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a b s t r a c t

This paper presents an integrated multi-agent approach, coupled with percolation theory
and network science, to measure the mobility impacts (i.e., mean travel time of the system)
of connected vehicle (CVtio) network at varying levels of market penetration rate. We cap-
ture the characteristics of a CV network, i.e., node degree distribution, vehicular clustering,
and giant component size to verify the existence of percolation phenomenon, and further
connect the emergence of mobility benefits to the percolation phase transition in the CV
network. We show the percolation phase transition properties to appear in a dynamic
CV network with time-correlated link and node dynamics. An analytical framework was
developed to evaluate the CV network attributes with varying market penetrations (MP)
and connection ranges (CR) to identify percolation phenomenon in a mixed CV and Non-
CV environment. In addition, a multi-agent CV simulation platform was created to further
measure (1) how varying MPs and CRs affect the network-wide mobility measured by the
mean travel time of the network; and (2) when percolation transition occurs in CV network
to capture the critical MP and CR. Percolation phenomenon in CV network was further val-
idated with the analytical assessments. The results show that (1) percolation phase transi-
tion phenomenon is a function of both market penetration and communication range; (2)
percolation phase transitions in both mobility and CV network are highly correlated; (3)
the application can reduce the average travel time of the system by up to 20% with reason-
able market penetration and communication range; (4) critical market penetration is sen-
sitive to communication range, and vice versa; (5) at least 70% of the CVs on the network
are required to show in the same cluster for mobility benefits to appear; and (6) for high
levels of MP or CR, a low probability of connectivity (PC) does not dramatically change
the mean travel time. These results provide solid supports to create evidence-driven frame-
works to guide future CV deployment and CV network analysis.

Published by Elsevier Ltd.

1. Introduction

1.1. Background

Connected Vehicles (CV) are the leading edge of disruptive forces that will upend the traditional traffic composition, usher
in new operation models, change the nature of traffic flow fundamentals and management (Viereckl et al., 2015;
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Mahmassani, 2016), and further reshape the future of safety and mobility management (Newman, 2014). According to the
Texas Transportation Institute mobility report (Schrank et al., 2015), U.S. highway users wasted 6.9 billion hours stuck in
traffic congestion in 2014. It is believed that CV technology has great potential to ease traffic congestion through the creation
of a safe and interoperable connected vehicle network (Ubiergo and Jin, 2016). Within this network, vehicles are able to
exchange information regarding speed, position, and individual route as well as their surrounding vehicles, which helps dri-
vers navigate the roads more efficiently. It also enables the system operators to improve the operation of the transportation
system, reducing congestion, travel delay, and improving the overall mobility. Multiple CV application development efforts
and studies have demonstrated the potential for significant mobility benefits from the V2X (vehicle-to-x) applications (Dey
et al., 2016; Luo et al., 2016; Jia and Ngoduy, 2016). Existing studies have shown combinations of V2V (vehicle-to-vehicle)
and V2I (vehicle-to-infrastructure) applications can potentially reduce travel time on freeways up to the range from 27 to 42
percent (Chang et al., 2015). The magnitude of the CV benefits depends on the varying level of market penetration in tech-
nology deployment, as well as the characteristics of the technology itself.

The growing innovation of CV technologies accelerates the market adoption and gradual implementation of mature CV
applications (Gay and Kniss, 2015). However, the market will not be occupied by CV over night. The CV market penetration
in the United States is at 9.33% in 2016 and is expected to hit 27.66% in 2020,1 and around 98% of U.S.’s vehicle-fleet is likely to
have connectivity in year 2030 (Bansal and Kockelman, 2016). Although the definition of CV might vary depending on the con-
text, the market penetration of CVs that are able to perform a reasonable range of applications is expected to increase exponen-
tially in the foreseeable future. The increasing market adoption of connected vehicles to the conventional traffic flow adds
additional complexity since the interaction mechanism between vehicles alters (Guériau et al., 2016; Abdulsattar et al.,
2017). The CVs on the highway would use dedicated short-range communication system (DSRC) or 5G LTE network (Murry,
2015) to communicate with each other, so that every vehicle on the road is aware of where other nearby vehicles are. This infor-
mation can potentially be used to perform driving maneuvers. Nonetheless, there has been a lack of research focusing on the
overall network performance in the transition regime. Further, at what market penetration of CVs after deployment of the tech-
nology, and how the greatest benefits can be achieved is a significant question yet to be addressed (Guériau et al., 2016). In
addition, the technology evolves rapidly over time, opening windows to new opportunities and challenges in this area. This
necessitates the study of how the advancements in technology affect the outcomes of the application. This work is largely moti-
vated by the urgent need for transportation authorities, industries, and government agencies to understand the extent to which
the mobility benefits of CVs will be, and how we maximize the opportunities that they will bring in order to better manage the
increasing CV networks today and in the future (Global, 2016).

Instead of only considering the information exchange between neighboring CVs, Vehicle Cloud Networking (VCN) (Lee
et al., 2014) allows us to delve into the CV networks from a larger scale. The objective of this application is to create a vehicle
cloud and facilitate collaborations among the vehicles within the cloud to perform an advanced vehicular task that an indi-
vidual vehicle cannot achieve in isolation. Two computing and networking models supporting the VCN are vehicular cloud
computing (VCC) and information-centric networking (ICN) respectively (Lee et al., 2014). Contrary to the Internet cloud, the
vehicle cloud is temporarily created by interconnecting resources in vehicles or the roadside units (RSUs). In VCN, vehicles
are interconnected and they can negotiate the level of resource sharing. Once the cloud is formed, travel information such as
speed, density, and signal timing can be retrieved from the connected clusters. This information would help the driver’s
decision-making and eventually enhance the mobility benefits of CV in terms of travel time. Also, vehicles can freely join
and leave the vehicular cloud as they move, which adds intriguing dynamics of the network. The enormous data collected
in VCN will also contribute to the development of the applications such as EnableATIS (USDOT, 2012) to improve the overall
transportation system mobility and safety. The integration of data would also facilitate the development of dynamic and
transformative applications (Chang et al., 2015).

The benefits of VCN-related CV applications are primarily dependent on the communication range that the vehicles can
accommodate and the market penetration of the technology. These two elements can be modeled by the percolation theory.
In this paper, we show the existence of critical percolation phase transition properties appear in the dynamic CV network
with time-correlated link and node dynamics (Basu et al., 2012). We found that percolation phase transition phenomenon
exists in (1) the impacts of both market penetration and the communication range of CVs on system-wide mobility benefits
measured by mean travel time of the vehicles; (2) the impacts of market penetration and communication range on CV net-
work characteristics, studied from giant component size perspective, as widely used in percolation theory context. Although
there are existing studies adopted percolation methods in VANET network (Jin et al., 2011a,b), the applications are mainly
focused on the intersection grid network connectivity. To our knowledge, this is the first application of percolation theory to
understand the dynamics of CV network as well as resultant mobility benefits, with varying market penetration and com-
munication range.

1.2. Objective and motivation

The objective of this research is to assess the impacts of CV market penetration on network-wide mobility in connected
vehicle network, and further connect the CV network characteristics to the expected mobility benefits. Although the vehicle-

1 https://www.statista.com/outlook/320/109/connected-car/united-states.
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