz
indicates the spatial priority of each neighbor.
The summarized neighbor priority can be presented as:
N
Pneighbor = Z Pslpatial (34)
i=1

We use Peighbor to make retransmission decisions. Each time vehicle updates the
neighbor list, it will check the P,cignpor for each packet in retransmission queue. If
Prcighbor > 0, vehicle retransmits the packet immediately.

Before retransmitting, if a vehicle overhears the same interest from another vehicle,
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it will check if the interest’s last hop is in the sector area. If yes, it means the packet has
been forwarded by vehicles with stronger forwarding capability, so it cancels its own
retransmission.

We notice that the calculation of forwarding priority for each vehicle is based on
data location and the neighbors’ location. The neighbor list of each vehicle is up-to-date
because of the periodic beacon messages. Therefore, DADT measures vehicles’ forwarding

capability using the latest location information.
3.3.3 Overall Workflow

Figure 3.2 represents the overall workflow for DADT interest forwarding strategy.
Each vehicle maintains four queues: Tx and Retransmission (ReTx) queues for interest and
Tx and ReTx queues for data. Whenever vehicle overhears a packet, it will check and
update the queues before it checks PIT and CS. Notice that if an interest has a
naming-matching data in the queues, it will be dropped because it has already been
satisfied. For the data forwarding, we set rebroadcast deferred timers using the distance to
the last hop [68]. We also implemented data retransmission scheme similar to interest

retransmission but by also considering the vehicles outside the sector.

3.4 DTN Delay Analysis

In this section, we build a mathematical model and define a new performance metric

to analyze DTN delay for forwarding strategies. Numerical results show the performance.
3.4.1 Mathematical Model

Without loss of generality, we define p as the probability that a vehicle occurs
within another vehicle’s transmission range during a very short time slot. Also, we define n
as the total count of time slots. Because p is very small and n is very large, a binomial
distribution B(n,p) can define the probabilistic distribution of how vehicles occur within

others’ transmission range. It is well known that B(n,p) approaches Poisson distribution

48



Receive Interest Packet

(foreach entry in
Interest Retx Queue)

Ye Delete from
Interest Tx Queue

A
Delete from Interest
Retx Queue

Y

Drop Interest
Ye
€ Packet

A

No
Retx Queue S 'in Data Re
Queue?

Add to Interest Tx
Queue No

Setup Yes
rebroadcast timer
A

No

Data

Figure 3.2: DADT Interest Forwarding Strategy Workflow

with parameter A = n x p, which is the average number of neighbors per time slot. Let
Z(t) denote the number of neighbors within transmission range during ¢ time slots, then
the probability that there are exactly k neighbors for a vehicle during ¢ time slots can be

described as:
()"

Te_)‘t,k: =0,1,2,.. (3.5)

P(Z(t) = k) =

where A is the average number of neighbors per time slot.

In the case of k£ = 0, we calculate the probability that there is no neighbor during ¢
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time slots:

Thus, the probability that there is at least one neighbor during ¢ time slots can be

represented in:

P(Zt)>1)=1—eN (3.7)

Now we define the variable ¢ that indicates the time interval between two successive
neighbor(s) occurring events. As we know, an exponential distribution can be used to
describe the time interval between events in Poisson process. Thus, the probability

distribution of ¢ can be described as the following equation:

P(t <) can be regarded as the Cumulative Distribution Function (CDF) of i:

CDF(i)=1—e™ (3.9)

Then, we can get the Probability Density Function (PDF) by taking the derivative of CDF:

P(i) = PDF(i) = CDF'(i) = Ae ™ (3.10)

It is obvious that ¢ yields to Exponential distribution.
3.4.2 Numerical Analysis

Till now, we are able to represent the probability distribution of the time interval
between two successive neighbor(s) occurring events using the equation (3.10). When
forwarding interest, vehicles are able to receive interest from others and retransmit it only
when there is at least one neighbor. We define a performance metric Retransmission

Waiting Time (RWT) that indicates the time cost from a vehicle receiving the interest
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to the vehicle retransmitting it. The probability distribution of RWT can be described in
equation (3.10). In the rest part of this section, we will show numerical results on RWT for
different forwarding strategies and analyze the trade-off.

As aforementioned, A indicates the average number of neighbors within a vehicle’s
transmission range. In our proposed forwarding strategy DADT, we only consider the
neighbors inside the sector as the next forwarders (as Figure 3.1 shows). So the parameter
becomes % when calculating RWT for DADT. We compare DADT with other two DTN
forwarding strategies: (a) First Contact: node retransmits interest when it encounters
the first neighbor; (b) 0.5 Probability: node has 50% chance to retransmit interest when
it encounters each neighbor. Therefore, RWT for each strategies can be denoted using

equation (3.11), (3.12) and (3.13).

N2y
Ppapr(i) = 3¢ e (3.11)

PFirstContact(i) = )\e_M (312)

Po.5Probabitity (1) = ' (3.13)

where 6 is the angle of the sector and A is the average number of neighbors per time slot.

Figure 3.3 shows the numerical results for the three forwarding strategies in the case
of A =10.2 and 0 = 7. As expected, most RWTs of First Contact are very short because
vehicles have more chances to meet the next interest forwarders. The curve of DADT is
nearly even, which means the probabilities of different RWTs are equally distributed. We
also observe the performance of RWT under different network densities (indicated by
different values of A) in Figure 3.4. DADT has longer RWTSs than other two strategies,
especially with sparse network densities.

Then we study the RWT performance from the impact of sector scope (indicated by
the value of §) in DADT. Figure 3.5 displays the probability distribution of RWT with

different values of . We observe that 6 has a linear relation with the probability that RWT
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Figure 3.3: Probability Distribution of RWT for Different Forwarding Strategies

equals 0. As RWT becomes longer, 6 plays less significant role. We also realize that most
of the long RWTs are due to small values of 6.

From the numerical analysis of RW'T by comparing with other DTN strategies, we
admit that DADT has longer RWT than others, thus contributing to longer DTN
request /response delay. This occurs because DADT takes more factors into account when
calculating neighbors’ forwarding priorities. Other strategies simply retransmit or 50%
probability to retransmit the packet without considering spatial factors. This is the
drawback of DADT, but it can be minimized by carefully considering the value of 8, which

will be illustrated in the following section.

3.5 Performance Evaluation

In this section, we introduce our work on evaluating the proposed forwarding
strategy DADT, including the configuration of our simulation, the metrics we used to
measure the performance and other strategies we compared with. Also, we present the

evaluation results. At last, we study the performance trade-off for DADT.
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3.5.1 Simulation Configuration

Our simulation map is an urban area spanning about 1 x 1 km? in San Francisco, as
shown in Figure 3.6. We imported the map into SUMO [34] and generated a certain
number of vehicles randomly distributed on map. During the 500-second simulation, each
vehicle picks up a random point on the map as a destination and calculates a shortest
path. Once it reaches the point, it will randomly choose the next destination and keep
doing so until the end of simulation.

We have chosen two points on map as the centers of Rols, as shown in Figure 3.6,
where a RSU is deployed. RSU can detect nearby traffic information and generate data in
response to interest packets. In our simulation, the two RSUs are running NDN producer
applications and replying data upon interest. A subset of vehicles are running NDN
consumer applications by issuing sequential interest at a certain frequency (10 seconds per
interest). Every interest is requesting traffic data generated by one of the RSUs and will be
expired in 50 seconds. Other vehicles are playing the role of forwarders to rebroadcast in
instant connection and/or data mules to retransmit using DTN. This configuration is to

mimic the situation in VANETS that vehicles periodically request sequential traffic
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information in its interested area.

We fully implemented DADT interest forwarding strategy in a modified version of
ndnSIM 2.0 [8] [46]. The strategy module was added to NetDevice interface without
making any changes to the default NFD. All vehicles and RSUs are equipped with Wi-Fi

Ad-Hoc interfaces and installed with NDN stack.
3.5.2 Evaluation Method

In the following representation, we use N to indicate the total number of issued
interest packets during the whole simulation, n to indicate the number of satisfied interests
that consumer obtains the requested data through instant connection and m to indicate
the number of satisfied interests that consumer obtains the requested data by DTN.
Because instant connection can deliver message very soon (normally within one second), we
separate DTN from instant connection by regarding all deliveries that have delay > 1
second as DTN. We have run the simulation 50 times with different random seeds to obtain

the average value of these metrics.

n-—+m
1. Satisfaction Ratio. 1t is defined as i . This metric indicates the delivery ratio of

interest and data packets on application level.
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Figure 3.6: DADB Simulation Scenario

2. Normalized Transmission Querhead. It is the total number of transmitted interest
and data packets per satisfied interest (divided by n + m). This metric can measure
the transmission cost and bandwidth usage of network. We did not count beacon

interest into transmission overhead.

i, where t; indicates the delay of each

ot
3. Average DTN Delay. 1t is defined as Z’;l
m

satisfied interest by DTN.

r

4. RSU Hit Ratio. It is defined as

ey where r is the number of occurrences that
n+m

RSU receives interest and reply data.

We compare the performance of DADT against three other strategies: (a) First
Contact: node retransmits interest when it encounters the first neighbor; (b) 0.5
Probability: node has 50% chance to retransmit interest when it encounters each

neighbor; (¢) No retx: node does not retransmit interest. Notice that all DTN strategies
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only retransmit interest once.

For the parameters of timer calculating, we set D,,q, as 150 meters, Ty,.. as
0.03 seconds and 6 as /2.

For simulating the variety of network density and interest request load to study
their influence on network performance, in our evaluation, we adjusted the number of cars
and the number of consumers, respectively. The consumer number maintains 4 when the

number of cars varies. The car number keeps 30 when the number of consumers changes.
3.5.3 Evaluation Results

Figure 3.7 shows the performance of satisfaction ratio. We observe that our
proposed DADT has the highest satisfaction ratio among all strategies. Even though
DADT only retransmits interest once, it achieves almost double satisfaction ratio of No
retx. This is because DADT takes into account spatial priority when making
retransmission decisions. We find that denser topology helps to increase satisfaction ratio.
The gap size between the curves of DADT and No retx indicates those satisfactions that
have been completed by retransmission using DTN, which do not change too much in
different topology densities. It means that denser topologies introduce more chances for
instant connections, but not for DTN. In addition, more consumers contribute to higher
satisfaction ratio since more interests can be satisfied by the data in cache. But the curves
become relatively even when number of consumers is larger than 6, which means that in
those cases, network topology becomes a more critical factor to achieve higher satisfaction
ratio.

The performance of normalized transmission overhead is shown in Figure 3.8. As
observed, in most cases, DADT has the smallest normalized transmission overhead, which
indicates that DADT brings less overhead to satisfy the same number of interest than other
strategies. We find that this metric has a linear relation to the number of cars. Also, more
consumers requesting the same data will reduce the overhead because fewer interests will

be sent to the data source area.
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Figure 3.7: Satisfaction Ratio for Different Forwarding Strategies

Figure 3.9 shows the performance of average DTN delay that represents response
delay to satisfy interests during network disruption. Similar to the results in Figure 3.4, we
observe that DADT has longer DTN delay than other two DTN forwarding strategies. This
is because DADT waits for an appropriate forwarder to retransmit interest but other
strategies retransmit interest without this considering. Unlike the delay with instant
connection, DTN delay is significantly affected by number of cars but not by number of

consumers. This occurs because in denser topologies there are more opportunities to find
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Figure 3.8: Transmission Overhead for Different Forwarding Strategies

an appropriate neighbor to forward interest. We also notice that number of consumers has
little impact on DTN delay, which is because the chance of hitting cache has little relation
to DTN delay in our scenario.

The results of RSU hit ratio are displayed in Figure 3.10, which also indicates the
percentage of interest satisfied by cache among all satisfied interest. We find that DADT
has the lowest RSU hit ratio, which means it achieves highest cache usage ratio among all

strategies. The results indicate that in DADT, interests have a higher probability to be
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Figure 3.9: DTN Delay for Different Forwarding Strategies

satisfied by cache than other strategies. The reason for this is that DADT guides interest
to its desired area by directional forwarding and the vehicles around that area will have
more chance to carry the data because of previous requests by other consumers. Thus the
interest can be satisfied before hitting the RSUs.

3.5.4 Trade-off Study

After analyzing numerical and simulated results, we observe that DADT achieves a

higher satisfaction ratio and less transmission overhead per satisfied interest, but results in
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Figure 3.10: RSU Hit Ratio for Different Forwarding Strategies

longer DTN delays. To minimize the drawback, we study the trade-off by exploring the
impact of 6, which is used in equation (3.3) to represent scope of the sector when
calculating neighbor spatial priority.

During the evaluations, the number of consumers was set to 4 and we adjusted the
value of 6 to measure the performance of DADT under different network densities. Figure
3.11 shows the results of satisfaction ratio, normalized transmission overhead and average

DTN delay.
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We observe that smaller 6 introduces higher satisfaction ratio, but leads to more
transmission overhead and longer DTN delay. This is because a smaller scope of the sector
makes the next forwarder selection more accurate, but leads to less opportunities to find an
appropriate next forwarder. Thus, it costs more overhead and longer delay to retrieve the
data. We also find that the value of 6 plays a more significant role in a sparser network
than denser networks for transmission overhead, but has similar impacts on DTN delay in
different network densities. It means that in a dense network, the transmission overhead
does not increase when the scope of sector is getting large, but larger sector will lead to
shorter DTN delay. In a sparse network, a larger sector contributes to both less
transmission overhead and shorter DTN delay.

Then we want to measure the extra overhead and delay cost for increasing
satisfaction ratio. We define two new metrics Shared Extra Overhead (SEO) and
Shared Extra DTN Delay (SED). Those two metrics are calculated by the extra
overhead and delay cost divided by the increased satisfaction ratio compared against
baseline strategy, which is the DADT with 6§ = .

Figure 3.12 shows the performance of SEO. We observe that the network density
does not impact SEO too much. But more consumers result in smaller SEO, which is
because more interests can be satisfied by cache. We find that when there are fewer
consumers, small § will lead to extremely large SEO, but the influence of § becomes weaker
when there are more consumers. Therefore, when there are few consumers, the value of
should be large if less transmission overhead is expected. However, when there are more
consumers, ¢ can be smaller to achieve a higher satisfaction ratio.

We observe the results of SED in Figure 3.13. There is shorter SED in sparser
networks, in which bigger 6 contributes to shorter SED. In denser networks, SED becomes
longer, but the impact of # becomes less significant. When the number of consumers
changes, SED has the similar performance as SEO. Therefore, the value of 6 should be

large enough to avoid extremely long DTN delay, especially when there are few consumers.
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3.6 Summary

In this chapter, we have proposed DADT: a Density-Aware Delay-Tolerant interest
forwarding strategy to retrieve traffic data in vehicular delay-tolerant NDN with the
purpose of improving packet delivery ratio. It considers rebroadcast and retransmission
together, also specifically addressing data retrieval during network disruptions using DTN.
We have completely implemented DADT through simulation and demonstrated its
performance by comparing against other DTN strategies. The results show that DADT
achieves higher satisfaction ratio than other strategies without introducing much
transmission overhead. We have also explored the impact of sector scope on network
performance and found that choosing the value of sector scope can be a trade-off between
achieving higher satisfaction ratio and gaining less transmission overhead and shorter DTN

delay.
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CHAPTER 4

EMPIRICAL STUDY ON VEHICLE MOBILITY

Vehicle-crowd (V-crowd) based cloudlets are envisioned to support high-demand
mobile edge computing applications. A v-crowd has capability to host such applications
when vehicles inside it can share computation and storage resources via vehicular NDN.
Our work in Chapter 2 provides a mechanism for vehicles inside a v-crowd to exchange
information. But for some case that a v-crowd doesn’t have enough capability to host
applications, vehicles from nearby v-crowds can enhance the capability by traveling
between v-crowds. Our work in Chapter 3 addresses the delay-tolerant communication
between two adjacent v-crowds.

A v-crowd’s capability to host cloudlet applications is significantly affected by the
sustainability of itself. Among the factors that may contribute to the capability and
sustaining the v-crowd, traffic signal coordination plays an important role. In this chapter,
we study the interdependence between them through an empirical approach. We’ll define
new metrics to quantify the impact, and use data driven simulation to obtain results by
manipulating signals offset as a control knob of traffic signal coordination. The goal is to
use the results in terms of the metrics to develop guidelines that offer choices of offsets
preferable for certain levels of v-crowd properties so as to achieve better performance of
cloudlet applications.

This chapter is organized as follows. Section 4.1 introduces the motivation and
overview of this work. Section 4.2 surveys the related work. Section 4.3 illustrates the
architecture of the v-crowd based VANETSs. Section 4.4 introduces the correlation model.

Section 4.5 discusses the influence of traffic signal coordination on the sustainability of
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v-crowds. Section 4.6 describes the simulation plan. Section 4.7 presents results and
delivers practical guidelines for signal adjustments. Finally, Section 4.8 summarizes the

chapter.

4.1 Introduction

With the great success and development of I'TS, vehicles can offer many new
applications and services, such as safety assistance, traffic monitoring, self-driving, smart
parking, etc. Such applications typically require intensive computation and a large amount
of data storage. Mobile Edge Computing (MEC) is considered as a promising solution to
address the ever-increasing computation and storage demand in ITS.

We envision that a group of connected vehicles, vehicle-crowd (v-crowd), can
self-organize using research results from VANETSs and Vehicular Delat Tolerant Networking
(VDTN) to share computing and storage resources among them to support MEC such as
cloudlet so that these high-demand ITS applications can run on top of
v-crowds [63] [20] [65]. A v-crowd based cloudlet has the capability coming from harvesting
the computing and storage resources by collaborations among grouped vehicles which are
knitted together via the vehicular networking protocols, such as V-NDN. The platforms
like cloudlet and cyber-foraging are ready to host high-demand I'TS
applications [40] [42] [55] [2]. ITS applications can greatly benefit from these platforms
with more prompt and accurate data inputs and result outputs, computing-hungry
data-mining and Al analysis algorithms, and higher resolution visualizations.

The sustainability of a v-crowd significantly affects its capability to host cloudlet
applications. The sustainability is measured in term of the persistence and recovery of a
v-crowd. The persistence directly determines how the computing job would be allocated
within a v-crowd and when to migrate to an adjacent v-crowd. The recovery leads to
sustaining the v-crowd at the same location.

Vehicle mobility is the major player in sustaining the v-crowd, which is influenced
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by many factors, such as speed, volume, original-destination pairs, etc. Yet in urban areas,
vehicle mobility is highly coupled with traffic signals and the coordination of adjacent
signals, especially under heavy traffic load. The objective of this work is to address unique
questions regarding the interdependence between traffic signal control and the
sustainability of v-crowds and to deliver practical guidelines for adjusting traffic signals to
sustain v-crowd for edge computing. There are several open issues such as: how to define a
v-crowd’s capability to host cloudlet applications? how to quantify the impact from traffic
signals on a v-crowd’ sustainability? how to adjust traffic signals to benefit cloudlet
applications?

In this work, we will answer the above questions by quantifying the impact from the
coordination of traffic signal operations on the capabilities of v-crowds. Our objective is to
deliver practical guidelines for adjusting signal offsets in terms of desired capability of
v-crowds. In urban areas, signals of adjacent intersections impact the occurrence and
lifetime of the v-crowd at the intersection in question. While both signal plan and offset
play a role, we focus on the offset between adjacent intersections, because it captures
coordinated mobility well.

We use real traffic load and signal events from real road system. But the need for
making the offset as a variable in this study led us to use simulations, because it is not
feasible to frequently manipulate traffic signal offsets on a real road. As such, we use a
data driven, empirical approach, i.e., we use the real road map, the traffic load and the
signal events to drive the simulations. We set up one control road segment in a way that
one end of the segment will vary its offset according to the other end. While road traffic is
bi-directional, this setup can only control the coordination in one-direction. Even though,
our results still show patterns due to the impact.

In addition, we introduce metrics to quantify the capabilities of v-crowds. The
metrics indicate the capability from different aspects of cloudlet when executing the

applications. The collected bi-directional simulation data show insights that we use to
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develop guidelines. Specifically, the guidelines offer choices of offsets preferable for certain
levels of v-crowd properties (hence, supporting cloudlet applications) in terms of different
signal plans. The guidelines are aimed at sustaining the v-crowds across multiple

intersections so as to achieve better execution performance of cloudlet applications.

4.2 Related Work

Adjustment of traffic signal to improve the reliability and efficiency of
transportation system has been importantly studied and some of the results are already
implemented in the USA. Broadly, these adjustments can be explained in terms of Traffic
Signal Preemption (TrSP), Traffic Signal Priority (TSP), Traffic Responsive Plan Selection
(TRPS) and Adaptive Traffic Signal Control (ATSC) [66]. TrSP alters normal operation of
traffic signal control to special control mode of operation such that emergency vehicles can
be provided with the right of the way to improve efficiency and minimize
accidents [50] [31] [67]. TSP generally involves adjustment of green time allocation of
non-emergency priority vehicles to help in their delay minimization [9] [26] [61] [43] [25].
TRPS enables different signal plans based on (historical) study about existing traffic
conditions [6]. ATSC enables a signal adjustment for general vehicles based on real-time
prediction and sensing of vehicles at road sections in an intersection to minimize congestion
and delays [7] [53] [52].

Apart from the traffic signal adjustments, there are works in the literature that
make use of connected vehicle technology to achieve similar goals. Hu et al. present a
scheme with flexible green timing based on the information from connected vehicles [26]. A
scheme for a fixed traffic signal plan where the acceleration and the deceleration of a
vehicle is controlled to arrive to green signal on the intersection is presented by Asadi et
al.. [14]. Similarly, Yang et al. look into density of connected vehicles in an intersection to
adjust the departure periods (green signal timing) [74]. Moreover, some works present a

complete new way of intersection control without traffic lights through interaction among
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vehicles around the intersection [73] [37].

Our work is different from the existing works in the literature in terms of goal
achieved since it studies traffic signal timing adjustment through connected vehicles to
increase sustainability of v-crowd to achieve better performance of cloudlet applications.

There are also some closely related work that are in the aspects of self-organized
storage, self-organized traffic lights and adaptive traffic lights.

Self-organized storage or cloudlets is using vehicle-to-vehicle communication to
maintain information in a certain area for a range of time, especially when there are less
infrastructures. Li et al. [40] evaluated the performance mobile cloudlets in terms of
cloudlet size, lifetime and reachable time. After mathematical analysis, they demonstrated
some factors that have impacts on computing and storage capacities of a cloudlet.

DOVE [72] using processor scheduling has been proposed for data dissemination to a
desired number of receivers. It can reduce transmission overhead in dense network while
maintaining self-organizing storage. A cancellation scheme [54] using multi-hop beacon
forwarding and network coding was proposed to address the problem of communication
interference in an urban area. It can improve self-organized storage capacity with higher
packet delivery ratio and channel utilization. CBNCR [24] using cluster based broadcasting
and multi-hop relaying has been proposed to disseminate data with high message delivery,
which improve the communication reliability in self-organized storage. Even though the
above works were focusing on improving self-organized storage from different aspects, they
did not consider the influences from transportation, such as traffic lights. Song et al. [59]
investigated the affects from traffic lights on data delivery and developed an analysis model
for evaluating the data delivery when vehicles are moving between intersections. Our work
is different from the aforementioned ones in that we analyze correlation between traffic
lights and its impacts on self-organized storage capacity. Also, we developed a system that
can achieve coordinated transportation operation on top of self-organized storage.

Self-organized traffic lights, as known as Virtual Traffic Lights (VTL), are using
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vehicular communication and self-organized storage to support transportation operation
and thus replace real traffic lights. Sommer et al. [58] studied the coordinating clusters of
cars and their communication, which are heavily relied by VTL. A self-organizing network
solution basing biologically inspired networking paradigm [62] has been proposed to
leverage vehicles as temporary infrastructures, acting as a communication bridge, which
can increase network connectivity. This work provides an approach of leveraging VTL to
enhance self-organized storage capacity. Our work, however, is different from those works
in that we are using traffic data sensed from vehicles to achieve coordinated transportation
operation of multiple VTLs.

There are some other works about adaptive traffic lights using mobile sensing,
computing and communication. A signal control algorithm [41] was developed to optimize
vehicle paths and traffic lights under an automated vehicle environment. GreenSwirl [70]
combining traffic signal control and route guidance was proposed to reduce traffic
congestion. Bodenheimer et al. [15] presented a method to enable Green Light Optimized
Speed Advisory system for adaptive traffic lights. Moreover, this method can also be used
to transform other existing systems from static traffic lights to adaptive traffic lights. Even
though those works give some inspiration about adaptive traffic lights and their impacts on
transportation as well as communication, they did not consider coordinated transportation
operation over large-scale road networks. Also, our system providers a mobile cloud

platform to support transportation operations.

4.3 System Architecture

We envision a v-crowd centered networked system that is hierarchical in the sense
that there is an additional layer for groups of vehicles on the top of ad-hoc NDN and
delay-tolerant NDN. V-crowd is formed by individual vehicles connected via network
system to act as a collaborative mobile cloud platform. While each vehicle in a v-crowd is

capable of sensing, computing, and communication, the v-crowd collectively builds
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additional capabilities of local computing and storage via collaborations among the
grouped vehicles. A v-crowd can form sporadic anywhere and anytime. However, in favor
of potentially a longer last period of time, we consider a v-crowd being anchored at a Rol.
Intersections along arterial roads are of particular interest as they are the locations where
more vehicles are likely to appear within each other’s vicinity.

Figure 4.1 illustrates the architecture of the v-crowd based VANETs (VC-VANET).
The upper tier is a logical layer consists of a mesh of vehicle crowds. The lower tier is
individual vehicles participating V2V communications and networking using ad-hoc NDN
and delay-tolerant NDN. VC-VANET can be established instantly to support applications
running on the cloud platform. With v-crowds, the applications will be held at the
corresponding locations and delivered to approaching vehicles. These advantages of
VC-VANET, especially the collection and estimation of aggregated road traffic conditions,
cannot be achieved through NDN alone. Vehicles belonging to the same v-crowd
collaboratively hold (cache) pieces of information, perform data processing, and

communicate with peers in the same v-crowd or approaching vehicles.

4.4 Correlation Models

The occurrences of multiple v-crowds are not independent, especially for v-crowds
at adjacent intersections. The occurrence of v-crowds is strongly correlated to signal
coordination. Understandings of these correlations will help establish a relationship
between traffic signal operations and sustainability of multiple v-crowds. This relationship
can then be incorporated into planning job distribution and migration of cloudlet
applications among the v-crowds.

In this section, we derive two analytical models to quantify the temporal correlation

properties of two adjacent v-crowds.
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Figure 4.1: The Network Architecture of V-Crowd Based VANETS

4.4.1 Temporal Correlation Distance

We employ an entropy-based approach to measure the correlation of the time series
of two intersections. Without loss of generality, let R = {r} denote the set of intersections
in a road network. We assume that vehicle traces are available. For each time interval
(interval index is omitted here), let p;. = {0, 1} represent whether vehicle i is at
intersection 7 or not. Let P = {p;,}, where each column of P represents a list of vehicles
passing intersection 7 at a particular time interval. For time interval k, define ¢* = Zipr.
Then matrix Q) = {qf} represents the traffic volumes over time at various intersections.
Each column of () represents a time series of traffic flow at one intersection. We define this
time series as U, = {q}, ¢, ...q'}. It is worth-mentioning that when generating time series
for each intersection, the travel time between adjacent intersections should be accounted
for in order to offset the time indices and shift the time series of all intersections against
the same external reference time point.

Assume the total number of vehicles passing through the road network is N. We are
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able to obtain the probability of a vehicle occurs at intersection r at each time series as
P, ={q!/N,¢?/N,...q./N}, where P™ indicates the probability that a vehicle occurs at
intersection r at time series m.

We choose two adjacent intersections x and y, where x,y € R. The relative entropy
D (P,||P,) is defined by equation (4.1) to measure the distance of traffic volumes between

intersection x and y:

M
m b
D(P:cHPy):ZPx log (Pm+At> (4~1)
Y

m=1

where m is a time series of a vector, M is the total number of time series of the vector and
At is the travel time from intersection x to y. A larger D (P,||P,) indicates that the two
vectors are less similar.

Combining D (P,||P,) and D (P,||P,), we further define the Temporal Correlation

Distance (TCD) between intersection x and y in equation (4.2):

m v m Py
> i (P |log (%) | + P;*|log (ﬁ) )
N

TCD(x,y) = (4.2)

The developed metric T'C'D will allow us to measure the correlation of the
occurrence and the persistence between any v-crowd pairs. It will indicate whether two
v-crowds are grouped, and how the grouping changes over time. It also allows us to
consider the quality of performing cloudlet applications and offers inputs for managing

cloudlet applications over more potential resources and migration options.
4.4.2 Dynamic Time Warping

In addition, we declare temporal similarity distance using Dynamic Time Warping
(DTW) algorithm. DTW is one of the algorithms for measuring similarity between two
temporal sequences. We use dtw(i, j) to denote the distance between traffic volume of

intersection x at time ¢ and traffic volume of intersection y at time 5. Then, we have:

dtw(i, ) = d(i, j) + min(dtw(i — 1, ), dtw(i, j — 1), dtw(i — 1,7 — 1)) (4.3)
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where d(i, 7) is the difference between traffic volume of two intersections. Therefore, the

temporal similarity distance between two intersections can represented as:

DTW (z,y) = dtw(m,n) (4.4)

where m and n is the number of items in v and v, separately.

The metrics of DTW will measure the similarity between the occurrence and the
persistence of vehicle-crowd. It will reflect whether two time series have similar patterns. It
also allows us to simultaneously consider the quality of the performing cloudlet

applications.

4.5 Traffic Signal Coordination

When traffic signals interrupt vehicle flow, the occurrence of v-crowds would be
disrupted as well. The offset in the time indices is the most critical parameter in
sequencing the time series of groups of vehicles at each intersection. Therefore, the offset
value can determine the sustainability of a v-crowd. In Figure 4.2 and 4.3, if a platoon of
vehicles discharge from the upstream intersection (intersection 6) when green time begins,
whether they catch a green light or a red light at the coordinated downstream intersection
(intersection 5) depends on the offset value between the two adjacent intersections [66].
Figure 4.2 shows an example when the offset value is the moving time from intersection 6
to intersection 5 during which the platoon of vehicles pass through intersection 5 without
stopping. It is because the vehicles that discharge from intersection 6 when green time
starts can catch the green light when they arrive at intersection 5. However, the same group
of vehicles will be stopped because of the red light if the offset value is set to the moving
time plus red time, as Figure 4.3 shows. Since v-crowds are formed by vehicles around the
intersection, the mobility of vehicles determine the occurrence and lifetime of v-crowds.

Obtaining good offsets for sustaining a v-crowd is a nontrivial task. In realistic
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Figure 4.2: Impact of Traffic Signal Offset on Sustainability of V-Crowd: Example 1

traffic conditions, the best offset depends on many conditions, such as, the traffic amount,
the arrival time at the upstream intersection, and the lane change behavior, etc. Our
simulation will investigate the relations between the offset value of two adjacent signals and
sustainability of a v-crowd at the downstream intersection. Our goal is to identify some

offset value ranges that contribute to a sustainable v-crowd.

4.6 Simulation Plan

In this section, we introduce metrics to quantify the capabilities of v-crowds from
different aspects of cloudlet when executing the applications. Then we introduce the real
data from ITS testbed that we use for our simulation, followed by the configuration of the

data driven simulation.
4.6.1 Capability of V-Crowds

Cloudlet applications require computing and storage resources. The resources are

reflected in the v-crowds’ capability to host cloudlet applications. A v-crowd occurs when a
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Figure 4.3: Impact of Traffic Signal Offset on Sustainability of V-Crowd: Example 2

minimum number of vehicles exist within the transmission range centered at an
intersection. The intersection is said to be in holding state at the time. The capabilities of
a v-crowd can be measured in several aspects: the geographic size and vehicle density of
v-crowd, indicating amount and density of the participating vehicles; the time duration
from a v-crowd occurs to its disappearance, indicating the available duration. The metrics

are calculated centered at an intersection. Details are given below.

1. Holding density. 1t is the mean value of total number of vehicles within a
transmission range of the intersection at each time period. It indicates the number of
vehicles that can be reached through a single hop and can participate in computing
and storing tasks in a v-crowd. More holding density means richer computing and

storage resources of the v-crowd.

2. Holding size. It is the geographic area of a v-crowd. It is the distance from the head
vehicle of a v-crowd to its tail vehicle. Holding size measures how large a connected

component can be in terms of network topology. Any vehicles inside a v-crowd can
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reach each other through a single hop or multi-hop links.

3. Holding time. It counts for the time duration from a v-crowd’s appearance to its
disappearance. It is the total time periods that an intersection is in holding state.

Holding time indicates how long a v-crowd can sustain to host cloudlet applications.

4. Recovery delay. 1t is obtained by counting the time duration from a v-crowd’s
disappearance to its re-appearance. The recovery delay for v-crowd is used to

measure the ability to recovery by in-bound traffic.

5. Reconstruction delay. 1t is the delay for a v-crowd to receive messages carried back
from an adjacent v-crowd. It is calculated by the travel time from one v-crowd to

another.

4.6.2 Real Data from ITS Testbed

The field of our simulation contains eight conjoint major intersections (indexed from
2 to 9, north to south) along Highway 69, Tuscaloosa, Alabama (Figure 4.4). Those
intersections have been monitored by Alabama Department of Transportation with modern
data-logging traffic signal controllers. These data loggers record various discrete events,
such as a light turning green, a light turning red, a vehicle detector turning on, a vehicle
detector turning off. All recorded data are stored in a database [1].

We fetch all related data that are recorded at the eight intersections from 7AM to
8AM on 2017-9-15. After processing the data, we are able to identify traffic volume and
signal plans at each intersection in the period. Traffic volume contains both northbound
traffic and southbound traffic. A signal plan contains three phases: green, yellow and red.
By converting signal event data, we can calculate time durations for each phase. From
results, we find the yellow time is always 4 seconds because it relates to road speed limit
only.

Figure 4.5 shows traffic volume and signal plans at intersection 5 and 6 during a

period of 20 minutes. The two curves represent dynamic traffic volumes for the two
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Figure 4.4: Simulation Field for V-Crowd VANETSs

intersections. We find that traffic volume is usually very low at the end of each red period.
It is due to the fact that the traffic detector for each intersection is in some distance from
the intersection. For the intersections we are studying, the distance is 405 feet. It means
that it takes a while from the red start time to the time the queue reaches the detectors.
Thus, traffic volume doesn’t decrease immediately after light turns red. At the bottom of
Figure 4.5, green/yellow/red color strips indicate allocations of the three phases. We can
observe that the green time and the red time of signal timing are not constant, and two
intersections mostly have opposite signal plans. In fact, signal plans change throughout a

day, and even throughout the hour we picked in reacting to real-time traffic load.
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Figure 4.5: Detected Traffic Volume and Signal Timing

To better understand the occurrences of different signal plans, we collected more
data for further study. Typically, we collected real signal timing event data at intersection
6 from 7TAM to 8AM for ten weekdays (from 2017-9-11 to 2017-9-15, from 2017-9-18 to
2017-9-22). By k-means clustering algorithm, we identified nine clusters based on their
green time and red time. The idea of clustering signal plans has also been used to achieve
traffic responsive control in memory-constrained controller [6], but our purpose is to see
whether there are patterns for all the signal plans in terms of their green and red time.
Figure 4.6 shows nine clusters in close proximity to grid distribution. This finding allows us
to develop a representative plan for each cluster and use the representative plans as signal
parameters in simulation. To study the impact from green time and red time, according to
the clustering result we define two signal parameter sets that have variable green time and
red time separately, as shown in Table 4.1. Note that in the rest of this chapter, the terms

signal plan, signal timing and signal parameter are interchangeable.
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Figure 4.6: Signal Plan Clusters and Simuation Parameters

Table 4.1: Signal Parameter for Simulation
Set Number | Green Time (second) ‘ Red Time (second) ‘

40 35
1 60 35
80 35
60 20
2 60 35
60 50

4.6.3 Data Driven Simulation

The real map of our simulation field has been imported into SUMO [34]. The
feeding traffic flows in the simulation are at northern road of intersection 2 (southbound
traffic) and southern road of intersection 9 (northbound traffic), which are from real traffic
detections (shown in Figure 4.4). For simplification, there is no feeding traffic from side
roads.

As shown in Figure 4.4, signal timings at all intersections are also fed by real data,
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except for base signal at intersection 6 and target signal at intersection 5. The base signal
uses the signal parameters (green time, red time) defined in Table 4.1. The target signal
uses the same signal plan (red time, green time and yellow time) as the base signal, but the
target signal is shifted. We use signal offset to determine the degree of shift. For example,
offset=10 means target signal and base signal use a same signal plan but start/end time for
each phase of target signal is 10 seconds later than those of base signal. In our simulation,
each run stands for simulating one-hour urban traffic using a specific offset value for target
signal against signal timing of base signal. And we collect metric results for capabilities of
v-crowds at the target signal.

We choose signal offset as the key variable in our simulation because it is an
important parameter in sequencing the time series at each intersection and it reflects
temporal correlation between adjacent signals. The direct manipulation of traffic signals
cannot be achieved in real road system. Thus, we use simulation to adjust traffic signal
offset while still using real traffic flow data and real signal plans for other uncontrolled

signals.
4.6.4 Controlled Transportation Scenario

Figure 4.7 explain the controlled transportation scenario by showing the average
queue length for the target signal at intersection 5. We observe that no matter how green
time and red time change, there is always an offset value (about 60 seconds) that
contributes to the shortest queue length. As discussed earlier in Figure 4.2, the offset value
for the shortest queue length is related to the travel time from the upstream intersection to
the downstream intersection, instead of which signal plan is used. However, as Figure 4.3
illustrates, the longest queue length depends on red time, which is also verified in the right
of Figure 4.7.

Since we manipulate the signal offset for intersection 5 against intersection 6, we can
only control the northbound traffic. Figure 4.8 shows the queue length for southbound

traffic, which is impacted by the coordination between intersection 4 and intersection 5 and
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it is out of our control.

24 Queue Length (southbound) Queue Length (southbound)

— green:40, red:35

— green:60, red:20

42 — green:60, red:35 d 50} — green:60, red:35 J
— green:80, red:35 — green:60, red:50

L vv]‘“v 4 45} 4

Queue Length (m)

w w w w »
N B [ =3} o
Queue Length (m)

N w w
% o w

w
o

N

o

N
0

20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Offset (s) Offset (s)

Figure 4.8: Queue Length for Southbound Traffic (Uncontrolled)

4.7 Results and Guidelines

The setting of our experiment allows us to manipulate traffic signals in a simulated
environment and obtain desired metrics. In this section, we present simulation results for
the capabilities of v-crowds and investigate the impacts from signal coordination (via

offset) and parameters (like green time and red time). Through simulation, we find the

83



signal parameters have significant impacts on capabilities of v-crowds. Also, we are able to
identify the offset values that result in best performance in terms of the metrics (we call it
best offset). In addition, we can identify offset thresholds between which the performance
is acceptable. These findings lead to a few guidelines for signal adjustments in order to

sustain v-crowds.
4.7.1 Correlation Results

Figure 4.9 and 4.10 show the impact of signal parameters (green time and red time)
to the correlation between base signal and target signal. We use TCD and DTW, the
metrics we derive from the correlation model, to quantify the correlation. Smaller values of
TCD and DTW indicate a better correlation. The figures show several interesting
observations. Firstly, the repeated pattern suggests that the change of correlation is
corresponding to the signal coordination. Each curve has a best offset when two signals are
best correlated. The pattern length of each curve is corresponding to the cycle length of
the selected signal plan (green time + red time + yellow time). Secondly, we find that
green time affects the minimum value of TCD and DTW while red time determine the
maximum value of them. Longer red time leads to larger TCD and DTW, which is because
more vehicles are stopped at target signal and lead to worse coordination with base signal.
Similarly, longer green time contributes to better correlation. Thirdly, we find that the best
offset varies with different signal plans. Green time and red time determine the optimal

offset together.
4.7.2 Capability Results

Figure 4.11 shows the change of holding density for different signal parameters as
the increment of signal offset. There are some interesting findings. First of all, the repeated
patterns suggest that the change of holding density is corresponding to the signal
coordination. The pattern length of each curve is corresponding to the cycle length of the
selected signal plan (green time + red time + yellow time). Secondly, from the left of figure

that compares different green time, we find that shorter green time leads to higher holding
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Figure 4.10: DTW for Different Signal Parameters

density and from the right of figure where red time changes, we observe that longer red
time contributes to higher density. The reason is that the only factor that affects holding
density is vehicle queue length, which is minimized when vehicles pass through the
intersection without stopping (shown as Figure 4.2). The results suggest that the
percentage of red time in total cycle length determines the holding density. The more
percentage of red time, the higher holding density can be, which makes sense because the
vehicle queue length is longer during longer red time. Thirdly, we find that the offset for

lowest holding density is same for all parameters, but the offset for the highest holding
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density is not same in the right of figure where red time varies. It is because the queue
length can only be impacted by red time. We can further deduct that the offset value for
lowest holding density is the average traveling time from base signal to target signal
(shown as Figure 4.2), and the offset for highest density (best offset) is the offset for lowest
density adding red time (shown as Figure 4.3).
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26 30

— G:40, R:35 — G:60, R:20

241 — G:60, R:35| — G:60, R:35
— G:80, R:35 P — G:60, R:50

22F

20
20
18f

16}
15+

0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Offset (s) Offset (s)

Holding Density (#)
Holding Density (#)

Figure 4.11: Holding Density for Different Signal Parameters

Figure 4.12 presents the impacts from signal offset on holding size given signal
parameters. Similar to holding density, holding size displays repeated patterns
corresponding to the signal coordination, and the length of pattern is the cycle length of
the given signal plan. However, holding size differs from holding density where holding size
measures the maximum size of a v-crowd while holding density indicates the number of
vehicles within intersection’s transmission range. Thus holding size reveals several different
trends. On one hand, longer green time leads to larger holding size. It is due to the fact
that longer green time allows more vehicles to pass the intersection each round, which
enlarges the holding size. Also, the impact from red time on holding size is not as obvious
as its impact on holding density. On the other hand, the best offsets for holding size (the
peaks of all curves) have small shifts to the left. It is because the holding size is largest

when all vehicles form crowds around intersection but not fully stopped. Also, we find that
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the worst offsets for holding size differ in different green time and shorter green time has

shorter worst offset.
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Figure 4.12: Holding Size for Different Signal Parameters

Figure 4.13 presents the change of holding time for different signal parameters as
the increment of signal offset. Similar to holding density, longer red time leads to longer
holding time. It can be explained that longer red time forces vehicles staying at the
intersection for longer time, which increases the holding time. The results suggest that the
percentage of red time in total cycle length determines the holding time. The more
percentage of red time, the longer holding time can be. In addition, it is interesting to
notice that the peaks of the holding size occur when the correspondent holding time is at
the lowest. This is because vehicles pass intersections without stop, leading to better
spread out of their positions. We also find that holding time only changes when green time
and red time are close to each other. It is because if green time is much longer than red
time, the offset value doesn’t play a significant role in impacting the results.

Figure 4.14 displays the results of recovery delay for different signal parameters as
the increment of signal offset. We observe that longer red time contributes to longer
recovery delay, which makes sense because vehicles speed more time at upstream signal
waiting for the red light.

Figure 4.15 shows the results of reconstruction delay for different signal parameters
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Figure 4.14: Recovery Delay for Different Signal Parameters

as the increment of signal offset. As discussed earlier, travel time dominates the delay.
Thus longer red time and short green time lead to longer reconstruction delay. The figure
also shows that the reconstruction delay is longer than recovery delay because
reconstruction only happens when recovery is not possible. The reconstruction will then
need the vehicles to travel the entire distance between the two intersections in the worst

case. The dependency to the offsets is clearly demonstrated through the repeatedly highs

and lows along the curve.
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4.7.3 Best Offset for Different Metrics

In practice, it is only possible to use one plan and one offset. Our early results show
that different metrics may not be at their best at the same time given a plan and an offset.
In Figure 4.16, we show how best offset changes for different metrics under nine sets of
signal plan parameters, which correspond the nine signal plan clusters in Figure 4.6. The
data points, namely, the best value for the metrics and the corresponding offsets, are
picked from Figure 4.11, 4.12 and 4.13. The offset points, when they exceeds the cycle
length, are subtracted by the cycle length so to show the real effective offset. Because
different metrics indicate various application requirements, the results will guide us to
adjust signals by setting offset to achieve best performance for specific application. The
usefulness of this result is that given a signal plan and an offset, we know the metric
performance to be achieved. Or, given a plan, we can find the offset that needs to be
chosen to achieve required performance metric. Such results can guide the practical use by
allowing identifying the best offset to achieve the selected metrics given a signal plan.

The result shows that longer green time and longer red time will increase best offset
value for all the metrics. When the red time is short (20 seconds or 35 seconds), holding

density and holding time always have similar best offset values while green time increases.
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When the red time is long (50 seconds), the three metrics have different best offset values.
Thus, given a signal plan, we are able to identify which value of signal offset can achieve
which aspect of capabilities. Notice that even though in simulation the offset value can be
larger than the cycle length, in practice the signal offset should be set within the cycle

length.
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Figure 4.16: Best Offset for Different Metrics

4.7.4 Guidelines for Signal Adjustments

From previous results, we are able to obtain several trends relating to performance

metrics for different signal parameters. The following are a few guidelines.

1. Given a signal plan, the offset thresholds for achieving the desired metric with a
certain level. For example, when the signal plan is [G:40, R:35], which is a
representative plan for one of the nine signal plan clusters, if an application needs a
computing power that requires at least 20 vehicles, the results of holding density can
help. With holding density (Figure 4.11), the offset should be set between 5 seconds
to 30 seconds for intersection 6. These 20 vehicles can occur within close vicinity of

the intersection.

2. If the best performance for a certain metrics is desired, one can refer to Figure 4.16.

It shows the offset values that contribute to the best performance for different
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metrics. Since the plans corresponding to each (X, Y) point are representative, it is
safe to say that the offset value would work for the plans in the same cluster. For
example, when the signal plan is [G:60, R:35], the v-crowd can achieve best holding
density and holding time performance if the offset is set to 90 seconds. To achieve

best holding size, the offset needs to be set to 80 seconds.

3. Since each signal plan in our simulation represents one cluster of real signal plans, the
results can be applied to any signal plan inside the cluster. In addition, different
signal plans may have same best offset. For example, for signal plan [G:60, R:35] and
[G:80, R:35], the increasing green time from 60 to 80 doesn’t have much impact on

the best offset.

4.8 Summary

In this chapter, we have envisioned a v-crowd centered networked system that has
the capability to support high-demand mobile edge computing applications. We have
derived analytical models to quantify the temporal correlation properties of v-crowds and
developed several metrics to quantify the impact from the traffic signal coordination on
capabilities of v-crowds. The results showing the patterns relating to the signal
adjustments have been obtained from real data driven and controlled simulations. These
results allow us to obtain guidelines for the needed capability of v-crowds to sustain
cloudlet executions. The results presented in this work give a glimpse of how

transportation operations can impact the edge computing.
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CHAPTER 5

CONCLUSION

In this dissertation, we have addressed research issues in two aspects of vehicular
NDN: interest forwarding and vehicle mobility.

Interest forwarding in dense vehicular NDN suffers packet loss and bandwidth
overuse due to broadcast storm. We have proposed a Location-Based Deferred Broadcast
(LBDB) scheme to address the problem. LBDB takes advantage of location information to
set a rebroadcast deferred timer. We have fully implemented LBDB and compared it with
other broadcast schemes in vehicular environment. The simulation results show that LBDB
generates less transmission overhead and shorter delivery delay than other broadcast
schemes. Since LBDB has lower satisfaction ratio, one direction to enhance it is to consider
urban map information when calculating deferred timers.

Intermittent connectivity in sparse vehicular NDN leads to undeliverable packets
and increases response delay. We have proposed a Density-Aware Delay-Tolerant (DADT)
interest forwarding strategy that uses directional network density to make retransmission
decisions. We have built a mathematical model and defined a new metric to analyze the
DTN delay. We have fully implemented DADT in simulation, and the evaluation results
show that DADT achieves a higher satisfaction ratio while maintaining low transmission
overhead. The direction to improve this work is to make mobility prediction for vehicles
based on their moving directions.

The sustainability of vehicular NDN is highly related to vehicle mobility, which is
influenced by traffic signal operations in urban areas. Our work employs an empirical

approach to study the impact from the coordination of traffic signal operations on the
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capability and persistence of a v-crowd that is connected by vehicle NDN. The results
showing the patterns relating to the signal adjustments are obtained from real data driven
and controlled simulations. The work delivers practical guidelines for adjusting signal
offsets in terms of desired capability of v-crowd. Our research plan on this work has two
parts. One is to develop a mathematical model based on vehicle mobility to analyze the
patterns in the results. Another plan is to explore the feasibility of the system by realizing
a prototype system. The system contains a client running a high-demand application (such
as image/video recognition), and cloudlet server that has capability to provide computing
services. Therefore, the feasibility of the system can be studied by testing it on real roads.

There is interdependency between forwarding and mobility in vehicular NDN. On
one hand, the results from empirical study on vehicle mobility can be used to enhance the
design of interest forwarding strategy. On the other hand, ad-hoc NDN provides
communication approach for vehicles inside a v-crowd that is usually a dense network, and
delay-tolerant NDN provides opportunities for communication between adjacent v-crowds
that occurs in a sparse network. There are some research directions regarding this
interdependency.

One research direction to improve interest forwarding in vehicular NDN is to
consider the impact from traffic signal coordinations. Since traffic signal affects vehicle
mobility, it further influences network density. Based on traffic signal coordination, the
network density can be predicted. Thus, the forwarder can make
rebroadcast /retransmission decisions based on the predicted network density.

Another research direction falls in NDN caching strategy. As we observed from
results of empirical study, there are patterns for vehicular mobility in relating to traffic
signal coordination. A caching strategy can be designed by considering vehicle mobility,
which is impacted from traffic signals. The vehicle node can make caching decisions (such
as whether to cache, or how long to cache) based on the current coordination between

traffic signals. The caching strategy is expected to save bandwidth and storage.
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