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Figure 13. OpenStack Multi-Regional Configuration in OF@TEIN Playground.

Next, the OF@TEIN Playground is enhanced with multiple mesh-style inter-connections of
NVGRE/VXLAN overlay tunnels, along with a unique flow-tapping virtual switch [22]. The OpenStack
multi-region deployment is modified to build an SDN-enabled multi-site playground where inter-VM
connectivities between cloud VMs are used by leveraging OpenFlow-enabled data planes. The data
planes are programmed and controlled by the centralized SDN controller, co-located with centralized
cloud management.

4.2. Example of Experiment with SDN-Enabled Multi-Site Cloud Playground

This example shows both aspects of experiment preparation in SDN-enabled multi-site clouds
playground to provision resources in both OpenStack and ODL SDN controller. First, a VM in one
of the cloud regions (i.e., playground sites) is prepared, including the basic connectivity for this VM
using the first VM virtual NIC (Network Interface Card). It is connected to a control network, called
“private”, for providing VM remote access from an external network. Then, second VM virtual NIC is
connected to a data network, called “datapath01”, which is automatically mapped into pre-configured
VLAN ID that matched with SDN-based slice parameters. This mapping allows the flow from this
VM to be steered by the developer’s SDN controller, supervised by FlowVisor [8]. Another VM in the
second region also is prepared with the same steps as depicted in Figure 14. Next, the SDN-based
flow steering that is leveraging the ODL SDN controller inserts flow table entries in developers’
virtual switches from/to those VMs to/from pre-defined ports that are already mapped to other cloud
regions/sites. Those pre-defined ports are mapped to a tunnel interface from the originating site into
the designating site that is controlled by the operators” SDN controller of operators. The example of
the steps is depicted in Figure 15.
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Figure 15. Flow Configuration in OpenDaylight Controller.
4.3. Multi-site Playground Visibility and Visualization

Resource-level monitoring and visualization are important operation activities for OF@TEIN
playground. The SDN and cloud components implementation for hyper-converged SmartX Boxes
provides diverse physical and virtualized resource combinations while at the same time brings
new complexities for monitoring and visualization. The SDN-cloud-enabled playground demands
considerably different resource-level visibility solutions from traditional networking testbed.
A distinctive, component-based, data-oriented approach is required for resource-level visibility of
distributed OF@TEIN physical and virtual resources. By integrating open-source software/tools,
we set up a unique resource-level visibility solution, which is focused on operation data collection from
multiple sources and interactive large-scale visualization [28]. Resource-level visibility data is collected
in nearly real-time to help the operators for monitoring the status of the resources by using a single
and unified visibility user interface. Large-scale visualization (i.e., network tiled display leverages
SAGE Framework [29]) enables the simultaneous visualization of the multiple and different types

85



Electronics 2019, 8, 1242

of visualization sources (e.g., web-based Ul, remote desktop, secure shell), as depicted in Figure 16.
It allows OF@TEIN operators to manage the resources and developers to execute the experiment while
keeping an eye on the playground resources.

Figure 16. Multi-site playground resources visibility over network tiled display.

5. Conclusions

This paper gives comprehensive discussions of the unique concept and design of SDN-enabled
multi-site clouds playground with hyper-converged box-style resources for an innovative and diverse
research experiment. OF@TEIN Playground is successfully provisioned as an affordable SDN-enabled
multi-site clouds playground with distributed SmartX Boxes deployment for integrated SDN and
cloud experiments. We believe that an open, agile, and economics box-style hyper-converged resources
can provide a larger scale of an affordable and sustainable playground for diverse experiments with a
wide variety of application areas.
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Abbreviations

The following abbreviations are used in this manuscript:

SDN Software-defined Networking

GENI Global Environment for Network Innovations
FIRE Future Internet Research and Experimentation
OF@TEIN  OpenFlow at Trans-Eurasia Information Network
DevOps Development and Operations

LAN Local Area Network

VM Virtual Machine
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CNG Cloud Networking Gateway
SDI Software-defined Infrastructure
KVM Kernel Virtual Machine

LXC Linux Container

ovs OpenvSwitch

NF Network Function

SD-WAN  Software-defined Wide-area Network

IoT Internet of Things

MaaS Machine as a Service

API Application Programming Interface

CLI Command Line Interface

NFV Network Function Virtualization

IPMI Intelligent Platform Management Systems
ODL Open Daylight

ONOS Open Networking Operating System
VLAN Virtual LAN

TCP Transport Control Protocol

ubDP User Datagram Protocol

TCO Total Cost Ownership

IDC International Data Corporation

NVGRE  Network Virtualization using Generic Routing Encapsulation

VXLAN Virtual Extensible LAN

REST Representational State Transfer

SAGE Scalable Adaptive Graphics Environment
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Abstract: Mobile-oriented internet technologies such as mobile cloud computing are gaining wider
popularity in the IT industry. These technologies are aimed at improving the user internet usage
experience by employing state-of-the-art technologies or their combination. One of the most important
parts of modern mobile-oriented future internet is cloud computing. Modern mobile devices use
cloud computing technology to host, share and store data on the network. This helps mobile
users to avail different internet services in a simple, cost-effective and easy way. In this paper,
we shall discuss the issues in mobile cloud resource management followed by a vendor-agnostic
resource consolidation approach named Phantom, to improve the resource allocation challenges in
mobile cloud environments. The proposed scheme exploits software-defined networks (SDNs) to
introduce vendor-agnostic concept and utilizes a graph-theoretic approach to achieve its objectives.
Simulation results demonstrate the efficiency of our proposed approach in improving application
service response time.

Keywords: cloud computing; management; middle box; placement; resource; SDN; vendor-agnostic;
virtual machine; VM

1. Introduction

Mobile-oriented future networks [1-3] are gaining tremendous importance in the field of computing
and networking industry. With the advent of wireless networking technologies, the wide-scale use of
smartphone devices and the World Wide Web is being shifted rapidly from static to mobility-based
solutions. For example, mobile service users will exceed two billion users [4,5]. Such drastic changes
are influencing the way IT concepts used to act and behave in the past.

However, the original idea of the internet was not based on mobility-based services. In other
words, it can be said that the original idea of the internet was meant for fixed hosts instead of mobile

Electronics 2019, 8, 1183; doi:10.3390/electronics8101183 89 www.mdpi.com/journal/electronics
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hosts. So with the emergence of mobile technology, various patch-on protocols were introduced to
support mobile environments e.g., Mobile IP [6,7] and its variants. However, patch-on technology
based solutions also have their limitations.

In an environment based on mobile computing, support for mobility is a vital requirement rather
as an add-on feature. The legacy network protocolsmainly focus on fixed hosts. In terms of usability,
legacy protocols often describe mobility as an additional functionality of a device. This behavior leads
to the creation of protocols based on mobility and is related to the modified versions of TCP/IP protocols
suite [8-10]. With these trends of mobility-awareness in the protocols, unexpected degradation of
performance, such as overuse of proxy, triangle routing, etc., is induced.

Mobile devices, including tablet PC or smartphones, are increasingly becoming an important part
of our lives as a vital and easy sources of communication tools that are not bounded by the elements of
time and space [11]. Mobile users utilize multiple mobile-based services by using different kinds of
mobile apps. These apps are hosted on remote servers through wireless networks. The fast growth
witnessed in mobile computing is a very prominent factor in the IT industry. It also influenced the
commerce industry. However, with this fast growth of mobile devices, we are also facing numerous
challenges such as computing resources car city, bandwidth allocation, storage and retrieval challenges
and battery life time. Therefore, it can be safely said that the limitations of computing resources greatly
hinder the betterment of computing services quality.

Cloud computing has been accepted as the infrastructure of next-generation networks [12].
Cloud users can benefit through cloud infrastructure by using various services (such as storage
and services hosting), platforms (operating systems, middleware and related services) and software
(applications) supported by cloud-enabled services like Amazon, Salesforce or Google at low prices.
Furthermore, cloud computing enables its users to broadly utilize the resources on a pay-per-use
policy [13]. By using such mobile applications, users can benefit from various cloud computing
functions. With the rapid growth of mobile apps and better support for cloud-oriented services, the
term mobile cloud computing is introduced. Mobile cloud computing is basically an integration of
cloud computing in the mobile environment. With the advent of mobile cloud computing, mobile
users are taking advantage of new type of services and which facilities them in fully utilizing cloud
computing services.

Mobile cloud computing [14,15] has the potential to transform the large arena of the IT industry.
This will help in making software and hardware-oriented services more accessible and attractive [1].
One of the primary objectives of cloud computing is to provide computing and storage services at low
and reasonable costs. This happens by sharing many resources between different users. The actual
provisioning of such services at a low process depends on how efficiently resources are utilized in the
cloud. A typical mobile cloud computing infrastructure is illustrated in Figure 1.

Cloud vendors can offer special hardware and particular software techniques for the provisioning
of reliable services at a high price. Later, these reliable services could be sold to users by signing terms
under certain clause or service level agreement. Nowadays, the cloud computing industry is using the
term “no single point of failure”. But the single point of failure often occurs when a single cloud service
provider is hosting all these solutions [16]. It is worth mentioning that a true vendor-agnostic solutions
will not only an open source technology solution (software) but will be accepted only if it is being
operated on a vendor neutral hardware (by using off-the shelf, bare-metal/SDN-enabled devices) etc.

On the other hand, software-defined clouds (SDCs) make use of SDNs in order to create
a programmable and flexible network by separation of functions for control plane and data plane.
The reason for choosing SDNs in data center resource management is their simplicity and control over
data center infrastructure. The idea of vendor agnostics through SDNs in data centers is implemented
by the Open Flow with the decomposition of traffic control authorization to different parts [17-19].
The controller element is a powerful manager of the network that is processing information related
to flows. Open Flow switches include basic functions like receiving, forwarding or looking up in
a data traffic table. By using OpenFlow, routing is not confined to a Media Access Control (MAC)

90



Electronics 2019, 8, 1183

address or IP address. This basically helps in the determination of paths with the parameters of high
security, low packet loss or low delay and also helps in maintaining the fine-grained scrutiny policies
for various applications.

Mobil
pr?or:: 1 Cloud-based resource
consolidation framework
e N Cloud-based
'.‘ A\ \\‘ services/ Service
D - ® oriented
'-‘ —r| 4 architecture feed
Tablet /
device T 5 Cloud-based data center
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/ v Cloud storage
»
PDA
Mobile devices Cloud infrastructure

Figure 1. Mobile-oriented network infrastructure for cloud computing.

The main purpose of this paper is to contribute towards the field of SDCs by investigation of
a major problem in cloud computing i.e. the placement of virtual machine (VM). VM placement
is very important in datacenters and has been studied extensively, particularly for their use in the
software-defined domain [20-22]. In a cloud environment, VMs are a key player as they provide the
flexibility claimed by cloud service providers. Figure 1 presents the layout of VM in a distributed
environment. When a computing service admitted into the cloud system demands for higher
computational resources, then VM management plays a very important role. VM management helps
in balancing the system constraints and loads [23,24]. Its main purpose is to retain user service
satisfaction level. There are numerous VM placement challenges. Traditionally, the techniques for
VM placement only focus on the resource allocation efficiency. Network research related to cloud
resource management often focus on placement of VMs in data center environments. A vast number
of VM placement techniques propose a solution based on available network resources [25]. This paper
presents a relatively simpler approach for VM placement in the SDC environment. The concepts
presented in this paper are related to the state-of-the-art technologies such as server and network
resource utilization, software-defined networks, VM placement/ mapping and software-defined middle
box networking. The paper presents a combination of these technologies for resource management in
cloud environments.

The rest of the paper is further organized as follows. Section 2 discusses the related work, Section 3
presents the research allocation and mapping discussion in cloud environments, Section IV presents
the mathematical modeling. In Section 4 we perform the performance evaluation. Finally, Section 5
concludes the paper.

2. Related Work

In cloud environments, resource sharing must be done in a way that a user’s application
requirements must not influence other user applications. Resource sharing must be done in such
a way that these are secured and privately available [26]. VMs are acquired by applications on cloud
infrastructure when needed. However, for cloud tenants, VM acquisition is a challenge. It is due to the
limitations in cloud system’s granularity and limitations in VM control and placement.
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Data-intensive applications [27,28] frequently communicate with data centers. That is why the
data traffic transmission of these applications is quite large. This results in network performance
degradation and higher system overheads. VM placement strategies often use VM consolidation
and reallocation techniques to solve vendor lock-in issues. These issues greatly influence network
performance. In vendor lock-in issues, the users’ traffic volumes can face delays. This ultimately leads
to VM placement issues. The VM placement problem with traffic awareness [5,6] was proposed for
solving these problems through network optimization based strategies.

In cloud environments, VMs follow certain patterns in accessing network resources. Research
studies conducted in [29,30] involves a large number of CPU traces from different servers.
It demonstrates that the demand traces are mostly in correlation and follow a periodic behavior.
However, the concept of statistical multiplexing exists due to varying workloads. Data packet
behavior for these applications relies primarily on the idea of exploiting possible correlations in VMs.
Other approaches to vendor lock in issues include continuous monitoring of all VMs running on the
network by using various VM measurement heuristics [31].

Current VM placement strategies have been extended for the inclusion of other data center
infrastructure aspects such as network storage and network traffic. Ina cloud infrastructure, all deployed
VMs typically show a dependency on network traffic. The best optimization strategy to address
their consolidation challenges is by hosting them on the nearest available physical machine [32,33].
Interestingly, network topology and data center design has a major impact on the selection of placement
for traffic optimization targets [34]. Similar dependencies often occur for VMs and storage resources
with different user requirements. In this situation, applications needing greater I/O performance can
be moved closer to the storage locality.

Different vendors provide tools for resource-management functions. These tools include a wide
range of applications. This includes system-level monitoring tools to application-level deep packet
tracers and monitors. These sophisticated tools are a good choice; however, they slow down the
system performance. Therefore, a vast-scale adoption of these tools will not only burden the network
features, but will also influence underlying network resources (including virtual and infrastructure
resources). In view of the above, a vendor-agnostic approach is used in [35,36] which proposes VM
placement on a physical machine with the least data transfer time with respect to network bandwidth
usage. However, within the datacenter premises, the data transmission rate is better due to wired
communication. Therefore, users of these services expect high-qualityenterprise-level services rather
than services offered by mobile devices with limited resources. Although not having enough tenant
support for the VM migration, the cloud services provider have high control functions over all VMs
locations. The manipulation of VMs can be performed by scaling in and out of physical resources.

Network support for tenant-controlledVM placement is difficult. An API-based SDN-enabled
solution for these issues helps in providing a clean interface to the network administrator and is widely
used in SDC environments.

SDNs [37,38] provide new possibilities for designing, operating, and securing data-intensive
networks. However, the realization of these benefits largely requires the support of underlying
infrastructure. In addition to handling the increased traffic loads, the network performance satisfaction
opens new avenues of network services.

Mobile cloud computing based systems perform cloud computing functions with the exception
that its users are mobile. Graph theory is a widely used concept in applied mathematics to structure
pair wise models and relationships between objects. In this paper, we use graph-theoretic approach for
resource consolidation on a vendor-agnostic hardware infrastructure which uses SDNs to administer
network functions.

The proposed methodology is described by the formulation of a solution for VM placement that
can be incorporated in SDCs. Currently, there is very limited support for VM placement in SDCs.
For example, Amazon EC2 lacks support for co-locating its instance types. Although limited support
features are present for cluster-based computational structures, high-performance features can only be
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afforded with premium prices [39,40]. Typically, the network resources available in close proximity are
used for improved networking performance. It is believed that SDCs will be extensively used in future
for flexibility and support in network applications and resource management.

3. Research Allocation and Mapping in Cloud Environments

Current mobility management schemes are based on centralized data access methodology. It is
similar to the concepts used in traditional DC architectures. The main problem with this scheme is that it
is difficult to manage. In terms of performance-based measures, these techniques results in routing and
path optimization-related constraints which ultimately leads to performance degradation challenges.

The term vendor-agnostic refers to a concept where the products of a specific manufacturer are
not tied to a particular vendor/brand etc. In distributed networks and systems theory, this term is
often mingled with any off the self-solution. Vendor-agnostic solutions operate upon free, open-ended
and generic solutions which involve basic mathematical optimization laws and principles not tied
or related to a particular company. These solutions provide a clean interface to users for interacting
with real-world problems. Our reason for highlighting vendor-agnostic behavior is based on the
reason that we use a combination of open-ended hardware and software (via SDNs, graph-theory and
Pareto-optimality) to achieve resource management functions.

In cloud environments, the rapid interaction between network’s I/O devices, data and application
services affect the system’s overall performance [41]. The SDN concept to decouple data from control
streams eases application and network performance. Here, we want to mention that SDN itself
is an enabling technology. We need to employ SDN infrastructure for developing VM placement
mechanism to achieve the desired goals. Therefore, we present a VM placement scheme for a SDC
environment which can improve the service response time of applications.

We consider a software-defined cloud architecture where SDN based APIs administer the cloud
resource management functions. These APIs manage topology and admission control features of cloud
resources. Our framework’s architecture is presented in Figure 2. Beneath the APIs lies a set of network
manager and cloud manager. They control various functions of cloud e.g., mapping VMs, network
statistics monitoring and controlling incoming outgoing packet requests. The last layer of the design
architecture consists of virtual and physical resources.

User applications

Cloud services modeling

Network services Cloud services
management console management console

Abstraction layer

Physical infrastructure layer

Figure 2. Proposed SDN cloud scenario.

SDN management APIs provide cloud resource management functions as high-level policies for
the underlying network infrastructure. Such APIs help in managing and accessing an apparently
infinite pool of computing resources like VMs etc. The function of the planner is to determine the
location of hosting features for the received application requests in collaboration with cloud manager,
modeler, and network manager. The modeler performs the comparison of received data and services
from cloud planner and cloud manager. It is also used to model resource utilization features for
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updating network directory status. The network and cloud managers are used for managing virtual
machines. The cloud and network managers on the other hand consolidate data at both physical and
logical levels. The abstraction layer consists of logically-deployed physical hardware. Finally, the
physical infrastructure layer consists of a list of physical resources that could be abstracted such as
storage and network resources (routers or switches), servers, computing hosts, etc.

After sending off a request, the console of SDN manager makes sure that the made request
is in compliance with the minimum number of SLAs. It then creates the topology of a blueprint.
The topology information is later submitted to the admission controller. The admission controller
validates and ensures that a connection can be established if current resources are sufficient for the
proposed connection [42,43]. A simplistic approach of the performed sequential operation is illustrated
in Figure 3.

Cloud service request

A

Check availability of VMs, their consolidation
structure and availability for hosting service

functions
A
Allocate VMs for computational Block
task service

Figure 3. Virtual machine (VM) placement policy prototype in data center networks.

The location of hosting applications is determined by planner and modeler in consultation with
cloud and network managers. Mapping of cloud resources is performed by the mapper. The proposed
system performs VM placement. For ease of management, VM mapping should be controlled separately
to ensure that cloud resources are managed in a clear and concise manner. The lower layer of SDC
consists of different network resources. The layer for physical infrastructure contains any physical
resource that could be abstracted e.g., storage and network resources (routers or switches), computing
hosts, servers, etc. The abstraction layer provides abstraction information from a logical perspective.
Conceptually physical layer resides beneath the abstraction layer [44,45].

In the proposed framework, by using graph theory, compute nodes are managed for allocation of
VMs. In the proposed framework both virtual topologies and the physical infrastructure (switches,
hosts, and links between them) are simulated for achieving dynamic routing features. In the presented
scenario, all traffic patterns are supported by all the network elements. The assumptions in the
proposed mechanism are mapped in a simulated environment for evaluation purpose.

The representation of the placement of VMs problem with the use of metrics (from linear algebra)
is based on the fact that the cloud systems can be presented as a graph containing nodes and edges.
Graph theory is the basic topic under discrete mathematics. Many advantages are present in the
graph-theoretic approach.
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On the basis of applied graph theory, we then manage compute nodes for VM allocation. In the
proposed framework, both physical infrastructure and virtual topologies are simulated in CloudSim [46].
A detailed overview on latest trends and developments in the field of virtual resource management
and network functions has been presented in [47].

4. Mathematical Modeling

We provide a mathematical representation of VM placement similar to [48] through our cloud
model using a graph-theoretic approach. The entire interconnection between various entities of the
proposed cloud is represented by adjacency matrices. Storage nodes (SN) represents data storage
nodes. Compute nodes (CN) consist of multiple physical computational nodes, whereas data packet
(DP) represents the data to be transmitted across the cloud. Our cloud infrastructure consists of 3 CNs,
2 SN, and 3 DPs. Below we describe our model in detail. We consider a cloud system composed of m
> 0 compute nodes (CN) and n > 0 storage nodes (SN). Please take note that the values of m and n are
positive integers. The entire interconnection of the CNs and SNs can be depicted as a graph as shown
in Figure 4.

Figure 4. A graph-theoretic representation of the interconnection between the compute nodes (CN)
and storage nodes (SN) forming a bipartite.

In discrete mathematics terminology (especially in graph theory), the graph shown in Figure 5
is known as a bipartite. A bipartite is a group of two sets of nodes where each member of each set
is able to “communicate” with each and every member of the other set. The edges connecting the
CN and SN may represent any relationship between these nodes. In order to limit and scale down
the performance of our simulation, we assume that these edges could represent either bandwidth in
MBps or time constant in secs/MB (which is just the reciprocal of the bandwidth). For example, the
edge connecting SN1 to CN1 could represent the bandwidth value of 3.2 MBps or time constant of
0.3125 secs/MB (i.e., 1/3.2 MBps).

Figure 5. A graph-theoretic representation of a 2-SN, 3-CN cloud system given the values of the
networks bandwidths between each combination of CN and SN nodes. This is an example of a 2x3
bipartite B3.2.
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In applied graph theory, an adjacency matrix is a matrix that represents the values of all edges
connected to the nodes in the graph. Consider the 1 X m adjacency matrix

b1 b 0 b
by byn - b

B= [bij]nxm = N : N 4 (1)
bnl an e bnm

where the matrix elements b;; for 1 <i <nand 1 <j < m are values representing the edges connecting
node i to node j. As we consider a 2-CN, 3-SN cloud system as depicted in Figure 6, the network
bandwidth between the nodes are as follows:

e SN1—CNT1: 3.2 MBps;

e  SN1—CN2: 6.0 MBps;

e SN1—CNB3: 2.4 MBps;

e SN2—CNI1: 16.0 MBps;

e SN2—CN2: 7.2 MBps; and
e  SN2—CN3: 4.0 MBps;

DR 200 mB

100 MB
P,

o2 O 500 MB O

Figure 6. A graph representation of the relationship between the data pieces and the storage nodes.
The first sub-graph is a 2 x 1 bipartite while the other sub-graph is a 1 x 1 bipartite (or simply
a connection between two nodes).

Then the corresponding graph-theoretic representation will result in Figure 5 having the adjacency
matrix with row i representing the SN number and column j representing the CN number.

32 160
Bss| 60 72 [MBps. )
24 40

Similar to the approach in the previous section, a graph-theoretic approach can also be used to
represent the relationship between the data pieces and SNs. In order to consider an environment two
data pieces, DP1 = 200 MB and DP2 = 100 MB are both stored at storage node SN1, while another data
piece, DP3 = 500 MB, is stored in SN2. The resulting graph shall be composed of two sub-graphs: one
graph representing the relationship between DP1 and DP2 to SN1, and the relationship between DP3 to
SN2. Please take note that each sub-graph is also a bipartite as shown in Figure 6. Since each data piece
is stored only in a dedicated SN, it will be assumed in this architecture that the data piece is not shared
between other SNs. Therefore, each sub-graph will only have one SN but can have multiple DPs.

The entire interconnection between the DP and SN can also be represented by an adjacency matrix
where the column q shall represent the SN number. Since there are 2 SNs, then the matrix will have
n = 2 columns. The number of rows of the adjacency matrix shall be equal to the maximum number of
data pieces in any SN. In this particular example, since SN1 has two data pieces, namely DP1 and DP2,
the number of rows shall be equal to p = 2. The resulting adjacency matrix becomes
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DP; DP, 200 500
D32 = [diilpyo = [ ! ’ ] = [

MB.
DP, 0 100 0 ] )

Consider for example a network bandwidth of b MBps. If data of size d MB will be transmitted
into the network, then the response time can be obtained through

d
t= E[sec], *)
where simply the data and bandwidth are being adjusted with respect to time.
Similarly, if the network bandwidth b is inverted resulting in the time constant 7 = 1/b (secs./MB),
then the response time can be calculated using

t = d(MB). T(%)[sec}, (5)

where time and bandwidth are relating to resource requirements

However, this expression is only valid for scalar quantities, i.e., if there is only one data piece
being processed by one CN through one SN. In fact, the notation “x” can be used here to represent
scalar multiplication.

First, consider the graphical representation of the merger between By and Dy as shown in
Figure 7. From the graphical representation, data flows between the SN and CN and DPs storage
location can be seen. Using graph theory [16], it is possible to graphically represent networks using
nodes and edges even if their quantities are different. The matrix can be defined as

T ixm = [Tij]nxm (6)

where the values 7;; represent the time constants between the SN and CN. Let us call this the time
constant matrix. Basically, the values in this matrix are just the reciprocals of the bandwidths, therefore
the following mathematical expression

1
[l =51 ”
17 dnxm
where cross matrix multiplication ensures SN to CN matrix mapping shall apply for 1 <i <n and
1 <j <m. Given the data set matrix Dp,n we can now get the response times for each data piece in
various CNs.

Figure 7. Graph representing entire cloud mapping.

The series of manual computations above are easily done due to the small dimensions of the cloud
system. Since real cloud systems have hundreds of thousands of SN and CN, it will be impossible for
us to have all the combinations and compute them manually. It is now important to have everything
done with a computer through linear algebra. In order to obtain the total response times tCN,1, tCN,2
and tCN,3 we need the following step:
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(1) Step 1: get the time constant matrix from the bandwidth matrix: Let

32 16.0
Bsa=| 60 7.2 |MBps )
24 40

be the bandwidth matrix of the cloud system. The time constants for each element in the matrix can be
obtained by simply getting the reciprocals of each element. The resulting matrix becomes

1/32 1/16.0 0.3125 0.6250
Bzo=| 1/60 1/72 |=| 0.1667 0.1389 |sec/MB. ©)
1/24 1/4.0 0.4167 0.2500

(2) Step 2: get the transpose of the time constant matrix: Given the time constant matrix Y35,
its transpose can be obtained as

03125 0.6250
T3, =] 01667 0.1389 |=

0.4167 0.2500

0.3125 0.1667 0.4167
0.6250 0.1389 0.2500

] sec /MB. (10)

(3) Step 3: multiply the data set matrix with the transposed time constant matrix: Given the data

set matrix
200 500

Dz,zz[mo 0 ]MB. 1)

The response time matrix can then be obtained as follows

711 T12 T
DP; DP, DP; DP, T T T
_ xT _ 1 3 _ 1 3 11 T21 T31
Tr = D223z |:DP2 0 21 T2 DP, 0 T2 T2 132 (12)
731 132
200 500 0.3125 0.1667 0.4167
Tr = (13)
100 O 0.6250 0.1389 0.2500
| (A ta1) (to+ t2) (Bs o ts) || tRun tR12 tRA3
Tg = = . (14)
(f21) (t22) (t23) tro1 tr22 tR23

One key characteristic of the network response time matrix Ty is that if you get the sum of all
elements per column, you actually obtain the total response time for each and every CN. Each column
of TR represents each CN. Since, in this example, there are 3 CNs in the cloud system, Ty results in
a matrix having 3 columns as well. If the matrix is denoted by

frR11 frR12 IR13
Ty = [ , (15)
fR21 trR22 IR23

The total response time per CN can be obtained using the expression

n
ton,i = Zj:1 IR ji » (16)
Therefore,
ton = Z],:l tRj1 = tr11 + fR21 17)
n=2
tenpg = Z],:l frjp = trR12 + IR 22 (18)
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n=2
teng = Z jo1 Rj3 = fR13 + IR 23 (19)

Real-world optimization issues can be implemented on cloud-based systems to involve multiple
conflicting objectives. Therefore, a vector-optimization problem in a standardized manner can be
represented as a standardized vector X = (x1, x1, ..., x4). A Pareto-optimal solution [49,50] for
resource existence (when no other solution exists) is represented in Figure 8. This helps in ensuring
that one objective (resource allocation) can be improved without affecting the other objective.

fin

1 min

- 2 min
2 min

{1 min

Figure 8. The Pareto-optimal solution where one objective can be improved without the expense
of others.

5. Performance Evaluation

In this section, we explain the simulations and experiments carried to evaluate the proposed
resource consolidation approach. We used a channel model approach similar to presented in [51,52],
which is widely used for mobile cloud and cellular networks. The testbed simulation consisted of two
storage nodes, three data sets, and three mobile hosts. The mobile devices map their resources by
using a graph-theoretic model as explained in previous sections and use SDN-based infrastructure
for controlling data and traffic behavior functions. In this regard, we implemented our algorithm on
CloudSim v 3.0. The Cloudsim is often used as an extensible simulation toolkit for simulation purposes.

Algorithm 1 VM Placement

1: CN denotes the Computes of cloud

2: ten,i denotes the response time value of CNi
3: least denotes least response time value of CNs
4: j denotes CN having least response time value
5: For calculating tg for each CN, we have

6: toni = Lig IR, i

7: i—0

8: j<0

9: least—tcN o

10: while i <n do

11: if least > tcy ;ithen

12: leaste—tcN 4

13: jei

14: end if

15: i—i+1

16: end while

17: Choose VM location at CN j

18: Exit
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We developed an algorithm (Algorithm 1) for virtual machine placement on a particular cloud
node. It works by calculating service response time of individual compute nodes and then selecting
VM with least response time. By using the proposed Algorithm 1, we compute the service response
time T of individual CN and select a CN having least response time to host VM. We then calculated
the response time of these data loads using vmallocationpolicysimple algorithm [53,54]. We selected
the vmallocationpolicysimple algorithm because of two major reasons. Firstly, it does not implement
dynamic consolidation of VMs, and only places new VMs on hosts; fulfilling our scenario’s demand.
Secondly, it is the default VM placement strategy in CloudSim. Finally, we compared the service
response time of algorithm 1 with that of vmallocationpolicysimple algorithm for given workloads.
The evaluation setting is similar to emulate the environment presented in Figure 7.

Simulation results in Figure 9 show the service response time for tasks requesting DP1 data
load. In Figures 10 and 11, we illustrate the service response time for tasks requesting DP2 and DP3
respectively. The graphics illustrations reveal that our proposed scheme demonstrates improved
service response time to requests as compared to vmallocationpolicysimple algorithm. It is because the
presented algorithm clearly chooses a CN with reduced response time and shorter data access route
for VM allocation.

[ VATocationPolicySimple |
Mean response time
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‘g. 800
@
% 7'7_*,47_/
2 /"A‘“-v—/‘
: —
é- - ,.-..,...,,-.,.-
g 400 S
c &
3
8
*
w
0
10 05 - —

Submitted no. of tasks

Figure 9. Service response time (DP1 requesting tasks).
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Figure 10. Service response time (DP2 requesting tasks).
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Figure 11. Service response (DP3 requesting tasks).

By observing the comparative results in Figure 12, it can be observed that the traffic intensity
for DP1, DP2, and DP3 exhibit the same behavior of variance with respect to mean response time.
However, the difference in values with respect to the vmallocationpolicysimple is different. This also
resulted in increased variance rates of bandwidth consumption. In order to retain the job queue waiting
time, we can manage the waiting-time window slot timing. If the received task arrives which can
be completed in a relatively long period of time, the mapping scheme can adjust itself according to
window time and accommodates more tasks as compared to the vmallocationpolicysimple strategy.
The same concept can be improved with the predictive analysis however we didn’t consider it due to
overhead costs incurred on VM loads.
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Figure 12. Cumulative comparison of service response time for 100 requests.
6. Conclusions and Future Work

Future mobile-oriented networks are taking the computing industry by storm. The recent
developments witnessed in the enhanced computational capability of mobile equipment led to the
concepts of mobile cloud computing. Taking this paradigm to another step, in this paper we presented
a case where cloud data centers are managed in a mobile cloud environment. We begin the paper by
explaining the importance of mobile future network architectures followed by the concepts of resource
management in mobile clouds using a vendor-agnostic approach (through SDNs).

To sum up the concept of the paper, we argue that the cloud computing concept involves the
availability of computing resources for data storage and processing. Due to increasing number of
network applications, number of users and their requirements, there is a dire need to develop tools to
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improve cloud computing performance. On the other hand, software-defined networking concept
allows cloud data center administers to manage cloud resource allocation function according to their
own needs via bypassing proprietary network peripherals. As SDN concepts discourage excessive
use of proprietary equipment, it is often referred as a bare-metal solution, off-the-shelf solution and
vendor-agnostic solution).

The paper relates SDN-based mobile cloud environment to propose a VM mapping policy using
a graph-theoretic approach. The reason for calling this technique vendor-agnostic is the use of
a vendor-agnostic platform (SDN-enabled H/W) for evaluation purpose.

In this paper, the simple representation of VM resource allocation and representation helped in
clearly determine the network management by the use of matrices. A vendor-agnostic-based approach,
therefore, offers several advantages over conventional approaches. These advantages can be seen
particularly in distributed systems like cloud computing environments. Therefore, we implemented
this approach to consolidate VM resources in a simplistic and well-organized way. We believe that
graphs can be represented using adjacency matrices where each element of the matrix denotes values
that show relationships between any two nodes. Therefore, we used a graph-theoretic approach to
achieve our consolidation approach. We developed a framework and compared its performance with
the vmallocationpolicysimple technique. Results demonstrate that our proposed framework can limit
the cloud topology scaling issues of VM placement in a more clearer and concise manner. We strongly
believe that a vendor-agnostic approach in data centers can be considered as the next step towards the
evolution of virtualization, mobile cloud computing, and future mobile-oriented networks.
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Abstract: The rapid change of topology is one of the most important factors affecting the performance
of the routing protocols of flying ad hoc networks (FANETs). A routing scheme suitable for highly
dynamic mobile ad hoc networks is proposed for the rapid change of topology in complex scenarios.
In the scheme moving nodes sense changes of the surrounding network topology periodically, and
the current mobile scenario is confirmed according to the perceived result. Furthermore, a suitable
routing protocol is selected for maintaining network performances at a high level. The concerned
performance metrics are packet delivery ratio, network throughput, average end-to-end delay and
average jitter. The experiments combine the random waypoint model, the reference point group
mobility model and the pursue model to a chain scenario, and simulate the large changes of the
network topology. Results show that an appropriate routing scheme can adapt to rapid changes in
network topology and effectively improve network performance.

Keywords: flying ad hoc network (FANET); mobile ad hoc network (MANET); highly dynamic;
periodical; topology change awareness; routing protocol

1. Introduction

Mobility is one of the most prominent features of mobile ad hoc networks (MANETs) and one of
the important factors affecting network performance. Being a typical subset of MANETs, the node
mobility in flying ad hoc networks (FANETs) [1-3] is stronger and severely impacts the network
performance (Figure 1).

Figure 1. MANET, VANET and FANET.

FANET has some unique characteristics compared to MANET and VANET (Table 1). In FANETS,
high-speed moving nodes usually need to complete multiple tasks, such as search/exploration,
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reconnaissance/patrol, or target tracking. Different task scenarios could have corresponding node
mobility models [1]. When the task changes, the node mobility mode (such as node motion speed,
direction, distance, etc.) changes accordingly, which will cause the network topology to change rapidly
and seriously affect the network performance.

Table 1. Comparison of MANET, VANET and FANET.

FANET
Characteristics MANET VANET Small UAVs Large UAVs
FW* RW * FW* RW *
Node Speed Low Medium Medium Medium High High
Density High High Low
Power Consumption Low High Med Med High High
Network . .
Connectivity High Medium Low
QoS Medium Depends on the applications
Mobility Patterns 2D 2D 3D
Mobility Degree Low Medium Low-Med Low-Med Med-High Med-High
Altitude Close to ground  Close to ground Low Low High High
Static Pause Yes Yes No Yes No Yes
Topology Variation Occasionally Frequently Very frequently Very frequently
scalability Medium High Low
Typical Mobility Restricted - .
Models regular through roads Depends on the applications and need to pre-determined

* FW: fixed-wing, * RW: rotary wing.

The main research object of this paper is highly dynamic FANETSs. Specifically, it corresponds to the
FANETS: listed in Table 1 in which the nodes move fast and the network topology changes drastically.

The characteristics of the FANETSs discussed in this paper are: small and medium-sized networks,
high mobility nodes far from the ground at high altitudes, sufficient node energy and frequent network
topology changes.

In practical applications, FANETSs encounter different application scenarios when nodes complete
complex tasks. Nodes move in different ways in different scenarios, which causes large changes in
the network topology. Traditionally, nodes cannot perceive this change, nor can they adapt quickly
to it, so the network performance will deteriorate dramatically. The main purpose of this paper is to
find a method by which nodes in a network can perceive changes of topology and adjust the routing
strategy appropriately when the topology changes greatly, so that the network performance could
be maintained at a high level. The most concerned network performance is the packet delivery ratio,
followed by the average end-to-end delay, the average jitter, and finally the network throughput.

Many routing protocols have been proposed for mobile ad hoc networks [4]. Each protocol has its
own characteristics and application scenarios. For example, the Optimized Link State Routing Protocol
(OLSR) [5] is suitable for high-density MANETs, and the Destination-Sequenced Distance-Vector
Routing (DSDV) [6] is more suitable for small-scale MANETs. When the scenario is complex and
the network topology changes rapidly, a single routing protocol cannot meet the requirements of
the variable node mobility mode, nor can network performance be guaranteed. Accurate perception
of the surrounding environment and appropriate adjustment strategies of nodes have become the
trends of adaptive routing protocols with the increasing requirements of quality of service (QoS).
In response to the above objectives, this paper proposes a solution for choosing routing protocols in
highly dynamic FANETSs, namely TARCS (topology change aware-based routing protocol choosing
scheme). The TARCS scheme is divided into the following steps:

Firstly, a topology change sensing method is proposed, which can measure the topology change
between nodes of a high dynamic FANET, and a mobility metric TCD, the topology change degree
with several levels is defined to quantify the perceived results.
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Secondly, a heuristic routing strategy of FANETSs is proposed using the measurement results of
the sensing method. The policy compares the measured topology change result with the threshold
reference value, determines the current node movement mode, and appropriately adjusts the routing
protocol used in the network, so that the network routing protocol is more suitable for the changed
mobile scenario, and finally the purpose of improving network performance in highly dynamic
topology is achieved.

Simulations show that compared with traditional practices, the proper use of TARCS in highly
dynamic MANETSs in complex scenarios can effectively improve some aspects of network performance.

The content discussed in this article is based on the following assumptions:

e  The node motion is simplified to two-dimension movements.

e  The transmission range of each node is a circular area with the node in the center and a radius of
r. The transmission power of the node is constant within this area.

e The number of nodes in the network is constant during the network lifetime.

The remainder of this paper is organized as follows. In Section 2, the TARCS is introduced in detail.
In Section 3, the TARCS strategy is validated in the form of simulation experiments. The experimental
results are discussed in Section 4, and Section 5 contains the conclusion.

2. Related Work

The following paper summarizes related literature from two aspects: topological change
perception and topological change perception processing.

2.1. Topology Change Perception Methods and Processing Methods

The state-of-the-art perceptions of topology changes are limited to mobility aware of nodes
and paths. Radhika Ranjan Roy [7] described mobility models and mobility metrics in detail. Bai
Fan et al. [8] defined several mobile metrics, such as node spatial dependence, node temporal
dependence and geographic restrictions to capture mobility characteristics, and proposed the
IMPORTANT framework for analyzing the impact of mobility on the performance of routing protocols.
Jie Hong et al. [9] explained the relationship among node mobility, network topology changes and
network performance such that the high speed of nodes in a MANET did not mean rapid topology
changes, and changes in network topology caused by changes of node speed and direction ultimately
affected network performance. A dynamic routing algorithm improved from the dynamic source
routing algorithm (DSR [4]) and proposed by Ehssan S. et al. [10] by selecting relatively static nodes
according to the Doppler frequency shift was applied to the aeronautical ad hoc networks (AANETs)
with high-speed nodes. Zheng, Y. et al. [11] proposed the mobility and load aware OLSR (ML-OLSR)
protocol, which combined mobile sensing and load sensing with the procedures of selecting more stable
nodes as the multi point relay (MPR) points, and lower-load routing to reduce the average end-to-end
delay. The protocol is applicable to the unmanned aerial vehicle (UAV) networks with high-speed
nodes and unbalanced loads. The protocol proposed by Zhou J.H. et al. [12] was also applicable to
AANETs in which the effective time of the largest link was estimated according to the node relative
speed and the Doppler shift of the received signal; meanwhile the traffic load was referenced during
the route discovery. The mobility pattern aware routing protocol proposed by Hung, C-C. et al. [13]
requires geographic assistant location information and relies on IEEE 802.16 base station assistance for
a heterogeneous vehicular network (HVN). Athanasios B. et al. [14] proposed a protocol framework
with the defined three-layer services of mobility classification service (MCS), strategy selection service
(SSS) and routing service (RS) to make nodes with different mobility levels use different routing
protocols. It is suitable for high-speed mobile networks with sparse nodes. Yu, Y. et al. [15] combined
the DSR protocol with the ant colony optimization algorithm (ACO), judging the stability between
nodes and neighbors according to the received signal power, using the ACO to detect the network
congestion degree. Nodes with high mobility in the cache were deleted according to the node stability
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and the congestion degree. The premise of the protocol proposed by Swidana, A. et al. [16] was that the
velocity of the node had been measured before, the basic idea of which was to prevent high mobility
nodes from participating in route discovery. Khalaf, M. et al. [17] proposed two probability models
for speed perception, with which two protocols were proposed by improving the ad-hoc on-demand
distance vector (AODV) [18] routing algorithm. The protocol proposed by Moussaoui, A. et al. [19]
judged node stability based on the received signal power, and improved the OLSR protocol by selecting
the more stable neighbor node as the MPR node. Brahmbhatt, S. et al. [20] proposed a protocol to select
the most powerful node from the received signal as a stable link in light of signal strength-based link
stability estimation to solve the routing failure problem in multipath networks.

2.2. Discussion

The mobility aware methods noted above can be classified into the following categories:

e  Neighbor node or link mobility awareness [10-17,19,20].
e Neighbor node mobility awareness combined with congestion level perception [11,12,15].
e  Neighbor node mobility trend prediction [12].

These mobility aware methods can also be divided into location aided [11,13,14,16,17] and
non-location aided [10,12,15,19,20]. The former refers to estimating the neighbor node/path mobility
by means of information from auxiliary devices, such as global positioning system (GPS) receivers,
with the advantage of simple and fast calculation and the disadvantage of introducing GPS errors and
new interference. The latter usually measures the position or speed of the neighbor node according
to the power or the Doppler shift of the received signal. Although no error or other interference is
introduced, the direction and distance of the neighbor node are not accurately determined.

The processing method after mobility awareness can be summarized into the following:

e  Selecting stable node/link during route discovery [10-13,17,19].
e  Excluding or preventing high mobility nodes from participating in route discovery [15,16].
e Node mobility classification and decision making [14].

The mobility awareness methods, the processing methods and the proposed TARCS are
summarized in Figure 2.

However, the methods in the above literature are only limited to measuring node mobility or
link stability caused by mobility, without involving accurate definition and accurate measurement of
topology changes.

In this paper, the methods of perception and perceived result processing are different. In terms
of the sensing method, the above literature uses only a single parameter (velocity or distance) for
perception, but TCD is used here to quantify the topological changes between nodes from multiple
aspects, including distance, velocity, direction and neighbors’ number, and to accurately reflect the
topological changes. As to the subsequent processing method, in this paper, after determining the
node’s mobility mode based on the perceived result, the routing protocol is re-selected according
to the current mobility mode characteristics. Essentially this is a routing protocol optimization
selection strategy.
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Mobility Aware Methods Processing Methods

‘ Node Location Information ‘
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Figure 2. The mobility aware methods and the subsequent processing methods.
3. A Topology Change Aware Routing Protocol Choosing Scheme (TARCS)

A topology change aware routing protocols choosing scheme (TARCS) is proposed based on the
results of the periodic topology change awareness (PTCA) and the adaptive route choosing scheme
(ARCS). The purpose of the PTCA is to accurately measure topology changes and determine the
movement mode. The purpose of the ARCS is to select an appropriate routing protocol for the current
motion mode and to ensure that network performance is affected as little as possible. The periodic
topology change perception is based on the topological change degree (TCD), a mobility indicator
proposed by the previous study, which could measure the topology changes of nodes and distinguish
the Random Waypoint model (RWP [7]), the Reference Point Group Mobility Model (RPGM [7,21])
with different group numbers and the Pursue model [7,21].

3.1. Description

The topology change aware routing protocol choosing scheme (TARCS) includes two
procedures: the periodically topology change aware (PTCA) and the adaptive route choosing
scheme (ARCS). Accurate perception of topology changes is a prerequisite for routing protocol
adjustment and reselection. The routing protocol selection is based on a preset topology change
threshold /interval value.

Traditional routing protocols either maintain routing paths during node movement (active
routing) or start routing discovery when nodes need to communicate (passive routing). Neither
active routing nor passive routing pays close attention to the surrounding topology. This is completely
sufficient for low-speed nodes, but for high-speed nodes the topology changes so fast that nodes
cannot respond to the rapidly changing environment and adjust strategy if they lack the knowledge
of the external environment. Obviously, the consequence is that the nodes are not well adapted
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to the topology changes, the network performance is severely constrained, and the task cannot be

successfully completed.
The advantage of TARCS is that:

e It can monitor the topology changes around the nodes in real time.
e Nodes will respond to the perceived results in time and adjust to select the appropriate

routing protocol.

e It will make the current routing protocol more suitable for node mobility mode and topology

change requirements.

Assume that node A (1,) will send information to node B (11,) in a FANET. Figure 3 shows the
comparison of communication mode from #, to n, with and without the TARCS. Figure 3a shows
that 7, communicates with 1, directly through a routing protocol in the traditional manner. n, first
establishes a valid path with n, through route discovery, then sends data and maintains the route.

Figure 3b shows the communication mode from #, to 1y, after using the TARCS.

R e
o protocol

‘ Node A H route H Node B ‘
protacol

(a)

Figure 3. Communication mode comparison between two nodes without and with the topology change
aware routing protocol choosing scheme (TARCS). (a) Traditional communication mode between nodes
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Figure 4 shows the basic workflow of the TARCS. The TARCS is divided into two phases. The left
region represents the periodic topology change aware (PTCA), and the right region represents the
adaptive routing protocol selection (ARCS).

3.2. Periodically Topology Change Aware (PTCA)

The purpose of PTCA is to periodically perceive the topology changes of each node and its
neighbors within a one-hop transmission range in the network. Since the movement of nodes causes
the change of the relative position between the neighboring nodes and in the number of neighboring
nodes, thereby causing the network topology to change, the discussion of the topology change begins
with the mobility of the node.

Figure 5 shows the topology change caused by the change in distance among nodes. Black dots
and red dots represent moving nodes, and dashed circles indicate the effective transmission range of
nodes. Figure 5a shows the topology in the initial state. Nodes 71 and 7, are within one hop of 1.
Node n3 is within one hop of 11, and 14 is within one hop of n13. Node 1 establishes a route through
n1, n3, and ny. From this moment on, n; starts moving down. Figure 5b shows the network topology
after time T. At this time, 77 has moved out of the effective range of 1y, and the distance between
and n; increases. If 1 still sends data to 714, it can only pass the path: 19 — n, — n3 — ny. It can be
seen that topology changes could be caused by distance changes between nodes.

(a) (b)

Figure 5. Topology change caused by nodes distance change: (a) topology in the initial state; (b)
topology after period T.

Figure 6 shows the topology change caused by changes in the direction of movement between
nodes. Figure 6a is the initial state. From this moment on, 1y will move around n;. After time T,
the distance between 1 and n; is still the same. However, there is no effective path between 1y and 14
due to the change of direction between 1y and 1. As is shown in Figure 6b. It can be seen that changes
in the direction of movement of nodes can also cause topology changes.

'; n2 e (2
n3 . R
no, /
o 0
v (] o

“ 00 n3
J o.

(a) (b)

Figure 6. Topology change caused by nodes direction change: (a) topology in the initial state; (b)
topology after time T.
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Figure 7 shows the topology change caused by changes in the relative rate between nodes.
Figure 7a is the initial state. All nodes move up, but the nodes move at different rates. The rate of 1 is
less than the rate of the others. Figure 7b is the topology after time T. It can be seen that the topology

has also changed.
H H 2> .
H n2 .

10 nl n3 [ ]

(a) (b)

Figure 7. Topology change caused by a difference of rate: (a) topology in the initial state; (b) topology
after T time.

Figure 8 illustrates the topology change caused by the number of neighbors. Figure 8a is the initial
state. ; and n, are both one-hop neighbors of ny. The initial path of ng to ny is ng — ny — nz — ny.
In Figure 8b n; exits the network for some reason (e.g., hardware failure or energy exhaustion) after
time T. At this time, the number of neighbors of 1 is reduced resulting in no complete path between
ngy and n4. Therefore, changes in the number of neighbor nodes can also cause topology changes, but
this condition is not sufficient. For example, although 7, is also a neighbor of 1y, the departure of 1,
does not affect the path from n to n4.

(a) (b)

Figure 8. Topology change caused by a change in the number of neighbors: (a) topology in the initial
state; (b) topology after time T.

From the analysis above, it is concluded that each of these factors, namely, the relative position,
motion direction, relative rate, and number of neighbor nodes, may cause a change in the local
topology between neighboring nodes. Thus, a new mobility metric, the topology change degree (TCD)
was defined by selecting parameters such as node distance, motion direction and movement rate,
to measure the topology change between neighbor nodes. The main purpose of TCD is to accurately
quantify topology changes between neighboring nodes and quickly identify different motion modes.

Topology change degree between nodes i and j within time T, the TCD; ;, represents the degree
of topology change between the node i and its neighbor node j in the T time period. The detailed
definition is shown in Equation (1).

) HT _ gt ‘relvtfrT — relvf-j

ij Y i
F + wy- + w3+ n
d: j T relvl.j

i,j

t+T dt.
L]

TCDL-,j(t, t+ T) = w1 (1)
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where:

t+T t
dij

indicates the change in distance between node i and node j;
ij

ot+T _gt
° J%[ indicates the change of direction between node i and node j;

relottT —relot .
% indicates the change of relative rate between node i and node j;
ij
e w is the weight coefficient: here w) = wy = w3 = 1.

Average topology change of node i and its neighbors in time T, is define as the TCD,; ,;pys(t, t + T).
Suppose the number of neighbors j of node i is # at time T (1 < j < n), then the average topology
change degree of node i and neighbors in time T is defined as the topology change degree average
value of each pair of node i and neighbor j, as defined in Equation (2).

Yy i TCDyj(t t+T)
n

TCD; s (tt+T)= 2

The whole network topology change in time T, the TCD ¢k (£, t + T), is defined as the sum of
the topological changes of all nodes in the network if the total number of nodes in the network is N
(N > n), as shown in Equation (3).

. leil TCDi,nbrs(t/t + T)

TCDa(t,t+T) = : ©)

Experiments have shown that the difference in node mobility affects the network TCD. In addition,
TCD has been confirmed to reflect the topology changes around the nodes and the network, and can
distinguish several different mobility modes, including RWP and RPGM (with different groups).

The first step of TARCS is to perform periodic topology change perception on each node of the
entire network to obtain accurate topology change perception results. The main method of node
mobility mode discrimination of this paper is to compare the topology change perception result
TCD 1y and the topological change threshold reference value TCDyy.

3.3. Adaptive Routing Choosing Scheme (ARCS)

The next step of TARCS is to perform adaptive routing selection, ARCS, after obtaining the results
of the surrounding topology changes. The ARCS includes node mobility mode discrimination and
routing protocol selection. The judgement role is:

Routing protocol A,if TCD,yyx < TCDTH @)
Routing protocol B,if TCDpp > TCDry

In practical applications, the TCDrpy can be pre-calculated with reference to a specific moving
model. Experiments in Section 4 show the specific calculation process of the threshold value. It is
also possible to set a threshold range for discrimination. If the perceived result TCD,,s,, is within the
allowed interval, the current route protocol is continued to be used, and if the perceived result exceeds
the threshold interval, the routing protocol selection is restarted.

Routing is based on the appropriate mobility model for each routing protocol. Therefore, it is
necessary to calculate and classify possible scenarios, each mobility model with its TCDry, and the
corresponding routing protocols in advance. After the routing protocol is selected, nodes communicate
through the newly set routing protocol until the next topology change perception.
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4. Evaluations and Results

Simulation experiments are designed to evaluate the scheme. It is assumed that all nodes can
receive signals from neighboring nodes within one hop in each direction, the node energy is sufficient,
and the transmission distance is constant. The speed of the nodes, the distance between nodes, and the
direction of motion of the nodes are known. Nodes move only in two dimensions.

In order to more clearly reflect the highly dynamic network topology, the Chain scenario [22] is
selected to simulate the highly dynamic scene, which combines RWP, RPGM and Pursue model to
simulate nodes to complete a series of tasks such as search/exploration, reconnaissance/patrol and
target tracking/rescue. The duration is 600 s. From 0 s to 200 s nodes move with the RWP model,
then they move with the RPGM (g = 5) model from 200 s to 400 s, and finally nodes move with the
Pursue model.

The simulation tool is NS-3.25 [23] (Network Simulator 3, Version 3.25). The region is a square of
2000 m x 2000 m. The number of nodes is 50 with 50 m/s as the lower speed and the 500 m/s as the
higher speed. The Free space propagation model [23,24] is selected as the propagation mode and the
constant speed propagation delay model is selected as the delay model. The transmission mode is
constant bit rate (CBR) with a bit rate of 16 Kbps and a packet size of 1024 bytes. The MAC (media
access control) protocol is IEEE 802.11g. The alternative routing protocols involved are AODV, OLSR,
and DSDV. A detailed description of each mobility model and routing protocol can be found in the
references. Table 2 lists the experimental parameter items and parameter values.

Table 2. Parameters of simulation experiments.

Parameters Values
Simulation region 2000 m x 2000 m
Node number 50
Mobility Model Chain: RWP + RPGM (g = 5) + Pursue
Simulation Time 602's
Node speed 50 m/s, 500 m/s
Route protocol OLSR / AODV / DSDV
Propagation model Free space propagation model
Delay model constant speed propagation delay model
Data mode CBR
Packet size 1024 bytes
Data rate 16 Kbps
MAC protocol IEEE 802.11bDCF
Transmission range 140 m

In the first experiment, the network performance is compared with or without the TARCS
scheme. The second experiment is to compare the impact on the network performance with different
TARCS strategies.

4.1. Validation of TARCS

This experiment mainly verified the difference in network performance with or without TARCS.
The aware interval is set to 50 s, which means that the topology is perceived 13 times with each
rate. Since the TCDyyy are different with different node numbers and node rates, it is necessary to
preliminarily set the TCDry according to the node rate and the specific mobility model.
In this experiment, when node speed is 50 m/s the TCDry is set as follows:
{ TCD1u(RWP,RPGM(g = 5)) = 150 5)
TCD7p(RPGM(g = 5), Pursue) = 1000
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The meaning of TCDr (RWP, RPGM(g = 5)) is the threshold of the network TCD distinguishing
from motion with the RWP mode and the RPGM (g = 5) mode. Assuming TCDyx is the newly
acquired TCD value of the whole network, the criteria are:

RwP if TCDypurk < TCDrri(RWP, RPGM(g = 5))

bilit del =

Hopry o { RPGM(g =5) if TCDyjprk > TCDry(RWP, PGM(g = 5)) ©
Similarly, TCDry(RPGM(g = 5),Pursue)) represents the TCD threshold value that can

distinguish between motion in RPGM (g = 5) mode and in Pursue mode.

When node speed is 500m/s the TCDry is configured as follows:

TCDry(RWP,RPGM(g = 5)) = 1000 ”
TCDra(RPGM(g = 5), Pursue) = 2000
And the criteria are:
o ) RPGM(g=05) if TCDpypx < TCD7(RPGM(g = 5), Pursue)
mobility model = { Purene {F TCDypu > TCDrp1(RPGM(g — 5), Pursue) (8)

The calculation method for the threshold value will be introduced in Section 4.3.

According to the conclusion of [5], this experiment uses the following routing protocol selection
scheme: the AOPV protocol is used in the RWP scenario, the AODV protocol is used in the RPGM
scenario, and the DSDV protocol is used in the Pursue scenario. The TCD perception result at time ¢ is
represented by TCD(t). The perceptual moment, the actual movement model, the topological change
perception result TCD(t), the judged mobility model, and the selected routing protocol are listed in
Table 3.

Table 3. The topological change degree (TCD) perception results and route protocol choosing scheme
of Experiment 1.

Node Speed = 50 m/s Node Speed = 500 m/s

Perceptual Actual Mobility Route
Moment Model TCD(t) Judged model TCD(t) Judged model Protocol

0 RWP 0 RWP 0 RWP AODV

50 RWP 2.078 RWP 0 RWP AODV
100 RWP 15.459 RWP 842.592 RWP AODV
150 RWP 34.364 RWP 782.536 RWP AODV
200 RPGM (g =5) 177.845 RPGM 589.106 RWP AODV
250 RPGM (g =5) 560.596 RPGM 2513.24 Pursue DSDV
300 RPGM (g = 5) 658.254 RPGM 678.321 RWP AODV
350 RPGM (g =5) 493.418 RPGM 2102.88 Pursue DSDV
400 Pursue 1963.96 Pursue 41441 Pursue DSDV
450 Pursue 974.397 RPGM 2042.52 Pursue DSDV
500 Pursue 3800.78 Pursue 2312.88 Pursue DSDV
550 Pursue 2332.39 Pursue 4482.67 Pursue DSDV
600 Pursue 4786.97 Pursue 3666.45 Pursue DSDV

The perceptual results show that among the 26 perceptual moments, the perceived result TCD(t)
is less than the threshold value and the determined mobility model does not match the actual model
only for the speed of 50 m/s at 450 s and the speed of 500 m/s at 250 s, 300 s and 350 s. The rest of
the perceived results and judgment results are correct. The rest of the perception results are correct,
within the threshold range, and the judgment results are consistent with the actual movement model.
The perceived efficiency is 84.6%. The above results show that TCD is effective for network topology
change perception, and that the granularity setting and the TCDry setting are very important for
the judgment.
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The cause of the error is likely to be the following factors. The threshold setting is not reasonable
enough, and the time of each mobility model is not long enough, so the mobility model is not very
stable when the nodes move at high speed.

Figure 9 illustrates the comparisons of performance metrics, including the packet delivery ratio,
the network throughput, the average end-to-end delay and the average jitter under two different
node speeds (50 m/s and 500 m/s) with the TARCS (assume that all mobility models are accurately
identified)and with other routing protocols.
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1000
80 *
s70 7 800
s g
360 El
® & 600
g 2
3
) £
a ’; 400
© 30 5
o2 Z 200
10
0 - e - — 0
50m/s 500m/s 50m/s. 500m/s
Node Speed (m/s) Node Speed (m/s)
I oLsR [ osov [ ~opv [ ]7ARCS I oLsR [ psov [E]AcDy [T TARCS
(a) (b)
015, Average End-to-End Delay of TARCS and other Protocols 0.15 Average Jitter of TARCS and other Protocols
o)
>
3
8 o1 Z 01
2 B
& =
2 °
® g
w o
2 005 Z 005F
5
g
) .. ..
o 0

50m/s 500m/s 50mis 500m/s
Node Speed (m/s) Node Speed (m/s)
I oLSR EIDSDV [T A0DV [JTARCS I OLSR [ DSDY [ ACDV [ 1TARCS
(c) (d)

Figure 9. Performance comparisons with and without the TARCS: (a) packet delivery ratio; (b) network
throughput; (c) average end-to-end delay; (d) average jitter.

It can be seen from Figure 9a that when node speed is 500 m/s, the packet delivery ratio is
58.9435% only with OLSR, 55.4443% only with DSDV, 74.9448% only with AODV, and rises to 83.3388%
with the TARCS.

Figure 9b shows the network throughput comparison with and without TARCS under different
node speeds. Taking the speed of 500 m/s as an example, the network throughput is 666.716 Kbps
when only OLSR is used, 701.095 Kbps when DSDV is only used, 862.448 Kbps when AODV is only
used, and 881.438 Kbps when the TARCS scheme is used. Network throughput is increased by 32.2%,
25.7%, and 2.2%, respectively, compared to using only OLSR, DSDV, and AODV.

Figure 9c shows the average end-to-end delay comparison. Regardless of the rate, the average
end-to-end delay is different from the first two performance metrics. Using the TARCS strategy chosen
for this experiment, the average end-to-end delay of the network is not the smallest, but between the
highest 0.141 s (AODV) and the lowest 0.032 s (DSDV), and is also higher than the OLSR of 0.06 s with
the node speed of 500 m/s.
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The comparison result of the average jitter is similar to that of the delay, as is shown in Figure 9d.
It is between the highest value of 0.149 s (only with AODV) and the lowest value of 0.0383 s (only with
DSDV) with the node speed of 500 m/s.

The reason why the advantage of TARCS is not obvious when the speed is low is that the topology
change of the network is not obvious when the node speed is low.

The results of first experiment show that:

e In a complex scenario, using the TARCS strategy will have a certain impact on
network performance.

e Using the same TARCS strategy at different node speeds has a different impact on
network performance.

e In the TARCS strategy, the setting of TCDry is very important and should be performed
in advance.

4.2. Impact Analysis of Different TARCS Strategies on Network Performance

The second experiment is to illustrate different routing strategies can affect different aspects
of network performance. This experiment uses three different routing strategies (see Table 4
for details), and the rest of the parameters are the same as Experiment 1. The first strategy is
AODV—AODV—DSDV, i.e., in the RWP model the AODV protocol is used, in the RPGM model the
DSDV is used, and in the Pursue model the DSDV protocol is used. It is represented by TARCSI in
Table 3. Similarly, TARCS2 is OLSR—+AODV—DSDV and TARCS3 is AODV—DSDV—DSDV.

Table 4. Three different schemes of TARCS.

Mobility Model TARCS1 TARCS2 TARCS3
RWP AODV OLSR AODV
RPGM (g =5) AODV AODV DSDV
Pursue DSDV DSDV DSDV

The network performance under three different types of TARCS strategies is shown in Figure 10.
The histogram on the left side of each figure shows the performance for the node speed of 50 m/s, and
the right side shows the performance for the speed of 500 m/s.

It can be seen from Figure 10 that when the node speed is 50 m/s, the packet delivery ratio of the
three strategies has little difference and TARCS1 is slightly dominant (TARCS1: 86.1261%, TARCS2:
77.3794%, and TARCS3: 69.3387%). In terms of network throughput, TARCS1 (910.061 Kbps) and
TARCS2 (909.755 Kbps) are slightly superior to TARCS3 (766.448 Kbps). In terms of average end-to-end
delay, TARCS3 (0.0495 s) is significantly better than TARCS1 (0.0789 s) and TARCS2 (0.05578 s).
Regarding average jitter, TARCS3 (0.0483 s) is better than the other two (TARCS1: 0.0708 s and TARCS2:
0.05538 s respectively).

When the node speed is increased to 500 m/s, the packet delivery ratio of TARCS] is the
highest (sorted in descending order: TARCS1 83.3388%; TARCS3 73.0154%; and TARCS2 69.5115%).
The network throughput of TARCS1 is also the highest of the three (sorted in descending order:
TARCS1, 881.438 Kbps; TARCS2, 821.2191 Kbps; and TARCS3, 813.157 Kbps). Yet, in terms of average
end-to-end delay, TARCS3 has the lowest value (sorted in ascending order: TARCS3, 0.04968 s,
TARCS], 0.07751 s; and TARCS2, 0.1221 s). The average jitter of TARCS3 is also the lowest (sorted in
ascending order: TARCS3, 0.04838s; TARCS1, 0.07397 s; and TARCS?2, 0.1192 s). None of the network
performances is effectively improved by TARCS2.

The results of the second experiment indicate that using different TARCS strategies can affect
different network performance metrics. The indicators affected is related to the characteristics and the
appropriate scenarios of each protocol [5]. The AODV protocol is more suitable for RWP scenarios,
while DSDV is more suitable for RPGM (g = 1) scenarios. OLSR sits between these two and is very
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sensitive to node mobility speed and has higher jitter. The experimental results above also show
this feature. Overall, in order to determine which strategy will get the best performance, in addition
to the network performance requirements, the network designer must also deeply understand the
characteristics of the selected protocol and the suitable scenarios, and make an accurate judgment on
the moving scene of nodes.
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Figure 10. Performance comparisons of different TARCS: (a) packet delivery ratio; (b) network
throughput; (c) average end-to-end delay; (d) average jitter.

4.3. Validation of The Topology Change Awareness Method

The experiment in this section is intended to discuss the validity of the topology change awareness
method and to explain the calculation of the topological change threshold TCDyyy.

We have selected several different forms of node motion, which are RWP, RPGM (g = 50), RPGM
(g =25), RPGM (g = 10), RPGM (g = 5) and Pursue. g represents the group number.

The simulation region is still 2000 m x 2000 m. The duration is 950 s. the number of nodes is 50.
The TCD . of different motion patterns is shown in Figure 11.

From Figure 11a, it can be seen that:

o The TCD,yy value is different when nodes move in the different patterns. As the number of
groups decreases, the value of TCD,, gradually increases.

e In the same motion mode, the change of node speed has little effect on the TCD,, value.
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Figure 11. Comparisons of topology change degree values with different mobility patterns:
(@) TCD,teprk; (b) the average of TCD,p (1-RWP, 2-RPGM (g = 50), 3-RPGM (g = 25), 4-RPGM
(g =10), 5-RPGM (g = 5), 6-Pursue).

The explanation for why the TCD,;,x value of RWP model is the smallest and that of Pursue
model is the largest depends on how the nodes move in these models.

Under the premise of the same area, the same number of nodes and the similar speed, the TCD,;;x
of the RWP model is smaller than that of the RPGM model and of the Pursue model, which is caused
by the motion pattern of the nodes in the RWP model. When moving in the RWP mode, the nodes
are randomly distributed in the active area. Generally, the area of the active area is much larger than
the transmission range of the nodes. In this case, the motion of the node belongs to the individual
motion, so the number of neighbors is small and not fixed, thus the value of each TCDiJ- is small, and
the values of TCD,; s are also small.

When nodes move in groups, such as RPGM (g = 5), every 10 nodes are gathered into one group,
and each group moves in an overall manner. The number of neighbors of a node is fixed and may
increase instantaneously. Because the relative motion of the nodes inner group is weak, and the
inter-group relative motion is frequent, when different groups meet and are interlaced, the number of
neighbor nodes may increase instantaneously.

When nodes move in the manner of Pursue, all nodes are gathered into one group. The number
of neighbors of each node is large and fixed, and the node is usually connected with its neighbors,
so the TCD,; ;45 value are larger.

Figure 11b shows the average value of each mobility model in Figure 11a. The average value
of TCD s of each mode is more likely to show this difference. A feasible threshold is calculated
by averaging the TCD,,;,,x average values of the two modes of movement that need to be compared.
The threshold values in the above experiments are calculated by this method.

4.4. Analysis of the Influence of Node Density on TCD

In this section, the impact of changes in the number of nodes on TCD results will be analysed.

We believe that the number of nodes should be considered together with the range of node activity,
which is reflected in the indicator of node density. Here, the node density in the network is defined as
the number of nodes per unit area within the effective area of the node’s movement in the network.

Node Number

Node Density = S
region

)

The revised version gives comparisons of the TCD,,,,x when the node density changes. In the
case of group movement, the nodes are relatively concentrated and follow the reference point motion.
Taking the RWP model as an example, we analyze the change of TCD,;,,,,x when the number of nodes
changes. There are several cases.
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Case 1: The area of simulation region is fixed, and the number of nodes changes (the node density
changes). We take the RWP model as an example. Figure 12a shows the result. It can be seen that in the
same area of region, the value TCD,,,,,.x increases as the density of nodes increases. This phenomenon
can be explained by Equation (2). As the node density increases, the number of node neighbors
also increases.
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Figure 12. Comparisons of TCD),,,x with changed node density and fixed node density: (a) the node
density is variable; (b) the node density is fixed.

Case 2: The region is proportional to the number of nodes (the node density is constant). Here
is also an example of RWP model. In Figure 12b, the node density is fixed to 0.000125. It shows that
when the node density is constant, the change in TCD is not so large.

The value of TCD reflects the degree of topology change between nodes in the network. In fact,
it also reflects the degree of aggregation of nodes and the degree of unified action between nodes.

It can be seen from Equations (1) to (3) that:

e  For TCD;, the factors that affect its value include changes in velocity, direction, and distance
between nodes.

e For TCD; s, in addition to each single TCD; ; value, the number of neighbor nodes within one
hop is also one of the influencing factors.

e For TCDy, the number of nodes in the network directly affects the value of TCD,;k-

4.5. Disccusions

The TARCS routing scheme proposed in this paper is more suitable for complex scenarios with
highly dynamic changes in network topology. The advantages are:

1.  Node cognition of its surroundings. Moving nodes can sense the topology environment between
itself and neighboring nodes accurately and in a timely manner, thereby improving the node’s
cognitive ability in regards to its environment.

2. Adaptability. Nodes can adjust the routing protocol in real time according to the perceived result,
and the adaptability of network is stronger.

3. Scalability. The TARCS adaptive routing mechanism enables a FANET to adapt to changing
scenarios. By modifying the topology change degree reference threshold/interval and adding
alternate routing protocols, the TARCS can be extended to more scenarios and is compatible with
more routing protocols.

In addition, the TARCS routing scheme proposed in this paper also proposes a new processing
idea to deal with a highly dynamic MANET, namely, the topology-change-driven protocol selection
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framework. Compared with the proactive, reactive and hybrid routing protocols, TARCS is more
adaptable. The specific description is shown in Table 5.

Table 5. T Comparisons of topology-change-driven route and other route protocols.

Types of Route Protocols Characteristics Advantages Disadvantages

Periodically maintain
Proactive routing protocol routing links; suitable for
small networks.

High energy consumption;
heavy network load and high
node congestion level.
The pass-link is not
guaranteed. It takes time to
establish a link. Once the link
is interrupted, it needs to be
re-established.

Short delay; high quality of
service; long-pass link.

Establish routing discovery Low energy consumption; light

Reactive routing protocol when needed. routing load.

Combined with proactive

Hybrid routing protocol and reactivg routing. Using proactiye routing within the  Only suitable for hierarchical
Suitable for hierarchical cluster, reactive between clusters networks.
networks.
Nodes obtain information of the
Topology-change-driven Reselect the appropriate sgrrounding topology changes in Deper\den? on reference' )
protocol route based on topology time. Mulﬁlple routing protocqls threshold settings anFl specific
changes. are used in combination to suit routing strategies.

complex scenarios.

5. Conclusions

On the basis of analyzing the factors affecting the topology changes between nodes in FANETSs,
a mobility metric named topology change degree (TCD) is first proposed to describe the topology
changes of highly dynamic FANETs. Meanwhile, a topology change awareness method is applied to
measure topology changes by periodically sensing the topology changes of FANETs and to distinguish
the mobility modes of nodes. Then a heuristic routing protocol scheme, TARCS, is proposed in this
paper. The TARCS strategy is based on the periodic topology change sensing method, and adaptively
selects appropriate routing protocols according to the comparison results of the measured topology
change degree and the topology change degree threshold.

Different from the other single routing protocols proposed in other papers, the TARCS proposed
in this paper is an adaptive routing strategy. It is based on the topology change perception between
nodes and adaptively selects the routing protocol based on the perceived result. Essentially, it is a
flexible routing protocol usage framework. Theoretical analysis and experiments show that:

e The topology change perception method can sense the topology changes of the network and
distinguish several common mobility models of FANET.

e The combined use of routing protocols is more flexible and adaptable than using a single routing
protocol in complex scenarios.

e  Proper use of the TARCS scheme in complex scenarios can improve network performance.

Like mobile awareness, topology change perception opens the door to coping with and addressing
the problems of highly dynamic FANETs topology changes. As an adaptive routing protocol
framework, TARCS is only one of the applications of topology change perception and it proposes a
routing implementation idea in a complex scenario of a FANET network. However, all of the above are
just a preliminary framework, and there are a series of issues that need to be discussed and resolved.
For example, how to effectively set the topology change perception interval? How to accurately
calculate the topology change threshold? How to configure the weight factors among the influencing
factors? How to deal with the problems of changes in the number of nodes? Subsequent work will
continue to study in depth on the above issues.
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Abstract: Setting up an exclusive left-turn lane and corresponding signal phase for intersection
traffic safety and efficiency will decrease the capacity of the intersection when there are less or no
left-turn movements. This is especially true during rush hours because of the ineffective use of
left-turn lane space and signal phase duration. With the advantages of vehicle-to-infrastructure (V2I)
communication, a novel intersection signal control model is proposed which sets up variable lane
direction arrow marking and turns the left-turn lane into a controllable shared lane for left-turn and
through movements. The new intersection signal control model and its control strategy are presented
and simulated using field data. After comparison with two other intersection control models and
control strategies, the new model is validated to improve the intersection capacity in rush hours.
Besides, variable lane lines and the corresponding control method are designed and combined with
the left-turn waiting area to overcome the shortcomings of the proposed intersection signal control
model and control strategy.

Keywords: traffic signal control; shared lane; control strategy; vehicle-to-infrastructure; variable
lane line

1. Introduction

Due to the rapid increase in population and the number of vehicles, traffic congestion has had a
major impact on day-to-day life. Many scholars have done a great deal of research on improving traffic
congestion, such as on bus priority strategies [1,2], mass rapid transit [3,4], parking management [5,6],
intelligent transportation systems [7,8], etc. As an important component of intelligent transportation
systems, the efficient operation of intersections has several advantages for the transportation in a
city. At an at-grade intersection, the left-turn lane and its corresponding signal phase should be set
when the left-turning vehicles are sufficient [9]. The purpose of this operation is to reduce traffic
conflicts and improve safety. Figure 1a shows a traditional four-leg at-grade intersection model with
an exclusive left-turn lane controlled by a fixed-time system, and the signal control phases are shown
in Figure 1b. In this intersection model, there are three lanes on the main street: one exclusive left-turn
lane, one through lane, one shared through-right lane. There are two lanes on the minor street: one
exclusive left-turn lane and one shared through-right lane. The exclusive left-turn lane is only used
for left-turning vehicles. In order to realize the establishment of the left-turn lane, there are clear lane
direction arrow markings in each lane, marked on the surface of the lane. Once the lane direction
arrow marking is set, it cannot be changed at any time. This paper calls it static lane direction arrow
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marking. It causes the spatial separation of left-turning vehicles from through vehicles. Simultaneously,
this arrangement is usually equipped with a left-turn signal phase duration to temporally separate
left-turning vehicles from through vehicles. This intersection model with static lane direction arrow
markings is applied widely in many cities around the world.

Main Street
W North
Minor Street

Phase 1 Phase 2 Phase 3 Phase 4

LT T4 T

5,0, H, ®
R
L of |

(b)

Figure 1. Traditional four-leg at-grade intersection model and its signal phase diagram: (a) Four-leg
at-grade intersection model. (b) Intersection signal control phases. TSC: traffic signal controller.

=N
=Ll

This intersection model plays an important role in the safe passage of vehicles, but it cannot adapt
to changes in traffic flow demand. For example, when there are fewer left-turning vehicles and more
through vehicles, there will be congestion in the through lane, while the space of the exclusive left-turn
lane will be wasted because through vehicles are forbidden in the exclusive left-turn lane. Irrespective
of whether fixed-time control or an actuated traffic signal control are used at the intersection, it will
cause the waste of left-turn phase duration and reduce the intersection’s capacity, especially in the rush
hour, which intensifies the traffic congestion and increases the overall delay of the vehicles. In practice,
this is very common. For example, during the period of people going to work or returning home in
areas near downtown, most vehicles are moving in and out of the city, and there are few or sometimes
even no left-turning vehicles. In this case, the exclusive left-turn lane will reduce the capacity of the
intersection and seriously affect the traffic’s efficiency.

Therefore, this paper proposes a new intersection signal control model which changes the static
lane direction arrow markings into variable lane direction arrow markings. The variable lane direction
arrow markings can change with the number of vehicles, turning the exclusive left-turn lane into a
controllable shared lane for left-turn and through movements. This can enable through vehicles to
enter the controllable shared lane when there are fewer left-turning vehicles in the left-turn lane, thus
solving the problem of wasting space in the exclusive left-turn lane. In addition, with the advantages of
vehicle-to-infrastructure (V2I) communication, a control strategy is proposed for the new intersection
signal control model which is based on a fixed-time control strategy and can solve the problem of full
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utilization of the green phase in the controllable shared lane. This provides the intersection with a
better ability to adapt to changes in lane traffic flow, and thereby improves the intersection’s capacity.
The proposed intersection signal control model and control strategy were verified with the VISSIM
simulator and analyzed in detail.

The rest of the paper is organized as follows. In Section 2, the research status of intersection signal
control is discussed. Section 3 presents the new intersection signal control model and control principle.
Section 4 proposes the new intersection signal control strategy. Numerical examples are presented and
discussed for demonstration of the proposed intersection control model and algorithm in Section 5.
Finally, Section 6 presents a brief conclusion and recommendations for future work.

2. Literature Review

In view of ameliorating the problem of the exclusive left-turn lane at intersections, several measures
and treatments have been conceived, studied, and implemented. Hummer earlier summarized seven
types of unconventional alternatives: median U-turn, bowtie, superstreet, paired intersections,
jughandle, continuous flow intersection (CFI), and continuous green T; the pros and cons of each are
described [10,11]. Other designs have also been proposed, such as the split intersection [12], USC
intersection [13,14], paraflow intersection [15], etc. The aforementioned measures for the treatment
of left turns are generally called unconventional arterial intersection designs (UAIDs), which are
summarized and compared with each other in [16-19]. Reference to increasing intersection capacity
and safety or reducing the delay at the intersection, as well as describing their application, have been
discussed or validated in [20-24].

In addition, several new or improved methods have been developed. The drawbacks of CFI
are summarized in [25], and the mid-block pre-signal method is given to overcome them, which is
suitable for higher left-turn demand. The exit-lanes for left-turn (EFL) intersection has been presented,
which opens up exit lanes for left-turning traffic dynamically with the help of an additional traffic
light installed at the median opening, and it was found to effectively increase the capacity with a
high level of application flexibility, especially under heavy left-turning traffic conditions [26]. Monte
Carlo simulation was used to obtain optimal signal timings for a displaced left-turn (DLT) intersection,
and it could provide near-optimum parameter selection ranges for the given traffic demands [27]. A
generalized lane-based optimization model for the integrated design of DLT intersection types, lane
markings, length of the displaced left-turn lane, and signal timings is presented, solved, simulated,
and analyzed in [28]. Contraflow left-turn lanes (CLLs) are set up in the opposing lanes adjacent
to the conventional left-turn lane at the intersection, and simulation analysis showed that CLLs
outperformed a conventional left-turn lane design and generated less delay to both left-turn and
through movements [29]. An unconventional U-turn treatment (UUT) for intersections which has a
dual-bay design with different turning radii for small and large vehicles was presented, and could
improve operations at intersection areas, especially when the volume/capacity ratio was small [30].
The traffic operational performance of three left-turn treatments under different traffic conditions
was determined, and results showed that unconventional left-turn control types had less delay and
travel time compared to the direct left-turn [31]. Moreover, a left-turn waiting area (LTWA) was used
to reorganize left-turning traffic flows and to increase the capacity of signalized intersections, and
simulation results showed that LTWA could improve the capacity for the left-turn movement [32,33].

Through the above-cited works, the intersection problem caused by left-turn lanes and green
phase setting was improved. These works have increased the intersection capacity and/or safety or
reduced the delay at the intersection, but they add more signals or need more land space. For example,
the median U-turn removes left-turning movements from the major and minor approaches, forces
left-turning drivers to proceed straight through the at-grade intersection and execute a U-turn at some
distance downstream from the intersection location (directional crossover) in place of the traditional
left-turn movement. During the procedure, signals are needed at the directional crossover and must be

127



Electronics 2019, 8, 1058

coordinated with the signal at the main intersection. Moreover, the improvements to the intersection
are obtained only in heavy left-turning vehicles. Otherwise, the effects are not noticeable.

In recent years, the emerging connected vehicle (CV) and intelligent vehicle control technologies are
likely to improve the safety, capacity, and operation efficiency of intersections. A CV can exchange data
through real-time wireless communication including vehicle-to-vehicle (V2V), vehicle-to-infrastructure
(V2I), and vehicle-to-device (V2D) using dedicated short-range communication (DSRC) protocols [34-36].
Intelligent vehicle control technology can realize intelligent driving [37,38], yaw control [39-41], and
even automated driving [42,43].

Many related earlier works for traffic signal control have been accomplished by V2I or similar
technology, and have achieved important results. An adaptive traffic light system based on wireless
communication between vehicles and fixed controller nodes deployed in intersections was developed,
and its improvement of traffic fluency and other clear advantages were validated via simulation [44].
A decentralized adaptive traffic signal control algorithm was given and simulated using supposed V2I
communication data, and the different penetration rates of V2I vehicles were analyzed [45]. Also, an
algorithm was proposed using information from connected vehicles to better adapt the traffic signal
at an intersection with two one-way streets with on turns, and it was proven to be valuable [46]. A
real-time adaptive signal phase allocation algorithm was presented utilizing vehicle location and speed
data from connected vehicles, and optimized phase sequence and duration by solving a two-level
optimization problem [47]. Using GPS trajectory data from a CV under low rates of market penetration,
an approach to estimate traffic volume was developed and two case studies revealed that the approach
could be of significant help to traffic management agencies for evaluating and operating traffic
signals [48]. Under a partially connected and automated vehicles (CAVs) environment, an eco-driving
system for an isolated signalized intersection was proposed to smooth out the shock wave caused
by signal controls [49]. Given the assumption that advanced communication systems are available
between vehicles and the traffic controller, arterial traffic signals for multiple travel modes were
optimized and simulated [50]. A joint control framework for isolated intersections was investigated,
modeled as a two-stage optimization problem, and validated as being able to reduce both vehicle delay
and emissions compared to fixed-time and adaptive signal control [51]. A coordinated signal control
system for urban ring roads under a vehicle-infrastructure connected environment was proposed and
tested using a VISSIM simulation model to improve the average delay, number of stops, and queue
length compared with a conventional traffic control system [52]. An optimal signal control algorithm
using individual vehicle trajectory data under a V2I communication environment was developed and
evaluated, showing superior performance to the actuated as well as fixed-signal control methods in an
isolated intersection and a 2 x 3 signalized intersection network [53]. A new method for estimating
the speed and position of non-connected vehicles at low CV penetration rates along a signalized
intersection was developed and applied to the signal control strategy, and simulations in VISSIM
showed the estimation accuracy to be higher for the intersection with fewer lanes [54]. An isolated
intersection control problem is formulated as a game between the signal controller and the road users
in the context of V2I, and numerical study showed that the method provided better performance and
led to more even distribution of traffic than fixed-time control [55].

In addition, many studies have used V2I technology in the coordination control and optimization
of intersections and vehicles to improve intersection operation efficiency. A method to process C2I
communication data for tailback length approximation in urban networks was provided, and the
tailback length could be used as a criterion to be optimized within signal control methods and used to
provide an individual driver with optimal speed to pass the signalized intersection without stopping [56].
A cooperative method of traffic signal control and vehicle speed optimization for connected automated
vehicles was proposed, and simulation showed a significant improvement of transportation efficiency
and fuel economy [57]. Meanwhile, given the assumption of advanced communication technology
between approaching vehicles and signal controller, a signal control algorithm was developed which
allows for vehicle paths and signal control to be jointly optimized [58]. Three algorithms for traffic
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control using connected vehicles instead of stationary detectors were proposed (i.e., dynamic maximum
gap, throughput-adjusted delay, and throughput-adjusted stopped time), and good performance
was demonstrated [59]. Three categories of vehicles—conventional vehicles, connected vehicles, and
automated vehicles—were considered, and an algorithm was proposed to find the optimal departure
sequence to minimize the total delay based on position information. The simulation results indicated
an evident decrease in the total number of stops and delay when using the connected vehicle algorithm
for the tested scenarios, with information levels as low as 50% [60]. According to the controllability of
CAVs, an innovative intersection operation scheme was proposed which can serve bi-directional traffic
from one road in one signal phase, and which maximizes the intersection capacity by utilizing all lanes
of the road at any given time [61].

The aforementioned studies applied information from V2I or similar technologies to improve
the intersection signal control, and were all proved to be more efficient than conventional methods.
However, there are few studies on V2I technology applied to left-turn signal control at intersections.
Signalized left turn assist (SLTA) related to a cooperative intersection collision avoidance system
(CICAS) was developed to provide information to left-turning drivers about the presence of oncoming
vehicles based on proximity or available gap size [62]. SLTA does not apply more information to
signal control at intersections. The information (i.e., vehicle location, type, and ID, etc.) based on V2I
applied to improve the intersection problems caused by the exclusive left-turn lane space and the
corresponding signal phase duration of the left-turn movements should be carefully discussed. In this
paper, a new intersection control model is developed, and a control method using the information from
V2l in a connected vehicle environment is proposed to resolve the problem caused by the exclusive
left-turn lane space and corresponding signal phase duration, especially under the scenario of fewer
left-turn movements during rush hours.

3. The New Intersection Signal Control Model and Control Principle

3.1. The New Intersection Signal Control Model

In order to solve the problem of lane space and phase duration waste caused by fewer or no
left-turning vehicles in the left-turn lane, the exclusive left-turn lane is redesigned as a shared lane,
in which the left-turning vehicles and through vehicles are permitted at the same time. The shared
lane can be realized by changing the invariable lane direction arrow marking on the road surface to a
variable one based on display technology (e.g., light-emitting diode, LED). Herein the intersection
signal control model with the shared lane and variable lane direction arrow markings is named as the
new intersection signal control model, in comparison to the traditional intersection (Figure 1a), and is
shown in Figure 2.

Lane direction

Signal head

A

Signal arow sign

Main Street

Minor Street.

Figure 2. The new intersection signal control model diagram.
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In Figure 2, instead of painting on the lane surface, lane direction arrow markings are mounted on
a post above the corresponding lane with the signal heads and signal arrow signs. The lane direction
arrow markings and signal arrow signs are designed using LED lights, which can display different
signs. For example, the lane direction arrow marking above the shared lane can display left-turn,
through, and through and left-turn arrow signs. When the lane direction arrow marking is a through
and left-turn arrow sign, the left-turn and through vehicles can use this lane at the same time, which is
just the function of a shared lane. In the new intersection signal control model, the shared through-right
lane direction arrow markings can also display different signs, but these markings do not change in this
paper, as the shared lane for through and left-turning vehicles and its markings are our research focus.

3.2. The Control Principle

In the new intersection signal control model, every vehicle has an onboard communication device,
and the TSC (traffic signal controller) can communicate with them within the communication range of
the V2I technology, by which the real-time vehicle movement information can be sent to the TSC. This
information includes the vehicle type; the left-turn, right-turn, and through information; ID; position;
and time stamp of each vehicle.

In addition, the TSC can analyze information from vehicles and decide the phase and phase
duration of the next cycle based on the control strategy during the green signal time for the opposite
direction. As in Figure 1, TSCs get and analyze information from vehicles during phase 3 and phase
4, and then decide the time duration of phase 1 and phase 2. In the scenario of less or no left-turn
movements in the shared lane, all or some of the phase duration previously applied only for through
movements can be used by the through vehicles in the shared lane. Furthermore, the part of the phase
duration previously only for left-turn movements can also be used by through vehicles in the shared
lane. Thus, the capacity of the intersection will be increased, and the performance of the intersection
will be improved.

A diagram presenting the control principle of the new intersection signal control model and
comparing it to the traditional intersection control model is shown in Figure 3.

LED Technology .
Left-turn vehicles Left-turn fm.‘ through
Shared lane

Control strategy

Control

ASojouyoey IZN

7 7

o
No movement passing Duration of red light Through movement
the lane passing the lane
Time |:$

|

|

|

|

I | Through or left-turn I

Left-turn movement Duration of green N |
0 . movement passing

passing the lane light the lane |

|

|

|

' |
! |

Traditional intersection | | New intersection signal
|

signal control model control model
Figure 3. The control principle diagram. LED: light-emitting diode; V2I: vehicle-to-infrastructure.
4. The New Intersection Signal Control System and Control Strategy

4.1. Control System

The control system block diagram for the new intersection signal control model is shown in
Figure 4. The control strategy is the key part and is discussed in Section 4.2.
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Figure 4. Block diagram of the control system.

Based on the control principle (Figure 3), the inputs of the control system include the fixed-time
signal control parameters and the real-time vehicle movement information by V2I. The fixed-time
signal control parameters, which are defined as the initial signal control information, include cycle
length, phase and phase duration, yellow signal duration, and all-red signal duration.

The outputs of the control system are the control parameters for signal heads, lane direction arrow
markings, and signal arrow signs. The control parameters for signal heads mainly include phase and
phase duration. Here the cycle length, yellow signal, and all-red signal duration are supposed the same
as initial signal control information. The control parameters for lane direction arrow markings include
left-turn arrow, through arrow, or left-turn and through arrow. The control parameters for signal arrow
signs denote that left-turn movements or through movements are permitted to pass the intersection.

4.2. Control Algorithm

4.2.1. The Initial Signal Control Information

The initial signal control information is the fixed-time control parameters based on [63,64], which
were optimized and are suitable for the traffic flow dynamics of the day at the intersection (Figure 1),
as shown in Figure 5. The variables are defined as follows:

Through lane

Turn-left lane

Wb 5] Ty Teyde time (s)

Figure 5. The northbound signal phases.

Teyele: the signal cycle;

YT: yellow signal duration;

GTyy,: through phase duration;

RTy: red signal duration in the through lane;

GTles: left-turn phase duration;

RT}e1, RTep: red signal duration in the left-turn lane.

In addition, some time points to be used later in this paper are shown in Figure 5, such as ty, tp, t3
and t4, which can be expressed as Equation (1).

t1 = GTy,

th=t+YT 1)
ts = tp + GT}f

ty=t3+YT
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4.2.2. Platoon Recognition and Its Passing Stop-Line Time Computation

In the new intersection signal control model, the through vehicle and left-turning vehicle coexist
in the shared lane. If the time where they pass the stop line is obtained, the times RT}f, GTjef can be
used sufficiently. A method is proposed to calculate the passing stop-line time of vehicles in the shared
lane based on the V2I information. The method includes platoon recognition and its passing stop-line
time computation.

(1) Platoon Recognition

In the shared lane, the continuous and same-turn-signal vehicles are defined as a platoon. For
example, in Figure 6, platoon I (PI) from the first to the nth vehicle are all through movement, but
platoon II (PII) from the first to mth vehicles are all turning left. Platoon recognition is defined as the
number of vehicles in the same platoon.

Platoon T Platoon

|

Bl Tum-leftvehicle - Through vehicle

Figure 6. Platoons on the shared lane.

From Figure 5, during the time RT},p, vehicles will stop and queue up in the shared lane, and
at the same time, the TSC will receive and analyze the real-time information from the vehicles in the
shared lane. Based on the real-time information, the TSC obtains the left-turning and through vehicles’
position distribution in the shared lane, recognizes the platoon, and obtains the number of vehicles
and type of each vehicle in the platoon. For example, in Figure 6, PI includes the through vehicles from
the first to the nth, and PII includes left-turning vehicles from the first to the mth, and the number of
the PI and PII vehicles is nn and m, respectively. Note that there may be different types of vehicles in the
same platoon. In this situation, the number of vehicles in platoons should be converted to the number
of standard cars according to the vehicle type. PI and PII in Figure 6 are assumed to be standard cars.

(2) Time of Platoon Passing the Stop Line

The time of the platoon passing the stop line at the intersection is related to many factors, such
as driver behavior, reaction to the light, the intersection’s topography, the headway of the platoon,
etc. Some related research efforts have been made [65,66]. Because of the many factors related to
the parameter, computation complexity is high. Besides, based on the V2I communication, a large
amount of data about the time of vehicles passing the intersection is obtained easily, and one method is
proposed here.

In the shared lane, once the green signal begins, the queued vehicles start and pass the intersection
successively. Based on the vehicle position and time stamp, the TSC can obtain the time of vehicles
passing the stop line, and then the number of vehicles passing the stop line can be computed according
to the vehicle IDs. Therefore, the time of the platoon passing the stop line, in which the number of
vehicles is recognized, can be calculated. Due to the differences between left-turning and through
vehicles passing an intersection, the statistical data should be computed respectively.

Suppose the vehicles in the left-turn movement platoon are referred to as lefl, lef2, ..., lefn, the
vehicles in the through movement platoon are th1, th2, ..., thm, and the corresponding time stamps of
vehicles passing the stop line are tjof1, tiera, - - - tefns tint, tina, - - - tinm , respectively.

Then, the time of the platoon passing the stop line can be obtained according to the start of green:

{ ?ef : :lefn__;:& @)
th = Ftthm 0s
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where Tj, is the time of the left-turn movement platoon passing the stop line;

Ty, is the time of the through movement platoon passing the stop line; and

Ty is the start of green.

Thus, the time of all left-turn and through movement platoons passing the stop line can be
obtained. Then, according to the obtained data, the average time Tg % ’L'Gi of the platoon with the same
number of left-turning and through vehicles passing the stop line can be calculated :

N _ 1 2

T = AVERAGE(T,e o Thponre ) .
N _ 1 2

N = AVERAGE(T}, T3 )

where N is the number of vehicles in the platoon, N =1,2,3, ... ;

T, v T2 4+~ are the time of the platoon with N left-turning vehicles to pass the stop line;
Ttlh_N, thh_N, ... are the time of the platoon with N through vehicles to pass the stop line.

1T 22 .3 ! 3
lef” Clef Clefr th’"
series is the average time of the left-turn movement platoon and through movement platoon passing
the stop line under different numbers of vehicles in the shared lane at the intersection.

Then, according to the number of vehicles in the platoon recognition, the time of the platoon
passing the intersection can be obtained by searching the time series. For example, if the number of
vehicles in PIis N, the time T} can be obtained:

According to this, the time series {t and {T}h, T%h' T2 ,...} can be obtained. The time

i . ) 4)
PI is the through vehicles

Tf\’ PI is the vehicles turning left
Ty = ef
pl

Tth

Similarly, the time Tp; for PII can be obtained.

4.2.3. The Control Strategy

In the signal control system, once the control parameters are obtained, the TSC will drive the
traffic light to fulfill the intersection control process. The control parameters are calculated by the
control strategy, which is a key component of traffic signal control.

The inputs of the new intersection control system are initial signal control information and the
real-time vehicle movement information. Based on Figure 5, the initial signal control information
includes Teycter GTin, YT, RTin, RTjep1, GTiep, and RTepo.

On the basis of Formula (4), the real-time information includes the T; and T, for Pl and PII, and
their left-turn or through signal information, where flag = 0 means left-turning vehicle and flag = 1
means through vehicle. The real-time information can be expressed as PI(T)s, flag), PI(T;, flag).

The output control parameters for signal heads above the through lane include green signal
duration and red signal duration, labeled as NGTy;,, NRTy,, respectively, and the parameters for the
shared lane include green signal duration and red signal duration. Because left-turn and through
vehicles coexist in the shared lane, the green and red signal durations may be composed of one or two
segments, defined as NGTs; and NGTs; for the green signal, and NRT,; and NRTy; for the red signal.
Among them, red signal duration NRTs, = RTjep, in which the right-of-way is for opposite traffic flow,
is constant.

From what has been discussed above, the control system can be expressed as the following
mathematical expression:

[NGTy, NRTy,, NGTs1, NGTsz, NRTs1]1 = f {Teycte, GTin, RTin, RTyept, GTref, RTepp, YT,

PL(T), flag), PII(T, 5, flag)} ®

The process for the control strategy is the following.

(1) Flag = 1 in PI(T}y, flag)
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This means that PI is composed of through vehicles, and the control strategy is as follows:
A:If Tpp > t3, then

Shared lane: NGTs; = RTjey + GTer, NGTsp = 0, NRT; = 0, at green time NGTy; the signal arrow
sign is for through movement.

Through lane: NGTy, = RTjef1 + GTlef, NRTy, = RTiepp

Regarding the output signal control parameters, the control phases can be described as (a) in
Figure 7.
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Figure 7. The output control phases under different conditions: (a) Flag =1 and T; > t3; (b) Flag = 1in
PIL(Tp1, flag) and ty < Ty <t3; () Flag =1 and t) < Ty <tp and Tpp > GTje; (d) Flag=1land t; <Tj; <ty
and Ty, < GTy,f; (e) Flag=1and 0 < Ty <t and T}p > GTypp; (f) Flag=T1and 0 < Ty <t and T)p <
GTyef; (g) Flag = 0 and Ty 2 GTyep; (h) Flag = 0 and 0 < Tpyy < GTjepe

B: Else if th < Tpl <ts, then

Let Al = Tpl -t

Shared lane: NGTg; = RTjer + Ay, NGTgp = GTjer — Ay, NRTg; =0, at the time of NGT5; the signal
arrow signs are for through movements, and the time NGTy; is for left-turn movements.

Through lane: NGTy, = GTy, + A1, NRTy, = RTy, — Ay

Regarding the output signal control parameters, the control phase can be described as (b) in
Figure 7.

C: Elseif t) < Tpy < tp, then
O If Ty 2 GT}ef, then

Shared lane: NGTg; = GTy,, NGTsy = GTyet, NRTs; = 0, at the time of NGT5; the signal arrow signs
is for through movements, and the time NGTj; is for left-turn movements.

Through lane: the phase durations do not change, NGTy, = GTy,, NRTy, = RTy,.

Regarding the output signal control parameters, the control phase can be described as (c) in
Figure 7.

@ Else (means Tp, < GTj) then
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LetAp = GTlef_ sz.

Shared lane: NGTg; = GTy,, NGTs = GTjep = Ay, NRTs1 = Ay, at the time of NGTy; the signal arrow
sign is for through movements, and the time NGTy; is for left-turn movements.

Through lane: NGTy, = GTy, + Ay, NRTy, = RTy, — A;.

Regarding the output signal control parameters, the control phase can be described as (d) in
Figure 7.

D: Else if 0 < Tj; < ty, then
Let A3 = GTth - Tp1.
O If Ty 2 GT/ef, then

Shared lane: NGTg; = GTy, — Az, NGTsp = GTjf, NRTs; = A3, at the time of NGTy; the signal arrow
sign is for through movements, and the time NGT; is for left-turn movements.

Through lane: the phases do not change, NGT, = GTy,, NRTy, = RTy,.

Regarding the output signal control parameters, the control phase can be described as (e) in
Figure 7.

@ Else (means Tp; < GTj) then

Let Ay = GTlef_ sz.

Shared lane: NGTy; = GTy, — A3, NGTsp = GTjor — Ay, NRTg; = Az + Ay. At the time of NGTy; the
signal arrow sign is for through movements, and the time NGT;; is for left-turn movements.

Through lane: NGTy, = GTy, + Ay, NRTy, = RTy, — Ay.

Regarding the output signal control parameters, the control phase can be described as (f) in
Figure 7.

(2) Flag = 0 in the PI(T;, flag)
This means that PI is making left-turn movements, and the control strategy is as follows:
A:Tf Ty > GT’ef then

Shared lane: NGTy; = GTf, NGTsp = 0, NRT5; = RT}p, at the time of NGTy; the signal arrow sign
is for left-turn movements.

Through lane: NGTy, = GTy,, NRTy, = RTy,.

Regarding the output signal control parameters, the control phase can be described as (g) in
Figure 7.

B: Else (means 0 < T; < GTjy) then

Let As = GTlef_ Tpl-

Shared lane: NGTy; = GTjr— As, NGTsp = 0, NRT; = RT ey + As, at the time of NGTy; the signal
arrow sign is for left-turn movements.

Through lane: NGTy, = GTy, + As, NRTy, = RTy, — As.

Regarding the output signal control parameters, the control phase can be described as (h) in
Figure 7.

5. Simulation and Results

In this section, the new intersection signal control model and control strategy were evaluated
based on an intersection located in Qingdao, China with a fixed-time signal control strategy. Relevant
data and control parameters were obtained from the intersection. The cycle length was 129 s, the
phases were the same as in Figure 1b, and the Phase 1 green signal duration was 48 s, Phase 2 was
25 s, Phase 3 was 25 s, and Phase 4 was 19 s. The intersection traffic state in rush hour was focused, in
which very few vehicles were observed in the left-turn lane, a ratio of left-turning vehicles to total
vehicles from 5% to 12.5% was observed, and the total vehicles were about 1800 per hour.
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In this paper, VISSIM software was used as the simulation tool. The simulated intersection was
designed and operated based on the data of the actual intersection. Firstly, the intersection model
is shown in Figure la with an exclusive left-turn lane, and its control strategy was fixed-time. In
the scenario, it is named as control algorithm I and the corresponding simulation process is called
Simulation I.

Secondly, the lane direction arrow marking on the left-turn lane surface was painted as a through
and left-turn arrow sign, as shown in Figure 8a. In this intersection model, the left-turning vehicles
and through vehicles were in the same phase, so there were three phases of the intersection: Phase
1 for northbound and southbound left-turn and through movement, Phase 2 for the eastbound and
westbound through movement, and Phase 3 for the eastbound and westbound left-turn movement,
as shown in Figure 8b. Its control strategy was also fixed-time. The scenario is named as control
algorithm II and the corresponding simulation process is called Simulation II.

Main Street

Minor Street

(@)

Phase 1 Phase 2 Phase 3

b | |

-

-
B = =
N il

(b)
Figure 8. Control algorithm II intersection control model and its phases diagram: (a) Intersection
control model. (b) Intersection signal control diagram.

Thirdly, the new intersection signal control model is shown in Figure 2 with shared lane, variable
lane direction arrow markings. Its proposed control strategy is shown in Figure 7. The scenario is
named as control algorithm III and the corresponding simulation process is called Simulation III.

The number of vehicles and the cycle length of the traffic control signal were the same in the three
simulation processes. Because Simulation III had eight control results, the simulation time was set as
129 x 8 = 1032 s, and based on the total number of vehicles 1800 vehicle/h from the actual intersection,
the numbers of left-turning vehicles of 100, 160, and 220 were selected.

In the simulation design, five signal groups in the signal controller for the intersection were
considered, which had the same sequence (e.g., red—green—yellow). Signal group 1 controlled the
through/right-turn vehicle movements for eastbound/westbound directions. Signal group 2 controlled
the through movement for the shared lane. Signal group 3 controlled the through/right-turning vehicle
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movements for other directions. Signal group 4 controlled the left-turn movement for other directions.
Signal group 5 controlled the turning movement for the shared lane.

In Simulation III, the shared lane was accessible to left-turning vehicles and through vehicles,
the phase duration time was time-varying. To simulate the new signal control model and strategy
(shown in Section 4.2.3), eight different periods were designed, which implemented different signal
control strategies.

The results obtained included the number of vehicles passing the intersection (capacity of the
intersection) with different input left-turning vehicles, and the percentage increase of Simulation III
and II to Simulation I (Table 1). From Table 1, the capacity of the intersection increased in Simulations
IT and III, and Simulation III achieved the best results, meaning the proposed new signal control model
and strategy could increase the performance of the intersection.

Table 1. The simulation results.

Input Left-Turn Vehicles Capacity of the Intersection Increased Percentage

100 343 -
Simulation I 160 345 -

220 358 -

100 409 19.2%
Simulation II 160 383 11%

220 389 8.7%

100 440 28.3%
Simulation III 160 442 28.1%

220 430 20.1%

Besides, the three intersection signal control algorithms were simulated under different numbers
of left-turning vehicles in the left-turn lane, and the capacities were obtained as shown in Figure 9.

0

—+— Control algorithm I

500

Qm.‘.'.‘ —+— Control algorithm II
w s TN

W\N‘w {::{"‘l: —=— Control algorithm IIT
0 m A

Intersection capacity

0 100 200 300 410 500 01 700 800
The vehicles on the shared lane (left-turn lane)

Figure 9. The capacities of intersection under three control algorithms.

From the results obtained in Figure 9, we can conclude the following;:

(1)  Asthe vehicles on the left-turn lane increased gradually, the intersection traffic capacity decreased
under control algorithms II and III and increased for a long time under control algorithm I.

(2)  When the number of vehicles in the left-turn lane was less than Ny, control algorithm III was
the best for intersection traffic capacity, followed by control algorithm II, and the worst was
control algorithm I. This means that control algorithms II and III are suitable for fewer left-turn
movements. Nj was the turning point of control algorithms I and II. Below Nj, control algorithm
IT was better, but after Ny control algorithm I was better.

(3) N3 and N3 were the turning points of control algorithm I and control algorithm III. Below Nj,
control algorithm III was better. Above N; and below N3, control algorithm I was better than
control algorithm III. After N3, the control algorithm III was the best.
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(4) The control algorithm for the intersection can be given as follows:

@ If the number of left-turning vehicles is less than N, or more than N3, control algorithm III
should be selected;

@ If the number of left-turning vehicles is between N, and N3, control algorithm I should
be selected;

® Under the condition of V2I technologies not being applied to the intersection control, control
algorithm II should be used to improve the intersection traffic capacity, but its suitability term is the
number of left-turning vehicles less than Nj.

Some discussions are as follows:

(1) In this paper, a new intersection signal control model is designed, the corresponding control
strategy is proposed, and simulation showed that the new intersection signal control model and control
strategy could improve the intersection capacity, especially in case of fewer left-turning vehicles in
peak hours. However, other control models can be used in the case of more left-turning vehicles, as
summarized in (4) above.

(2) The basic condition of the new intersection signal control model and strategy is that the
left-turning and through vehicles line up in the shared lane as a platoon, but randomness is introduced
when a vehicle without platoon control enters the shared lane. Due to fewer left-turning vehicles,
the probability that left-turning and through vehicles will appear intermittently in a long period of
time is impossible. Otherwise, it indicates that the number of left-turning and through vehicle is
approximately equal, and the new intersection control model and algorithm is not suitable. However,
in a short time period, it is possible that left-turning and through vehicles will appear intermittently, as
shown in Figure 10.

1 s 1 1 1 1 1 1 |
B Lcfium vehick BB Going through vehicle

Figure 10. The through and left-turning vehicles appearing intermittently in the shared lane.

Under this case, it will be difficult for the control method proposed in this paper to improve the
traffic efficiency of intersections. To solve the problem, a left-turn waiting area and a variable lane line
were set up as shown in Figure 11.

| ..
_, waiting area

— v Shared lane

Variable lane line
o /'
o

Figure 11. Diagram of left-turn waiting area and variable lane line for the case shown in Figure 10.

Left-turn waiting areas have been adopted in many urban intersections in China [32,33]. They are
located at the front end of the left-turn lane (it is shared lane in this study) and extend into the interior
of the intersection. The extension length should ensure that the left-turning vehicles waiting within
this range do not conflict with the traffic flow in the opposite direction. Two parallel white dotted lines
mark the left-turn waiting area, and the front end marks the stop line.
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The design and working principle of the variable lane line are given in this paper. The variable
lane line is composed of LED units, a transparent protective cover, a bearing box, the mask, and the
control unit. The overall structure schematic diagram is shown in Figure 12.

Transparent
protective cover

Control LED unit
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To TSC 4 Bearing
Mask  box

Figure 12. Schematic diagram of variable lane line structure.

The variable lane line LED unit groups are changeable, the number of groups in accordance with
the length of the approach lane of the intersection, and connected to the TSC. The TSC can control the
state of the variable line (e.g., on or off state), and its working diagram is shown in Figure 13. The
variable lane line groups in Figure 13 consist of 13 LED units. Figure 13a demonstrates the working
principle and effect of the variable lane line. When the LED is off, the variable lane color will be the
same as the road surface (here it is shown in a different color to indicate its existence). Figure 13b
represents the combination of variable lane line and conventional lane line with fixed marking, which
is in a non-working state. In other words, this situation indicates that vehicles in the shared lane and
its adjacent through lane cannot change lanes with each other. Figure 13c represents the combination
of variable lane line and conventional lane line in a working state (i.e., through vehicles in the shared
lane can change to the adjacent through lane if the through signal is allowed and lane changing is safe,
but the vehicles in the through lane are prohibited from changing lanes to the shared lane).
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Figure 13. Schematic diagram of variable lane line: (a) Working principle and the effect of the variable
lane line; (b) Non-working state of the combination of variable lane line and conventional lane line; (c)
Working state of combination of variable lane line and conventional lane line.
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In this circumstance, the control strategy of the shared lane will firstly give the through signal, and
then the left-turn signal. As for the signal duration time for the through and left-turn movements, the
storage capacity of the left-turn waiting area can be used as the basis for calculation. Assuming the time
for the number of vehicles with the storage capacity to pass through the intersection is Ty, the left-turn
phase duration time GT)f must be greater than Ty, (ie., GTir > Tw), then the signal control phase
diagram can be obtained under this condition, as shown in Figure 14. In the figure, A = GTjf — Tw,
NGTy = GTin + A, NGTy; = RTyepy + A, NGT5; = Ty This control strategy is similar to the control
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phases (b) in Figure 7, and only the through and left-turn control durations are different (i.e., NGTy, A,
NGTs;, and NGTs; are different).

NGTs YT NRTw
1 d
Through
lane 2 NGL :
NGI; YT| MRT |
Shared ! .
lane ! !
=1 a
1] (=}

Toyets (5)

Figure 14. The control phases for the case shown in Figure 10.

Under this control strategy, the shared lane is firstly given the through signal, and then left-turn
signal. At the through signal time the left-turning and through vehicles will move forward in turn.
The through vehicles directly pass through the intersection and the left-turning vehicles will enter the
left-turn waiting area. For example, for the vehicles in the shared lane of Figure 10, the first through
vehicle will leave the stop line and pass the intersection directly, the second left-turning vehicle will
enter the waiting area, then the third through vehicle will pass the intersection, and then the fourth
left-turning vehicle will enter the waiting area. This continues in turn until the waiting area is full of
left-turning vehicles. The process of the vehicle movements diagram is shown in Figure 15a.
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Figure 15. Vehicle movements diagram in shared lane and adjacent lane: (a) Unsaturated vehicle
movements with the left-turn waiting area; (b) Filled vehicle movements with the left-turn waiting
area; (c) Vehicle movements in left-turn green signal.

If there are no left-turning vehicles in the shared lane when the left-turn waiting area is full and the
through green time is not ended, the through vehicles will pass through the intersection successively
until the end of the through green time.

If there are still left-turning vehicles in the shared lanes, the left-turning vehicles will follow the
through vehicles forward until stopping at the stop line, and this will inevitably hinder the subsequent
through vehicles from passing the intersection. In this case, the variable lane line is activated (i.e., the
lane line is in the working state; Figure 13c), which makes the through vehicles in the shared lane able
to change lanes to the adjacent through lane, and then pass the intersection. The process of the vehicle
movements diagram is shown in Figure 15b.

Moreover, when the green time for through movements is over, the green signal for left-turning
movement is active, so the left-turning vehicles in the left-turn waiting area and the shared lane will
pass through the intersection, while the through vehicles in the shared lane can move forward in turn
to reach the stop line. The process of vehicles movements diagram is shown in Figure 15c.
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6. Conclusions and Future Work

To improve the capacity of intersections with an exclusive left-turn lane in the case of fewer
left-turning vehicles, especially in rush hour, a new intersection signal control model and control
strategy are presented. This new intersection model includes a shared lane, realized by a variable
lane direction arrow marking instead of markings painted on the surface of the road. Under the new
intersection control model, a control strategy based on V2I communication technology is proposed.

To evaluate the intersection control model and strategy, an actual intersection was selected with
field data collected, and micro-simulations of three different intersection control models and strategies
with VISSIM software were conducted. The results show that the new intersection control model and
strategy could increase the intersection capacity. The new intersection control model and strategy
did not work well when the left-turning and through vehicles appeared intermittently in a short time
period in the shared lane. This problem can be solved by setting up a variable lane line and left-turn
waiting area at the intersection. In this circumstance, the control strategy was designed and the vehicle
movements in different cases were discussed.

However, the new intersection signal control model and strategy was simulated with
one-directional traffic, and the control strategy will be studied for all-direction traffic. Moreover, a
strategy for the comprehensive application of variable lane direction arrow marking, variable lane
lines, and shared lanes will be conducted to improve the intersection efficiency. Furthermore, some
realistic constraints, such as the start time of the green phases, will be considered for further study.
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