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Abstract—Energy-efficiency (EE) optimization of long-term evolution (LTE) networks dedicated to vehicle-to-vehicle communications
(LTE-V2V) is critical for connected vehicles. In this paper, we integrate perimeter control methodologies from transportation science
into EE optimization to make vehicular communications adaptive to temporal-spatial dynamics of macroscopic traffic flows in multiple
urban regions. Specifically, we develop a hierarchical framework of joint LTE-V2V EE optimization and perimeter traffic flow control. Its
goal is to minimize the total traffic network delay, defined as the integral of the vehicle accumulations in the urban regions over a
prediction horizon time, meanwhile maximizing the energy efficiency of the LTE-V2V communications in the same regions. We propose
a model predictive perimeter controller at a low level, using a macroscopic fundamental diagram (MFD) to capture the relationship
between the traffic density and the outflow of each urban region. We also propose a high-level EE optimization model and an iterative
algorithm, considering the multi-region coordinated traffic dynamics, to jointly optimize vehicular transmission power and beacon
frequency. Simulation results validate our proposed models and show that our method outperforms the latest solutions by improving at
least 9.57% EE of the multiple regions. Our method can also provide 27.69% improvement in resource utilization fairness, indicating a
fairer EE performance distribution among these regions.

Index Terms—Long-term evolution network (LTE), energy efficiency (EE), perimeter control, vehicle-to-vehicle (V2V) communications.
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1 INTRODUCTION

ESOURCE management plays a critical role in the de-
Rsign and deployment of various wireless communi-
cations and networks, such as long-term evolution (LTE)
networks that exploit device-to-device (D2D) features to
realize vehicle-to-vehicle communications (LTE-V2V). Its
fundamental goal is to optimize the achievable capacity and
transmission performance of a communication system con-
suming a unit of energy resource, i.e., energy-efficiency (EE)
optimization. LTE-V2V networks are considered a critical
enabling component of intelligent transportation systems
(ITS) in the future, promising a wide variety of vehicular
safety applications, such as real-time beaconing in vehic-
ular cooperative awareness [1]-[3]. However, the system-
level performance of large-scale LTE-V2V communications
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is usually limited due to constrained LTE resource blocks
(RBs) [4]. Recent studies [5]-[7] have demonstrated that
physical-layer communication interferences and collisions
may become more severe in road traffic scenarios with
higher vehicle density. Generally, when the total traffic accu-
mulation in an urban region increases, the average number
of LTE-V2V communication vehicles in the same region
rises, leading to the fact that the LTE RBs are insufficient
to support the connected vehicles in the reuse range [8],
[9]. The dynamical allocation of limited RBs among vehicles
located within the same resource reuse range of an LTE-V2V
communication network in an urban region, determining
the LTE-V2V communication performance, directly depends
on the vehicle density distribution and macroscopic traffic
flow dynamics in this region. At this point, the evolution of
the region-level traffic flow can significantly influence the
system-level performance of the LTE-V2V network.
Additionally, an urban road area can be partitioned into
several adjacent regions to facilitate real-time road traffic
management and control of the large-scale urban road traffic
network. It is recognized from considerable studies (such
as [10]-[14]) in transportation science that the temporal-
spatial dynamics of macro-level traffic flows in the adjacent
regions is highly coupled. Thus, the performance of the
LTE-V2V network in each region is inherently coupled with
that in other neighboring regions since each region’s vehicle
density relies on the internal traffic generation and the
flow transferring between the neighboring regions. From the
system-level perspective, optimizing multi-region LTE-V2V
networks requires understanding the relationship of multi-
region macroscopic traffic dynamics and how to adapt the



resource allocation of the communication networks to the
macroscopic traffic dynamics.

Nevertheless, few current efforts (to the best of our
knowledge) have been made to incorporate multi-region
macroscopic traffic dynamics into an LTE-V2V network opti-
mization framework. While many resource allocation meth-
ods and application frameworks of cellular vehicular net-
works, such as [15]-[18], can provide high energy efficiency
in a low-density traffic region, their global optimization per-
formance regarding multiple neighboring regions may be
limited because their lack of coordinating inter-region trans-
fer flow dynamics produces an imbalanced temporal-spatial
distribution of multi-region vehicle densities. Most state-
of-the-art resource optimization methods in wireless com-
munication and networks focus on communication systems
but have not incorporated the impact of road traffic systems
on their communication systems and cannot provide multi-
disciplinary insight and design. The absence of integrating
road traffic control tools into communication optimization
and resource management for connected vehicles, yielding
poor communication performance in some congested urban
regions, limits the overall performance of communication
networks deployed in multiple regions.

Meanwhile, in the transportation community, advanced
perimeter control approaches like [19]-[21] have been pro-
posed to regulate the traffic flows (i.e., vehicle flows) trans-
ferring between neighboring urban regions. Recent perime-
ter control frameworks generally build on the principle of
macroscopic fundamental diagram (MFD) that is used to de-
scribe the aggregated road traffic dynamics and provides the
relationship between vehicle density and space-mean traffic
flow or output flow of an urban region at an aggregated
scale [22]-[25]. These studies show that the MFD provides
a powerful modeling tool to develop tractable dynamical
system models for multi-region road traffic dynamics and
to design region-level flow control schemes for coordinating
the traffic dynamics of these regions. Such traffic control
schemes with MFD motivate a potential progress towards
a new generation of joint management and optimization of
vehicular networks and urban road traffic flows. Neverthe-
less, it remains unexplored how to integrate multi-region
traffic dynamics under MFD-based perimeter control into
the EE optimization of multi-region vehicular networks.

In this paper, we propose a hierarchical joint optimiza-
tion framework for coordinating traffic flow dynamics of
multiple adjacent regions to alleviate traffic congestion or
unbalanced traffic distribution over the regions and for
improving the EE performance of the LTE-V2V networks in
the corresponding regions simultaneously. This framework
leads to a joint vehicular communication optimization and
macroscopic traffic control (VCOMTC) methodology. The
lower level of the framework proposes a nonlinear model
predictive controller (MPC) based on the multi-region MFDs
to realize optimal perimeter control, i.e., manipulating traffic
flows transferring between neighboring regions. We further
develop a vehicular EE communication optimization model
and an effective solving algorithm that incorporates the
multi-region traffic dynamics coordinated by the lower-
level MFD-based MPC model, thus enabling the adaptive
response of the multi-region LTE-V2V networks to the
temporal-spatial evolution of traffic flows in the regions.

2

With the above hierarchical framework, we provide a critical
insight into how multi-region LTE-V2V networks can benefit
from integrating traffic dynamics control and EE commu-
nication optimization, facilitating interdisciplinary research
from transportation and communication domains.

1.1 Literature Review

Recently, integrating advanced information communication
technologies, such as network function virtualization (NFV),
central and edge clouds, mobile edge computing (MEC),
and 5G network architecture, with vehicular communica-
tions has spawned new implementation architectures for
vehicular networks like 5G vehicular networks [15]. This ad-
vancement is believed to provide opportunities to transform
traditional vehicles and cities into smart ones. To practically
enable vehicle-to-everything (V2X) communications based
on current radio access technologies, many research efforts
develop different mobility management models and proto-
cols to improve seamlessness, reliability, and throughput
of the network systems such as Dedicated Short Range
Communications (DSRC), LTE, and 5G networks [16]. Rep-
resentative state-of-the-art mobility management schemes
include software-defined networks (SDN)-based, fog-based,
and heterogeneous networks-based methods [16]. However,
due to the limitation of radio resources, large-scale de-
ployment of vehicular networks will meet some significant
challenges, among which increasing wireless interference
and transmission collisions is an essential issue. Traditional
solutions to this issue are modifying existing medium ac-
cess control (MAC) protocols like carrier sense multiple
access with collision avoidance (CSMA/CA) protocols or
designing novel physical-layer congestion control schemes.
For example, many researchers from the communication
community have developed different congestion control
schemes, such as rate adaption- or power adaption-based
control approaches, joint power and rate optimization ap-
proaches, and non-orthogonal multiple access (NOMA)-
based methods [17]. As LTE-based and 5G New Radio (NR)-
based access technologies are two main streams of cellu-
lar V2X (C-V2X) networks, many recent sidelink resource
allocation frameworks aim to improve the performance
of dynamic scheduling and sensing-based semi-persistent
scheduling (SB-SPS) algorithms operated in LTE-V2X Mode
3 and Mode 4 and extend these scheduling algorithms to
the counterparts (i.e., Mode 1 and Mode 2) in 5G-V2X
networks [18]. These frameworks modify the legacy SB-SPS
procedure by combining other enhancement mechanisms,
such as variable-size packet design, reservation splitting,
long blind spot avoidance, and position- and mobility-aware
optimization, with the resource scheduling algorithms in
LTE-V2X or 5G-V2X networks [18].

The existing surveys [15]-[18] show that many resource
allocation schemes can provide better connectivity and re-
source utilization, while they also suggest that much space
remains to improve C-V2X networks. The underlying idea
is to enable resource allocation procedures to adapt to time-
varying environmental conditions (e.g., road traffic flows
and vehicle density). However, while region-level road
traffic dynamics characterizes varying vehicle density that
affects the resource utilization of either LTE-V2X or 5G-V2X



networks, few existing resource scheduling schemes have
integrated macroscopic road traffic management and control
into their radio resource allocation. It is left to establish
the connection between the EE optimization of multi-region
vehicular networks and traffic dynamics.

Approaches based on convex approximation, mixed in-
teger programming, and learning-based optimization tech-
niques have been developed for maximizing network-wide
EE performance of vehicular networks [26]-[30]. Other
approaches to optimize the EE performance of vehicu-
lar networks follow a joint control framework of power
and beacon rate [31]-[40]. These approaches can be di-
vided into three main categories, including i) mathematical
optimization-based approaches that formulate the joint re-
source allocation problem as multi-stage optimization prob-
lems [31], [36], mixed boolean linear programming problems
[33] or mixed integer nonlinear programming problems [40],
ii) learning-based approaches such as Q-learning [32], feder-
ated learning [34], and Deep Deterministic Policy Gradient
(DDPG) schemes [37], and iii) game-theoretical approaches
such as [38], [41], [42]. In [35], the researchers analytically
derive packet reception probability (PRP) of resource al-
location algorithms for LTE-V2V networks, providing an
insight into the effect of application-layer and physical-
layer parameters on the network performance. As fairness is
another significant optimization objective in resource alloca-
tion, [43] provides a general model describing the tradeoff
between the optimal performance of a multi-user wireless
communication system and its achievable fairness in re-
source allocation. This theoretical model can pave the way
for designing optimal EE-fairness tradeoff schemes. In [44],
the researchers propose a power control approach based
on Channel Busy Ratio (CBR) measurement to enhance
the fairness of radio resource allocation among vehicles
broadcasting messages via the DSRC network. Additionally,
other researchers move towards improving fairness among
vehicles while optimizing radio resource usage via adaptive
clustering and cluster head selection [39].

The above literature shows that various optimization
schemes succeed in power control, rate adaptation, and joint
resource allocation of vehicular networks. However, these
existing studies mainly focus on communication modeling
and optimization of single-region vehicular networks, ne-
glecting the impact of multi-region road traffic flow dy-
namics on the communication system. Even though they
recognize that spatial vehicle density distribution signifi-
cantly influences the usage of radio resources in vehicular
networks, few studies allow for power and rate adaptation
on spatial-temporal varying vehicle density in multiple
neighboring road regions. Consequently, these existing op-
timization schemes may not provide optimal performance
when applied to multi-region vehicular networks with lim-
ited resource blocks.

1.2 Motivation and Contributions

According to the 3GPP standard specification [1]-[3], [45],
LTE-V2V networks exploit the single-carrier frequency-
division multiple-access (SC-FDMA) protocol for their phys-
ical layer and MAC layer. The number of resource blocks
in a signal frame is restricted and should be properly
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scheduled in response to varying vehicle density. Some
analytical studies further show that vehicle density in the
access environment significantly influences the reliability of
LTE-V2V networks in Mode 3 [8]. Other studies [5], [6], [42]
indicate that road traffic flows can significantly affect the
data transmission rate of a vehicular network. However, to
our knowledge, no existing studies have joined macroscopic
traffic flow dynamics and MFD-based perimeter control into
EE optimization of LTE-V2V networks. Therefore, this paper
aims to fill the gap by developing a joint optimization frame-
work. Our framework integrates multi-region MFD-based
predictive perimeter traffic control and EE optimization of
multi-region LTE-V2V networks. We differentiate our work
from existing literature by enabling multi-region coordi-
nated traffic dynamics-driven power control and beaconing
rate adaptation for vehicular communications, providing
new insight into multi-disciplinary modeling and optimiza-
tion regarding communication and transportation.

We develop a hierarchical framework that jointly realizes
MFD-based perimeter traffic flow control and power and
beaconing rate optimization for LTE-V2V communications
in multiple regions. Specifically, we propose a model pre-
dictive perimeter control integrated at the low level of the
framework, which uses the MFDs of the multiple regions to
predictively regulate the temporal-spatial dynamics of dif-
ferent traffic flows, including the internal and transfer flows
in these regions. The low-level model predictive perimeter
control aims to minimize the multi-region traffic network
delays via dynamically controlling the transfer flows be-
tween adjacent regions. Moreover, we propose a communi-
cation optimization model at the high level, aiming to max-
imize the holistic EE performance of the multi-region LTE-
V2V communication networks via jointly optimizing vehic-
ular transmission power and broadcast beacon frequency.
The high-level EE optimization model integrates the low-
level MFD-based model predictive perimeter control and is
driven by the multi-region regulated traffic flow dynamics.
Thus, it adapts to the temporal-spatial evolution of vehicle
density distributions over multi-region traffic networks. Our
major contributions are summarized as follows.

(i) We theoretically derive the network connectivity in
LTE-V2V communications based on the standard specifica-
tion and further characterize the EE performance of LTE-
V2V networks in multiple regions. The closed-form model
explicitly considers the comprehensive effects of vehicular
transmission power, broadcast beacon frequency, and multi-
region traffic dynamics on EE performance.

(if) We formulate a multi-region traffic flow dynamics
model using the MFDs. We further propose a bi-objective
joint optimization model integrating multi-region model
predictive perimeter flow control with vehicular EE commu-
nication optimization. This joint optimization model leads to
a hierarchical framework that enables the adaptive response
of LTE-V2V communication networks to the temporal-
spatial evolution of vehicle densities.

(iii) We also propose an iterative optimization method
based on the augmented Lagrangian multiplier theory,
which is integrated into the hierarchical framework for re-
alizing joint optimization. The proposed method can trans-
form constrained EE optimization into a sequence of un-
constrained subproblems and exploits derivative-free opti-
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Fig. 1. An exemplary scenario of the intelligent transportation cyber-
physical system in which the dynamics of vehicular communication
networks and urban traffic networks are coupled.

mization techniques to tackle the non-smooth and strongly-
nonlinear EE objective function. We prove the guaranteed
convergence of the proposed optimization method.

1.3 Organization

We organize the rest of the paper as follows. Section 2 pro-
vides details about our hierarchical framework of joint EE
communication optimization and model predictive perime-
ter control for multi-region LTE-V2V networks. Section 3
gives an algorithm design for solving the models. Section
4 provides simulation experiments for performance valida-
tion and comparison. Section 5 presents the main conclusion
and remarks on our future work.

2 SYSTEM MODEL AND PROBLEM FORMULATION

As shown in Figure 1, we consider an application scenario in
a city, where the entire urban traffic network is partitioned
into several regions (or called cells). There exists at least
a base station (or an Evolved NodeB (eNodeB)) for the
coverage and service of the LTE radio access network in
each urban region. Let N = {1,2,..., N} denote the set
of the urban regions where N is the region number. In the
scenario, the radio resource allocation in each region i € N
is operated by the LTE network in sidelink Mode 3 for
supporting V2V applications (e.g., cooperative awareness)
with the availability of cellular infrastructure.! The main
symbols are summarized in Table 1.

2.1 Resources and Capacity of LTE-V2V Network

As specified by the LTE-V2V standard from 3GPP [2],
the physical layer (PHY) and the medium access control
(MAC) layer of the vehicular communication network em-
ploy the single-carrier frequency-division multiple access

1. In the urban scenario, LTE networks are almost ubiquitous nowa-
days. It is reasonable to consider that resource allocation is operated
mainly in sidelink Mode 3 for connected vehicles [1], [3], [8]. For the
case of sidelink Mode 4, some studies have already developed ana-
lytical models for performance evaluation in Mode 4, such as [9]. The
different sidelink mode does not alter our methodology. As analytically
analyzed in [9], traffic density (i.e., macroscopic traffic dynamics) sig-
nificantly affects the resource allocation performance in Mode 4. Thus,
these existing analytical models can be combined with our hierarchical
framework to address more complicated resource allocation scenarios,
which is left as our future work.

TABLE 1

Main Symbols and Definitions

Symbol Definition

N set of urban regions

mupframe RB number per subframe

mibirame RB number per PSSCH subframe

Lsize beacon message size

Invcs index of a modulation and coding scheme

b
mR%acon (Lsize7 IMCS)

beacon .
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B (Lsize, Imcs)

fi
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Cosbtome (f1)

h (fi; Lsize; Imcs)
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gure(dy)
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R(pi)
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@ (t)
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p(zi(t))

Pr(m;)
Pr(outage|m;)
q(zi(t), fi(t), pi(t))
Ji(zi(t), fi(t), pi(t))
z(t), f£(t), p(t)
J(x(t), £(), p(1))
i j(t)
gi(z:i(t))
vi i (t)
Qi,;(t)
wi,j (1)
u(t)
W(u(t))

RB number occupied by a beacon
subframe number occupied by a beacon
ratio of bandwidth occupation

beacon frequency used in region ¢
duration of each subframe

number of subframes per beacon period
number of vehicles for resource reuse
transmission power of vehicles in region ¢
distance associated with transmission link /
channel gain associated with link [
distance set of I’s interference links

SINR associated with link I

LTE-V2V resource reuse range in region i
penetration rate of LTE-V2V vehicles in %
vehicle accumulation in region ¢ at time ¢
space-mean road length in region 4
LTE-V2V vehicle density in region i at ¢
probability of m; vehicles occupying RBs
outage probability conditioned on m;
outage probability of LTE-V2V network in ¢
EE metric of LTE-V2V network in ¢
collections of z;(¢), fi(t), and p;(t)

total EE metric of multiple regions
accumulation of vehicles from ¢ to j at ¢
MED of region i depending on z;(t)
internal transfer flow from i to j at ¢
traffic demand generated from i to j at ¢
perimeter flow controller between i and j
collection of wu; ;(t)

total vehicle accumulation of regions

(SC-FDMA). The SC-FDMA is a modified protocol of the
well-known orthogonal frequency-division multiple access
(OFDMA), which can reduce the peak-to-average power
ratio (PAPR) and support multiple channels of 10 MHz or
20 MHz. In the time domain, the LTE-V2V communication
technique organizes a wireless signal into several frames
each with the duration of 10ms, and each signal frame
is usually divided into 10 subframes each with the dura-
tion of Tyupgrame = 1ms. Each subframe further consists
of two time slots. In the frequency domain, a wireless
signal is modulated by a number of subcarriers each with
the spacing of 15kHz. Thus, the LTE-V2V communication
network defines the smallest unit of the radio time-space
resources allocated to vehicular users as a Resource Block
(RB), and each RB contains 12 subcarriers (i.e., with the
frequency wide of 12 x 15kHz = 180kHz) and one time
slot of 1 ms/2 = 0.5ms [3]. In the LTE-V2V communication
network, a group of RBs in the same subframe can constitute
a series of subchannels that are used to transmit vehicular



data and control information. That is, we can denote the
number of the RBs per subframe by mfiPffame and the
typical RB amount per subframe in 10 MHz channels is
migbframe — 100. According to the standard specification
[46], the RBs are exploited to realize three types of phys-
ical channels, among which the physical sidelink shared
channels (PSSCH) are used to transmit application-specified
data packets that are coded in a sequence of transport
blocks (IBs), and the physical sidelink control channels
(PSCCH) are used to transmit sidelink control information
(SCI). In this paper, we consider the high-reliable and low-
latency V2V communication application scenario based on
periodically broadcasting beacons or cooperative awareness
messages (CAM). An intact beacon or CAM can be packeted
into one TB to be transmitted over the PSSCH. Thus, we
mainly focus on the shared channels and denote the number
of the RBs to be used for carrying the PSSCH per subframe

by miiblame A typical value of mibiame in 10 MHz chan-

nels is mgipiame . — 81 [8].

Additionally, according to the standard specification for
the LTE-V2V communication [46], given a specific beacon
or CAM size Lgy,e and a specific modulation and coding
scheme (MCS) Iyics, the number of the RBs occupied by
the shared channels used to transmit the packet is also
determined. We can let m'ffBaCO“ (Lsize, Imcs) denote the num-
ber of the RBs allocated for a beacon that depends on the
configurations Lg, and Iyvcs. Hence, we derive the num-
ber of the subframes occupied for transmitting a beacon,
mbeacon ([.e, Ivics), as follows

subframe
beacon mlf{%acon (Lsize7 IMCS) “ (1)
)

Mgubframe (Lsize7 IMCS) = ’V

f
MR PeCH
where [-] is the ceil function. Considering that the transmit-
ted packets are uniformly allocated over the subchannels,
we further estimate the ratio of the occupied bandwidth
over the total available bandwidth, denoted by /3, as follows

m%%acon (LSiZE7 IMCS) 1 o)
msubfrarne : ( )
RB

b
mss‘gﬁf;me (LSiZe7 IMCS)

/8 (Lsize7IMCS) = ’7

On the other hand, let the beacon frequency of the LTE-
V2V communication network in each urban region i € A be
fi in Hz. The number of the allowed subframes per beacon
period, i.e., the amount of the radio resources in the time

domain, CP%on (f;), is estimated by
beacon E .
C'subframe (fl) = SRS Na (3)
Tsubframe

where T} is the beacon period equal to T; = f; ' seconds
and |-] is the floor function. Using (3) and (1), we can
calculate the maximum allowed number of the LTE-V2V
communication vehicles in a reciprocal resource reuse cover-
age that can be allocated without incurring any interference
to each other during one beacon period, h (fi; Lsize, Imcs),
as follows

Comfame (f1)

beacon
subframe (Lsize ; IMCS )

h(fi;LsizmlMCS) = y 1€ ./\/ (4)

From (4), h (fi; Lsize, Imcs) indicates the service capacity of
the LTE-V2V communication network regarding its limited
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time-space radio resources, which not only relies on the
network configurations Lg,e and Iyics based on the stan-
dard specification but also the application-oriented design
parameter (i.e., the beacon frequency) f;. In general, increas-
ing the beacon frequency f; can increase the possibility of
the destination nodes receiving the messages and update
the received information more frequently, thus improving
the application reliability and reducing the information
dissemination latency to guarantee the quality of service
(QoS). However, a larger beacon frequency will result in
higher resource occupancy by each individual vehicle and
more redundant messages in the network, thus reducing
the tolerant number of the vehicles allocated per beacon pe-
riod in the same resource reuse coverage h ( fi; Lsize, Incs)-
Therefore, there is a tradeoff between the QoS performance
of the LTE-V2V communication network and the adaption
of the beacon frequency.

2.2 Connectivity and Network-Wide Energy Efficiency

To further estimate the outage probability of a LTE-V2V
connection?, we first analyze the effective LTE-V2V resource
reuse range. Given a specific antenna gain go, a path loss
factor at the reference distance of 1m Ly, and a path loss
exponent « in the LTE-V2V communication scenario, we
can typically evaluate the channel gain of a host LTE-V2V
transmission link /, gr;rg(d;), as follows
9o
Lody’

where d; is the distance between the transmitter and the
receiver of the host transmission link /.

Let the interfering node set associated with the LTE-V2V
transmission link [ in the urban region ¢ € N be Z; which
consists of those transmitting nodes that can incur wireless
interferences to the host transmission link /. The received
instantaneous signal-to-noise-and-interference ratio (SINR)
over the host transmission link I, vy(p;;d;,d—;), can be
derived by

Y(pisdi, d_y) =

gure(d) = )

grTe(dy)p;
B (Lsize, Ivics) 07 + ez, gure(dy)pi

for i € N, where p; is the transmission power of the LTE-
V2V communication vehicles in the urban region ¢, d, is the
interference link distance associated with the v-th interfer-
ence and d_; = col {d,,v € I;}. 02 is the background noise
power in the region i. 5 (Lsize, Imcs) denotes the ratio of the
utilized bandwidth over the total available bandwidth as
defined in (2).

Given the minimum SINR level for correctly receiving
and decoding signals from a transmitter, ymin, and the
cooperative awareness range for any vehicular application,
Ry, the transmission power p;, ¢ € N, should always satisfy
the minimum SINR level in an ideal situation where there
exist no interferences, i.e., Z; = (). At this point, we can get

g Ro)p;
i < Lo)z @)
B (Lsize, Imcs) 073

2. In wireless communication, outage probability is a widely-used
performance metric of a wireless communication system. It indicates
the possibility that a receiver cannot receive the information from a
transmitter correctly. In this work, the outage probability is specified as
the probability that the LTE RBs cannot be allocated to a vehicle when
all the RBs have already been allocated to others in the RB reuse range.

(6)



Combining (5) and (7), we can derive a lower bound for the
feasible transmission power design in the region 7, denoted
by p;, as follows

YminB (Lsizes Imcs) o7 Lo RS
g0

Di 2 Dp; = (8)

Let R(p;) denote the LTE-V2V resource reuse range in
the urban region ¢ € NV that depends on the adopted trans-
mission power p;. Generally, any an interfering node located
at the distance of R(p;) from the transmitter of the host
transmission link [ will not impair the host transmission
link if the SINR of the host transmission link is not smaller
than the minimum level ~y;,. To derive the closed-form
design of R(p;), we suppose that the transmitter of the host
transmission link [ is exactly located at the distance of Ry
from its receiver and an interfering node is at the distance
of R(p;) from the transmitter of the host transmission link .
Thus, the worst-case SINR is attained when the interfering
node is also located in the same direction as that of the
receiver. At this point, we have

grre(Ro)p;:
B (Lsize, Incs) 02 + grre (R(p:) —

which further leads to

Ymin S (9)

RO) Di

_1
B (Lsize, Inmcs) U?LORS) o

1
R<pi)_ROZRO< -
Pigo

Ymin

(10)

On the other side, the distance between the interfering

node and the receiver of the host transmission link { should

be larger than that of the host transmission link, i.e., Rp.
Thus, we can also have

R (pi) —

Combining (10) and (11), we can derive the LTE-V2V re-
source reuse range R (p;) as

Ro > Ro. 1)

R(p;) =AR+ Ry

+ Ry max {( 1
“Ymin

where AR is a constant margin that is introduced when
considering the existence of vehicle positioning errors in
an actual LTE-V2V network. That is, as suggested by the
3GPP specification [47], [48], the LTE-V2V network relies
on the time difference of arrival (TDOA) of the uplinks
to approximately estimate the vehicle positions, which in-
evitably introduces measure errors. Thus, the resource reuse
range should take into consideration a certain margin AR
to deal with such location errors. For instance, according to
the technical report [49], the uplink TDOA measurements
with the assistance of five eNodeBs can achieve the position
detection accuracy of about 100 meters under the sensing-
based SPS scheme. Hence, a typical settings on AR can be
specified as AR = 100 m.

Let x;(t) (veh) denote the vehicle accumulation in the
region i € N at time ¢t € R>o and \; denote the space-
mean penetration rate of the LTE-V2V communications in

—1
5(me1Mc§0?LORS) : 1},

Pigo
(12)
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the same region. The average density of the LTE-V2V com-

munication vehicles in i € A is denoted by p (z;(t)), i.e.,
Az (t
o) = 250 e 13

where L; represents the average (space-mean) road length of
the road network in the urban region . Besides, within each
urban region, we consider that the spatial distribution of the
LTE-V2V communication vehicles follows an independent
homogeneous Poisson Point Process (PPP) characterized by
the parameter p (x;(t)) as indicated by the current literature
[50]-[52]. Therefore, we can derive the probability that there
exist m; LTE-V2V communication vehicles allocated with
the RBs in the resource reuse range R (p;) in the region i as

[p(zi(t) R (p;)]™ e~ P () E@:)

(14)

Pr(m;) = ,ieN.

Under the condition that there already are m,; vehicles
allocated with the RBs in the LTE-V2V resource reuse range
R (p;) in the region 4, the outage probability of the network
is the possibility that the number of the LTE-V2V com-
munication vehicles exceeds the number of the LTE-V2V
resources. Recalling (4), the conditional outage probability is
formulated as the fraction of those LTE-V2V communication
vehicles exceeding the maximum allowed number in the
resource reuse range, i.e.,

Pr (outage|m;)

oMy — h (fza Lsize, IMCS) 1

- m; m; —h(fi;Lsize,Imcs) 20
foralli € N, where 1,,, _(f;; Ly, Iucs) >0 18 @ binary indicator
that is equal to 1 if and only if m; — h (fi; Lsize, Incs) > 0
holds, otherwise 0. Combining (14) and (15), we can derive
the total outage probability of the LTE-V2V communication
network, denoted by ¢ (z;(t), fi(t), pi(t)), as follows

q (i), fi(8), pi(t)) =

oo
Z Pr (outage|m;) Pr (m;)
m;=h(fi(t);Lsye,Imcs)+1

(15)

(16)

for all i € N. Here, we introduce t for p; and f;, and
use p;(t) and f;(t) to equivalently represent p; and f;,
respectively, in order to emphasize their time dependence.
Substituting (14) and (15) into (16), we can further get a
closed-form approximation on the outage probability as

q(z:i(t), fi(t),pi(t)) =
[p (331 (t)) R (pi (t))]h’(fi(t)?LsizmIMCS)JFl e—P(m'i(t))R(pi(t)) %

Z k+1 o (zi(1) R (ps(1))]*
[h fz 51ze7 IMCS) + 1 -+ k} [ (f’b( ) sizey IMCS) + 1 -+ ]C]

_mux»< OW“@““W”lﬁ“”WMWX
[h ( (t) SIZE:IMCS)JFH[ (fi(t); Lsize, Imcs) + 1]!
f; £): Live: Iucs) + U [p (@:(0) R (p(0))
fz(t) Lmze,[MCS) +2), } k!

17)

where (a)j, is the Pochhammer’s symbol that denotes the
product (a)y = a(a + 1)---(a + k — 1). According to
the theory of generalized hypergeometric series, we can
formally represent the summation term in (17) by using



a specific Generalized Hypergeometric Function (GHF) as

follows
2 hiv+1 = (g (hi + 1), PEe
2F2(hzt+2 hzt+2’plt) Z

(his +2) ]2 k!
(18)

with Pit = P (1’7(t)) R (pv( )) and hz gt = =h (fz( ) size IMCS)
for notional simplicity for all 7 € N. Using (18), we can
derive the formal representation for the outage probability

q (zi(t), fi(t), pi(t)) as
q (wi(t), fi(1), pi(t))

B pl;t-‘rle Pit . < 2 hiv+1 - ) 19)
T Gt D) s )1 2 i +2 by 2770
foralli € V.

From (19), the average connectivity can be estimated as
1 —q(zi(t), fi(t),pi(t)). Thus, we formulate the EE metric
in each urban region as the average data rate achieved per
power consumption, i.e.,

Ji (I’Z(t), fz(t)7pz(t)) — [1 —q (xl<t)7 fl(t)ﬂpz(t))] fi(t)Lsize )

pi(t)

(20)

It is noted that the EE metric in (20) reflects the amount of
the data bits that can be transmitted by consuming one unit
of energy. Based on (20), the network-wide energy efficiency
is then defined by summing up the EE of all the urban

regions as follows
J(2(t), £(1), (1) = Y Ji (wi(t), fi(t)
ieN

where x(t), f(t) and p(t) are the collections of the accu-
mulation states, the broadcast frequencies, and the trans-
mission power levels in the whole regions, respectively,
ie, z(t) = col{z;(t),i € N}, f(t) = col{fi(t),i € N},
and p(t) = col{p;(t),i € N}. It is observed from (21)
that the evaluation of the network-wide energy efficiency
J (x(t), f(t), p(t)) relies on the spatial time-varying vehicle
density p(z;(t)). The optimization of J (x(t), f(t),p(t))
requires modeling the macroscopic traffic flow dynamics,
which is detailed in the following section.

pi(t)) (21)

2.3 Evolution Dynamics of Spatial Vehicle Density

In transportation science, the MFD of different urban re-
gions describes the relationship between the vehicle density
of the road traffic network and the regions’ outflow or the
network’s space-mean flow [21], [23]. This theoretical tool
connects the vehicle accumulation in a region to the output
flow of the region, providing a fundamental for developing
different perimeter flow controllers. Perimeter control is a
typical kind of macroscopic traffic control, which aims to
regulate the traffic flows transferring at the perimeter border
of two neighboring regions [10]. Therefore, to model the
aggregate traffic flow dynamics in the entire urban network
and derive the evolution dynamics of the spatial vehicle
density in each urban region, we use the macroscopic traffic
modeling approach based on the MFD and exploit the MFD-
based perimeter flow control.

For the urban regions i € V, we further let z; ;(t) be the
accumulation of vehicles in the region i with the region j as
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their destination at time ¢, and Q; ;(t) be the traffic demand
flow generated in the region ¢ with the destination region j
att, i, 7 € N. We also denote the set of the urban regions
adjacent to i by NV;, i.e, N' = U, N;. Accordingly, we can
calculate the total vehicle accumulation in each region by

Z‘i(t) = l‘i7i(t) + Z T (t), ieN. (22)
JEN;

Moreover, for each urban region ¢ € N, we consider that
there admits a well-defined MFD, denoted by g; (z;(t))
(veh/s), that captures the outflow dynamics (trip completion
flow) at accumulation x;(t). The consideration is exactly
in line with many current studies [10]-[14], [21], [53]-[62].
The MFD here describes a macroscopic similarity that all
the trips within a region have similar trip lengths at an
aggregate level, i.e., the travel distance of each vehicle inside
a region is approximately independent of the origin and
destination of its trip. According to the simulation and
empirical study [23], the MFD shape can be well approxi-
mated by a non-symmetric unimodal curve skewed to the
right (i.e., there exists a critical density maximizing g; (z;(t))
and this critical density is smaller than the half of the jam
accumulation at which the network is blocked). This allows
us to adopt a third-order polynomial with respect to z;(t) to
represent g; (z;(t)) as follows

YiEN, (23)

= Z v [2(1)]

where a;3 # 0 and a;, (v € {0,1,...,3}, ¢ € N) are the
polynomial coefficients that can be estimated from historical
traffic data in practice [10], [21], [24], [25], [60]. Here, it
is remarked that the MFD properties regarding the traffic
heterogeneity and different cases of trip patterns inside a
region have also been investigated and can be found in [10],
[24], [25]. Other alternative forms of the MFD will not alter
our proposed methodological approach in this work.

Let y; ;(t) denote the internal transfer flow in the region
i at time ¢, and y; ;(t) be the external transfer flow from i to
j at t. Using the MFDs, we can obtain the internal and the
external transfer flows as follows

ia(t) = JZ’_?&? i (1)),
J/‘;j(t) @)
Yij(t) = m;(t) gi (z(1)),

for all i # j and ¢,7 € N. Now, we introduce the time-
varying control variables u; ;(t) and w; ;(t), u; ;(t), u;:(t) €
[0,1] for all i € N and j € N, to represent the perimeter
controllers existing between any two regions ¢ and j. These
perimeter controllers aim to regulate the transfer flows
between any two adjacent regions. It is also noted that since
each perimeter controller is only deployed on the border
between two regions, it does not impact the internal traffic
flows inside the regions. That is, the perimeter controllers
are used to regulate y; ;(t) for any ¢ # j rather than y; ;(¢)
for all ¢ € N. Consequently, following the mass conserva-
tion principle, we obtain a group of ordinary differential



equations (ODE) to describe the traffic flow dynamics of the
multi-region MFD-based system as follows

d 1,1
Pl _ Qi) s+ Y wialtpat
di (1) e 25)
thijt = Qij(t) = Y wij(t)yi(1),
JEN;

forall j € N;and i € V.

2.4 Joint Optimization Framework

We aim to optimize vehicular communication and the urban
traffic network. For this goal, we develop a joint opti-
mization framework based on the model predictive control
(MPC) approach. It has a bi-level structure that minimizes
the total traffic delay of all the urban regions by manipu-
lating the perimeter controllers, meanwhile maximizing the
EE performance of LTE-V2V communications by adapting
both vehicular transmission power and beacon rate to the
macroscopic traffic dynamics in these regions.?

Specifically, let the initial time for the prediction hori-
zon of the MPC-based perimeter controllers be ¢, and the
terminal time be ¢;. We consider the prediction horizon as
t € [te,tf]. The vehicle accumulation at t. for i,j € N
is x; ; (t.), which is known as the initial condition for the
dynamics model (25). Without loss of generality, we use
the symbols ¢~ and a™ to denote the lower and the upper
bounds of a, respectively. Hence, the lower and the upper

bounds of the perimeter controllers u; ;(t) are u; ; > 0 and
uf; < 1, respectively, ie., u;;(t) € [u;],ujj C [0,1]. A

lower bound of the total accumulation with respect to the
region i € N i 1s denoted by ;- > 0. The jam accumulation
for i € Nis 27, which is treated as the upper bound of the
accumulation xl( ). Thus, we have z;(t) € [z;,z;]. Simi-

larly, the lower and the upper bounds of z; ;(t), i,j € N,
are represented by z; ; > 0 and x+ < x;, respectively, i.e.,

x;,;(t) € [ ;j,xj:j} g [xz_,zj']

Besides, for notational simplicity, we define the overall
accumulation of all the urban regions by W (u(t)) where
w(t) = {u; ;(t),j € Ni,i € N}, ie, letting

u(t) =D wia(t)+ Y > @i (1)

(26)
ieN iEN JEN;
Given a set of the perimeter control inputs {u(t),t €
[te,t¢]}, we can obtain the total vehicle accumulations of all
the urban regions by using (25) and (22) correspondingly,
{z(t),t € [tc,tf]}. Thus, we can denote such a mapping
from {u(t),t € [tc,tf]} to {x(t),t € [tc,tf]} be T, ie,
T :u(t) = x(t), Vt € [t., ty]. The overall joint optimization

3. In transportation science, the total delay of a road traffic network is
defined as the integral of the multiple regions’ road traffic accumulation
with respect to time [10], [21], [63].
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problem is formulated as a bi-level constrained nonlinear
programming model

ty

J(T (u(t), £(t),p(t)) dt

max :
f@),p(t)telte ty] Jt,

min : [ W () di

w(t),t€[te,ty] :

[T hE) < S ieN;
pi <pilt) <pfL i €N
o< )guj,jEJ\fmiéN;
st
iy S i) Swly, i j e N
wy <ai(t) <af,ieN;

(21) — (26), t € [te, ty].

~

u; < ui,j(

~
=

27)

3 OPTIMIZATION ALGORITHM DESIGN

It is difficult to directly solve an optimal global solution of
the multi-objective optimization problem (27). We resort to
Pareto optimality for joint vehicular communication opti-
mization and macroscopic traffic control (VCOMTC). There-
fore, we turn to solve a Pareto-optimal solution. A feasible
solution for (27) is considered Pareto optimal if and only if
no other feasible solution exists that can improve the quality
of any of the model’s objective criteria without deteriorating
at least one other objective criterion. Accordingly, letting
P (X) = ff:f J(T (u(t), f(t),p()) dt and P> (X) =
f "W (u(t)) dt denote the two optimization objectives in
@7), respectlvely, where X = {u(t), f(t),p(t),t € [tc,ts]}
represents a feasible solution of (27), we introduce the con-
cept of Pareto-optimal feasible communication and control
solution as follows:

Definition 1 (Pareto-optimal feasible solution). A feasible
solution X * for (27) is non-dominated or Pareto optimal
if the following holds for any other feasible solution X
of (27), X # X*,

{Pz(X*) < P (X), Vie{l,2);

P (X7) < Py (X), 30 € {1,2}. (28)

When carefully looking into (27), the LTE-V2V commu-
nication optimization-oriented decision variables f(¢) and
p(t) are decoupled with the optimal control objective of the
multi-region urban traffic network, P, (X). Thus, this mo-
tivates us to decompose the multiple objective optimization
problem into two sub-problems so as to obtain a Pareto-
optimal feasible solution. One of the sub-problem is a high-
level nonlinear constrained optimization sub-problem with
respect to the LTE-V2V communications and the other is a
low-level model predictive perimeter control with the MFD.
Besides, to make the problem tractable, we also discretize
the overall problem by dividing the prediction horizon into
K, time steps each with the duration of AT seconds, i.e.,
letting t; — t. = K,AT. The set of step indexes for the
perimeter control inputs is denoted by the set of the finite
prediction steps £ = {0,1,..., K, — 1}.



3.1 The Low-Level Model Predictive Perimeter Control

For the low-level sub-problem, we denote the state and
control vectors by z(k) = col{z;;(k),i,j € N} and
u(k) = col{u; ;(k),j € N;,i € N}. We define a state
function by F; ; (z(k),u(k)), 7,7 € N, as follows

Fij (z(k), u(k))

Qii(k) = yii(k) + > o i(k)ywi(k), j = i;
vEN;

' (29)
QL,j(k) - Z ui,v(k)yi,v(k)7j € 'A[?v
’Ue./\/i
0,5 ¢ Ni,j #i.

Then, we derive the time-discrete MPC-based perimeter
control model as

min = W (u(k)) AT
w(k),keK Igc (u(k))
zij(k+1) =2 ;(k) + Fi j (x(k), u(k)) AT,i,j € N;
“&<W(@_ZVJ€MJEN
s.t. ITJS () Zj’Z ]EN
x; <$z(k)§ v, i eN;
kek.
(30)

Here, (30) presents an open-loop time-discrete MPC model
for determining the optimal perimeter control of the multi-
region urban network. Similar to the current literature [10],
[11], [14], [21], [57], [60], the MPC model with the MFD can
be solved by exploiting some well-known numerical opti-
mal control toolboxes integrating nonlinear programming
solvers, such as GPOPS-II (Next-Generation Optimal Con-
trol Software) [64], MPT (Multi-Parametric Toolbox) [65],
and MATLAB MPC toolbox [66]. Let U/* denote the set of the
optimal perimeter control inputs obtained by solving (30),
ie, U* = col{u*(k),k € K} and u*(k) = col{u; ;(k),j €
M, i € N'} where uj ;(k) is the optimal perimeter control
input for the boundary between two adjacent regions 7 and j
at k. The optimal vehicle accumulations of the urban regions
can also be determined by x*(t) = 7 (u*(t)) for all k € K.

3.2 The High-Level Communication Optimization

For the high-level sub-problem, we can formulate the time-
discrete nonlinear constrained optimization model to ob-
tain the jointly-optimal beacon frequency and transmission
power of the LTE-V2V communication vehicles, denoted by
F* = col{f*(k),k € K} and P* = col{p*(k),k € K},
respectively, where f*(k) and p*(k) are the optimal bea-
con frequency and transmission power, respectively. This
high-level optimization model is driven by the optimal
perimeter control {//* of the multi-region urban traffic net-
work obtained from the low-level model, ie., treating
z*(t) = T (u*(t)) for u*(t) € U* as the inputs of the
high-level model. Specifically, from (27), the high-level time-
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discrete nonlinear constrained optimization model driven
by x*(t) = T (u*(k)), u*(k) € U*, is formulated as follows

V(F,P)
r]I__nn lgc J(T ). f(k),p(k)) AT
fi < filk) < fiF, i€ NG
st.:dp; <pi(k) <pf,ieN;
u* (k) eU*, vk e K.

where F = col{f(k),k € K} and P = col {p(k),k € K}.

To proceed, we propose an optimization approach
by combining the unconstrained optimization and the
derivative-free optimization techniques, which does not re-
quire any information about the gradient or the Hessian
matrix of the non-smooth objective function V (F,P) with
respect to F and P. The underlying idea for solving the
non-smooth (31) is to transform it into an unconstrained
problem and then enable the derivative-free unconstrained
optimization technique to come into play.

To be specific, we introduce a set of nonnegative slack
variables, Z = col {z?z(k’),l =1,...,4ieNke IC}, and
let i (k) = filk) = f;7, p2i(k) = f = fi(k), psi(k) =
pi(k) — p; and pg,(k) = pi — pi(k) for all i € N and
k € K, such that those inequality constraints of (31) are
equivalently transformed into the equalities as follows

@1

Imn V(F,P) ZJ ), f(k),p(k)) AT
F.P.2 kek
— 22 (k)=0,1=1,....,4; i € N;

St Mz,i(k‘) ,
u* (k) eUU*, Vk € K.
(32)

Following (32), we derive the augmented Lagrangian func-
tion L, (F, P, Z,A) with a column of the Lagrange multi-
pliers A = col{\;(k) e R,l=1,...,4;i € N;k € K} and
a positive penalty factor o > 0 as follows

Lo, (F,P,Z,X) =V (F,P)
o Z Z Z Avi( Mz i zii(k)]
kEK ieN 1=1
4
D ID D MR OEEMOIE
kEK ieN 1=1

(33)
Based on (33), we can obtain the following result:

Lemma 1. The optimization of Lo (F,P,Z,) is equivalent
to the optimization of L, (F,P, ) where L, (F,P, )

is given as
EA&PM—(;@
kGICZGNl 1
(34)
and v ;(k) is given as
Yui(k) = {glz(k) - ‘T”lai(k% Ai(k) > o (k);
, otherwise.
(35)



The proof of Lemma 1, which is omitted here for the
sake of saving space, is provided in Appendix B in the
supplementary material. To proceed, we provide another
lemma based on the matrix theory as follows . The proof
of Lemma 2 is also detailed in Appendix C in the supple-
mentary material.

Lemma 2. Given matrices A € R"*"™ and B € R"*™, the
strict inequality T Az > 0 always holds true for any
non-zero column vector x # 0, x € R"*!, satisfying
BTz = 0, if and only if there exists a positive constant
o* > 0, such that 7(A + o BB")x > 0 always holds
true for any o > o*.

For the simplicity of notations, let ¢;;(k) = p,i(k) —
z2.(k)foralll =1,...,4,i € N,and k € K. The Lagrangian
functlon of (32) can be expressed as follows

ZZZM

keK ieN I=1

L(F, P2\ = )ik
(36)
and the augmented one in (33) is re-arranged as

L(F,P,Z A+~ ZZZ%

kelc 1EN 1=1
(37)

EO‘ (‘F7P7Z’ A)

Since the objective function V (F,P) is non-smooth
within its feasible domain, there exist some finite feasible
points, i.e., some feasible values of F and P, at which
L (F,P,Z,\) is not continuous or not differentiable. At
such non-smooth points, £, (F, P, Z,A) can attain its local
minimum value. Thus, in the following, we mainly analyze
the local optimality of the unconstrained £, (F,P, Z, A) at
the smooth points.

Theorem 1. Suppose that V (F,P) is continuously twice
differentiable at a feasible F* and a feasible P*, and
there also exist some feasible Z* and A* such that F*
and P* satisfy the second-order sufficient optimality
conditions of (32). There must exist a positive * > 0
such that 7* and P* are a strict local minima of the
following unconstrained optimization

min : L, (F,P,Z*,X%)

F,P

)

(38)

forany o > o*. In addition, if there exist a feasible F and
a feasible P, i.e.,, meeting ¢; ;(k) =0 foralll =1,...,4,
i € N, and k € K, which are a local minima of

min : Ea (.7:,73,2,5\)

2y )

for some Z,5 > 0 and A, F and P must also be a local
minima of (32).

Theorem 2. There must exist a positive ¢* > 0 such that for
any o > 0", a local minimum point obtained by solving
the following unconstrained problem

min Lo (F,PA) (40)

is also a local minimum point of (32).

The proofs of Theorems 1 and 2 can be found in Appen-
dices D and E in the supplementary material, respectively.
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Based on these two theorems, it is observed that solving
the constrained (32) can be achieved by solving the un-
constrained (40) that does not require an infinite positive
penalty factor. Instead, in (40), the penalty factor o is only a
sufficiently large but finite positive number. Such a property
is quite important since it allows us to practically design as
well as implement an iterative algorithm to approach the
locally optimal solution of (32). Let F[7], P[r] and A[7] be
the feasible points and Lagrangian multipliers obtained at
the 7-th iteration, which satisfy the conditions in Theorem
1. From (5.10), we can get

VsV (Flr], Plr]) = @(S) (Al7] = 09 (Fl7], Plr])) = 0,

(41)

where ¢ (F|[7], P[7]) denotes the value of ¢ evaluated at the
specific points F[7] and P[7] at iteration 7.

On the other hand, from Theorem 1, 7, P and X are the
local minimizer of (32), such that we also derive the gradient
condition of its Lagrangian function (36), i.e.,

VsV (F,P) — ®(S)A = (42)
By comparing (42) and (41), we can see that the convergence
condition of iterations on the Lagrangian multipliers A[7]
is enforcing ¢ (F[7], P[r]) — 0 as 7 — oo. Therefore, we
derive the iterative formula for the Lagrangian multipliers

as follows

AT+ 1] = A[r] — oo (F[7], Pl7]), T € Z>p. (43)

Recall the definition of ¢; ;(k), i.e., ¢1.;(k) = ulz(k)—zﬁi(k),
and the derivation of the aux1hary variable z7 (k) in (S.4).
Substituting the expression of zj Z.(k) into gmﬂ( ), we can
further re-arrange (43) as

Y (k) /\l % T(k) Oy i,T(k)a /\l,i,‘r(k) > UUZ,i,T(k);
b 0, otherwise.
(44)

foralll = 1,...,4,i € N,k € K, and 7 € Z~(, where
we use \;; - (k) and g ; (k) to denote X; ;(k) and (k)
evaluated at iteration 7, respectively.

To measure the convergence performance, we introduce
a stop criterion for iterations as €, based on (44)

4 3
(Trydam) . @
keKieN I=1
where & ; - (k) is defined as
Mg, k ) )\l,i,T k) 2 UMlAi,T(k);
& (k) = {,\l,”((k)) ( . ’ (46)
=== otherwise.

Thus, given a tolerance ¢ > 0 where € is a sufficiently
small number, the iterations {F[r], P[7],A[7],T € Z>o} is
considered to converge when £, < € is met at a certain 7.
Now, based on the theorems presented above, we pro-
pose an iterative method as shown in Figure 2, which com-
bines by exploiting a derivative-free optimization technique
to solve the unconstrained optimization to approach the
optimal solution of the original problem (32). In addition,
we also use the stop criterion based on ¢, to adapt the



Parameter Initlalization

feasible F[0], P[0], and A[1].
Specify ( > 1,01 >0, € >0, and r € (0,1).
Set 7= 1.

|

Unconstrained Optimization with
Derivative-Free Method

Obtain a new feasible point F[7] and P[]
from the unconstrained optimization

(F[r],Plr]) € argming p : L, (F,P,Al7]).

Adapt Penalty Factor
Adapt the penalty factor by

(ory === >
Ori1 Fr-t

Set T=7+1

o, otherwise.

Update Lagranglan Multipllers

Foralll=1,..., 4,i€N,and ke K
Airr1(k) =

{Au,(k) — i (), Mir (k) = opuair (K);

0, otherwise.

—>[ Stop and output (F[7], P[r]) = (F*, P*). ]

Fig. 2. The high-level LTE-V2V communication optimization approach.

updating of the penalty factor. It is remarked that there cur-
rently exist many well-known derivative-free optimization
methods, such as generalized pattern search (GPS), simu-
lated annealing (SA), particle swarm optimization (PSO).
Our model transformation enables these derivative-free op-
timization methods to solve the subproblem, which do not
need any information on the gradient of the non-smooth
objective function V (F, P).

3.3 Joint Optimization Method of Vehicular Communi-
cation and Macroscopic Traffic Control

Combining the low-level and high-level models above, we
develop a joint optimization framework of vehicular com-
munication and macroscopic traffic control as in Figure 3.
According to much literature from transportation science
[10], [13], [21], [57], [59], [60], the multi-region MFDs can be
easily estimated by using real-time measurements from road
traffic sensors such as loop detectors, vehicles” GPS trajecto-
ries, and road-side video monitors. Many existing advanced
estimation techniques, including the nonlinear horizon esti-
mation approach [60], can also be applied to obtain origin-
destination (OD) demands and traffic accumulation in our
urban cities. [59] also shows that we can use an unscented
Kalman filter (UKF) to enhance the accuracy in estimating
average trip length and traffic accumulations, providing the
basis for the practical realization of MFD-based perimeter
flow control. In the implementation framework, a central
cloud server is considered to collect real-time traffic data
of the multiple urban regions via traffic sensors and then
solve the MFD-based MPC model (30) to obtain a sequence
of perimeter control inputs U* over the prediction horizon.
The low-level MPC model also feedbacks the predicted
traffic flow dynamics as well as the perimeter control inputs
to the high-level vehicular communication optimization
model (40), driving the high-level model to get the optimal
frequency and power solutions (F*,P*). The joint opti-
mization solution sequences {F*,P*,U*} are distributed
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to the road-side resource management infrastructures (e.g.,
eNodeBs) of the LTE-V2V networks and the perimeter
controllers, respectively. For real-time implementation, only
the first communication and control actions in the solution
sequences, f*(0) € F*, p*(0) € U*, u*(0) € U*, are
applied by the execution entities (i.e., the LTE eNodeBs and
perimeter controllers), and the joint optimization procedure
is carried out again by moving the prediction horizon.*

For the joint optimization framework, we can have the
following property to characterize the obtained joint solu-
tion {F*, P*,U*}. The corresponding proof is provided in
Appendix F in the supplementary material.

Theorem 3. Suppose that U* is obtained from the receding
horizon optimization (30) satisfying C (U*) < C (U),
and {F*,P*} are obtained from the unconstrained op-
timization (40) with the specified perimeter control /™.
{F*,P*,U*} constitute a Pareto-optimal feasible solu-
tion for the original system model (27).

Interestingly, the joint solution {F*, P*,U*} obtained by
our proposed framework is also a Nash equilibrium by def-
inition, when we treat the bi-level optimization problem as
a special form of Stackelberg game. That is, two interactive
agents, a high-level leader and a low-level follower, imple-
ment the communication optimization and the traffic control
of the multiple regions, respectively. A game-theoretical
interpretation is that the leader optimizes its own actions
{F, P}, given that the follower optimizes its own actions
{U}. With the joint actions {F*,P*,U*}, both the agents
reach a Nash equilibrium since they cannot improve their
own individual objective unilaterally without deteriorating
the other’s individual objective.

4 PERFORMANCE EVALUATION

This section provides simulation results on the performance
comparison between our proposed method and others. The
online supplementary material presents expanded results
with different scenario configurations in Appendix H.

4.1 Simulation Settings

For simulation demonstration, we consider a three-region
urban traffic network, N = {1,2,3}, where each region
is adjacent to the others and all the regions have different
MEFDs. We refer to the shape of the empirical MFD observed
in Yokohama as reported in [23], which can be well charac-
terized by the following three-order polynomial [21]

9vok (z(k)) =
1.4877 x 10~ 723 (k) — 2.9815 x 10322 (k) + 15.0912x(k)
3600

(47)

4. In macroscopic traffic control, the central cloud is deployed in a
city’s traffic management center (TMC). This center is the hub of the
city’s traffic control system connected to signal controllers at each inter-
section of the road network [67]. The traffic control signal is transmitted
via wire connections (e.g., fiber-optic communication) from the center
to those traffic controllers. Thus, in such a centralized architecture, the
end-to-end latency between the control activation in different regions
is minor. Considering large-scale deployment and hierarchical control
architectures, the impact of control signal transmission delays, even in
the order of several hundred milliseconds, can be reasonably neglected
since the traffic signals are generally operated on a cycle duration of
several tens of seconds [10]-[13].
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that attains the maximum level gyok(Zyok,r) = 6.3 veh/s at
the critical accumulation Zyek o = 3400 veh. The accumula-
tion at the jammed traffic density is about z{, = 10000 veh.
Thus, to simulate different MFD shapes of the urban regions,
we introduce a scaling factor §; > 0 and set their MFDs
to g; (z;(k)) = & gyok (z;(k)) for each ¢ € N. Similar to
the simulation settings in [57], we specify {; = 1.2 for the
regioni¢ = 1, & = 1.0 for i = 2 and {3 = 0.8 for i = 3.
Figure 4 shows the MFDs of the multiple urban regions in
our simulations. The time-varying traffic flow demands over
the time horizon [0, 12000] (s) are shown in Figure 5, which
simulate the non-peak-hour and peak-hour situations. Other
parameter settings used in predictive perimeter control are
summarized in Table 2 based on the current literature.®

We take into consideration two types of the MCSs, i.e.,
a Quadrature Phase Shift Keying (QPSK)-based MCS and
a Quadrature Amplitude Modulation using 16 different
phase-amplitude combinations (16-QAM). Following [8],

5. The duration of each time step in implementing the predictive
perimeter control is usually configured according to the time resolution
of macroscopic traffic flow data collected by road traffic sensors and
the control cycle of signalized intersections. According to much current
literature [10], [11], [13], [21], [60], this time duration is in the order
of several tens of seconds in large-scale urban road networks. For
example, Reference [21] configures their controller’s time step to a cycle
duration of typical signalized intersections, 60s. [10] sets the duration
of each control step to about 50s, while [13] uses a longer control
interval, i.e., 180s. Thus, since the predictive perimeter controller
drives the EE optimization model, the communication optimization is
performed per perimeter control cycle.

Numerous studies on perimeter traffic flow control in transportation
science employ simulation-based approaches to validate their models
and control schemes, particularly considering large-scale urban macro-
scopic traffic control scenarios. For example, [13] partitions the road
traffic network of Downtown San Francisco into two regions for their
simulations. References [10], [19], [21], [54], [63] also consider two-
region case studies. In [12], the researchers partition their test site into
three regions. Following these existing studies, we consider a three-
region case study for performance demonstration. In our paper, the
parameters for macroscopic traffic flow simulations are referred to
in the existing literature, such as [21], [23], [57]. The communication
parameters are configured according to Release 14 of LTE-V2V commu-
nication standard introduced by 3GPP. The communication settings are
also adopted in many other studies, such as [8], [35]. Other simulation
scenarios do not alter our proposed methodology.
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TABLE 2
Parameter Settings for MPC-based Perimeter Flow Control

Parameter Value Parameter Value

x(0) [1,3,5]T x 103 (veh) AT 50s
[u;j,uxj] [0» 1} Ky 30

[z;,2f]  [0,10%] (veh) [z; ;@] [0,10%] (veh)

TABLE 3
Simulation Settings on m‘l;j;w“(Lsize, Incs) with the fixed beacon
size Lgize = 200 bytes over 10 MHz channel

Invics  Modulation mgegcon Ymin

1 QPSK 72 —0.21dB

2 16-QAM 16 12.85dB
TABLE 4

Parameter Settings for LTE-V2V Communications

Parameter Value Parameter Value

90 3dB Lo 47.86dB
a 2.75 o? —95dBm
Lgize 200 bytes R 200 m

the number of the RB allocated for broadcasting a beacon,
m%egcon(Lsize,IMcs), and the minimal SINR requirement,
Ymin, under these two different MCSs are given in Table
3. Other parameter settings for LTE-V2V communications
are also referred to in the existing literature and the 3GPP
standard specification [8], [46], [68], as given in Table 4.

4.2 Performance Verification
4.2.1 Model predictive perimeter control

We use the aforementioned case study to compare the effect
of the model predictive perimeter control to a baseline in
which the perimeter traffic flows are not restricted. Figures
6 to 8 show the model predictive perimeter control inputs
of each urban region and the evolution of the transfer traffic
flows from each region with and without the model predic-
tive perimeter control over the simulation horizon. Figure
6 shows the evolution of the multi-region transfer traffic
flows without the perimeter control. It is witnessed for this
non-control case that the urban region i = 3 experiences
traffic congestion or even gridlock after about 3000s due
to its increasing transfer flows received from the other two
regions. By comparison, Figures 7 and 8 shows the effect
of the MPC-based perimeter control method. From Figure
7, it is seen that most of the perimeter transfer flows from
the three urban regions are promoted with the 100% control
except those from the regions ¢ = 1, 2 to the region ¢ = 3. In
particular, the perimeter controls on the transfer flows from
the regions 1 and 2 to the region 3, uy 3(t) and ug 3(t), de-
crease at about 1350 s and 800 s, respectively. This is because
the total exogenous traffic demands from the regions i = 1, 2
to the region ¢ = 3 significantly grow as shown in Figure 5.
The transfer flows to i = 3 are restricted by the perimeter
controllers of the regions ¢ = 1,2 in order to avoid the
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Fig. 5. The time-varying traffic demands of the three urban regions.

traffic congestion in their destination region. From Figure
8, it can be observed that the transfer flows of all the urban
regions can be stabilized and maintained below the level of
1000 veh after about 6000 s under the MPC-based perimeter
control. In addition, the vehicle accumulation of each region
does not exceed the jam point, i.e., x;r = 10000 veh, and
the model predictive perimeter control method is shown
to clear the traffic network in Figure 8. It is apparent that
utilizing the model predictive perimeter control based on
the multi-region MFDs can reduce vehicles’ trip delays and
thus improve the system performance in terms of road
traffic efficiency.

4.2.2 Vehicular communication optimization

To verify the high-level LTE-V2V communication optimiza-
tion method, we use the snapshot of the multi-region traffic
flow dynamics at the beginning time instant (i.e., at £ = 0s)
as the input information of the proposed optimization
method. The feasible region of the transmission power is set
to [—30, 20] (dB) and that of the broadcast beacon frequency
is [1,100] (Hz). Figures 9 and 10 show the EE distribution
snapshot of each region’s LTE-V2V network as well as the
EE optimization convergence behaviors under both QPSK
and 16-QAM MCSs. From the heatmaps of Figure 9, we
can see that the EE peak of the region ¢ = 1 is higher
than those of the regions ¢ = 2,3. The underlying reason
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is that the vehicle accumulation of ¢ = 1 at the snapshot is
lower than the other two urban regions as shown in Figure
8, and more RBs of the LTE network can be allocated to
each vehicle in ¢ = 1. The contours in the heatmaps also
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indicate that the EE distribution per urban region is a non-
smooth and nonlinear function with respect to the power
and frequency decision variables. Figure 9 also shows that
a higher beacon frequency of LTE-V2V communications can
be supported by more allocated RBs and thus improve the
cooperative awareness among LTE-V2V vehicles. Besides,
it is observed that our proposed optimization method can
stably converge to the global optimal EE point of all the
urban regions only after several tens of iterations. Figure 10
also shows the similar results. By comparison, the EE peaks
of the multi-region LTE-V2V networks under the 16-QAM
MCS are lower than those under the QPSK. The main reason
is that the QPSK MCS can have more RBs for allocating a
beacon (as reported in Table 3) and the number of vehicles
to be effectively supported in the LTE resource reuse range
increases. Hence, the QPSK MCS allows more LTE-V2V
vehicles per urban region and improves the network EE
under the same vehicle density. Together, the results from
both Figures 9 and 10 verify the highly-efficient global
convergence of the proposed method for the high-level LTE-
V2V communication optimization of the multiple regions
even with a constrained non-smooth EE objective function.

4.3 Performance Comparison

To demonstrate the performance of our proposed method,
the VCOMTC, as detailed in Figure 3, we use a case study
that follows the simulation settings in Subsection 4.1 to
compare our method to two other baselines and one another
strong method. One baseline method follows the vehicu-

14

lar communication standard to adopt a constant power of
pi(t) = 23dBm while a conservative beacon frequency
of fi(t) = 10Hz for all ¢ and ¢ for the high-level LTE-
V2V communications, and also integrates such Conservative
Communication Policy (CCP) with the multi-region model
predictive perimeter control. The other baseline also uses
the same transmission power but a more aggressive beacon
frequency, 100 Hz, and also combines such Aggressive Com-
munication Policy (ACP) with the MPC-based perimeter
control. For a better understanding of the joint optimization
impact, we further implement another strong method for
vehicular communication optimization, denoted by VCO,
that uses the advanced Lagrangian constrained optimiza-
tion at the high level for the multi-region LTE-V2V commu-
nications but without integrating the multi-region perimeter
control at the low level.®

Figure 11 compares the evolution of the EE metric per ur-
ban region over the simulation horizon under these compar-
ative methods. As can be seen, the two baselines, the CCP
and the ACP methods, perform worse than the other two
implementing the high-level vehicular communication opti-
mization, since they use constant power and frequency poli-
cies and cannot optimize the LTE-V2V resource allocation
dynamically, even though integrating the model predictive
perimeter control at the low level. Our proposed method,
the VCOMTC, optimizes the multi-region EE performance
dynamically and is able to adapt to the time-varying spatial
distribution of vehicles by using the MPC-based multi-
region perimeter control at the low level. When the transfer
traffic flows are stabilized and the vehicle accumulation per
region under the low-level perimeter control converges to
the lowest level after about 8000 s as illustrated in Figure 8,
the EE metric of the joint optimization method reaches at
the maximal level. From Figure 11, it is seen that, when the
vehicle densities of these urban regions grow due to their in-
creasing traffic demands, e.g., within about [2000,4000] (s)
as in Figure 5, the EE metrics of the regions decrease, since
the LTE-V2V resources are limited. Figure 11 also shows
that the EE metrics of the regions under the comparative
methods using the QPSK are higher than those using the 16-
QAM on average. This is due to the fact that the QPSK MCS
can allocate more RBs for broadcasting beacons and improve
the communication capacity compared to the 16-QAM. By
comparison, the VCO method can achieve higher EE than
our method for the specific regions i = 1,2 during the first
7000s. The main reason is that the VCO without the low-
level model predictive perimeter control does not restrict the
perimeter transfer flows and thus drives the vehicle accu-
mulations of the regions i = 1,2 to a lower level during the
beginning time horizon, in particular within [1000, 7000] (s)
as shown in Figure 6. However, even though our joint
optimization method experiences a worse-EE stage since the
controlled regions ¢ = 1,2 preserve slightly more vehicle
accumulations within [1000, 7000] (s), the proposed method

6. The baseline methods are implemented based on the LTE-V2V
communication standard, which are also widely employed in the
literature, such as [1], [3], [8], for performance comparison. Besides,
the advanced method for performance comparison follows the state-
of-the-art resource optimization approach, the Lagrangian constrained
optimization, to optimize power and radio resources, which has also
been widely investigated in the related works [26], [27], [40].



using the model predictive perimeter control stabilizes the
vehicle accumulations of ¢ = 1,2 to the low level and thus
can achieve the high EE performance similar to that of the
VCO method after 7000s. More importantly, for the region
1 = 3, the proposed joint optimization method can achieves
much higher EE performance than the VCO, in particular
after about 1000s. When using our VCOMTC, the high-
level communication optimization is driven by the low-
level macroscopic traffic control and the system dynamically
adapts the global vehicle accumulations to avoid congested
traffic or gridlock in each region. Hence, as shown in Figures
5 and 8, the vehicle accumulation of the region ¢ = 3 is
stabilized to a much lower level by using the MPC-based
perimeter control compared to that in Figure 6, even though
this region experiences higher exogenous traffic demands.
The VCO without the perimeter control cannot suppress
the overshoot in the vehicular accumulation of i = 3
and experiences heavy traffic jam, which, in turn, leads
to a remarkable decrease in the region EE performance. In
particular, since the limited LTE resources are not sufficient
to support the massive jammed traffic in the region i = 3,
the VCO method even performs worse than the baseline
method, i.e., the ACP. It is obvious that integrating the low-
level model predictive perimeter control with the high-level
vehicular communication optimization better benefits the
system from the perspectives of improving the region traffic
efficiency and EE performance.

To provide better insight into the strength of the pro-
posed method, we further report two system-level key
performance indicators (KPIs), the accumulated energy ef-
ficiency over the whole simulation time and the fairness
index in resource utilization’. Figure 12 shows that both our
VCOMTC and the VCO methods produce much higher EE
than the other two baselines. Specifically, the accumulated
EE metric achieved by our VCOMTC is about 12.24% and
9.57% higher than that by the VCO under the QPSK and the
16-QAM, respectively. In Figure 13, we compare the fairness
indexes of our method and the VCO in terms of resource
utilization over time. It is observed that the fairness index
of the VCOMTC is always higher than that of the VCO and
can stably converge to the maximal level, i.e., the 100%-
fairness level, after about 7000 s under either the QPSK or
the 16-QAM cases. By contrast, the VCO reduces the fairness
index and can maintain the fairness level of only 72.31%
and 69.75% during the last 5000s under the QPSK and
the 16-QAM, respectively. The main reason is that using
the low-level MPC-based perimeter control is better able to
balance the traffic flow distributions over the multiple urban
regions so as to minimize the system-wide traffic delays.
Different from the VCO without the perimeter control, the
VCOMTC method avoids traffic congestion and accumula-
tion overshoot in each region and finally arrives at the multi-
region consensus in their temporal-spatial traffic distribu-

7. Since the vehicle density and traffic flow of the multiple regions
differ from each other, the EE performance of these regions” LTE-V2V
networks is also different. Unfair resource utilization will result in
uneven EE performance distribution over these regions. Thus, we resort
to Jain’s fairness index, a well-known metric used for measuring the
fairness of resource allocation among multiple systems, to demonstrate
the ability of different methods to guarantee even performance distri-
bution. The formulation of the fairness index is detailed in Appendix G
in the supplementary material.
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Fig. 11. The evolution of the multi-region EE metrics under comparative
methods.
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Fig. 12. The system-level accumulated EE under comparative methods.

tions. The high-level LTE-V2V communication optimization
of the multiple regions is dynamically driven by the multi-
region traffic dynamics under the low-level model predic-
tive perimeter control. Therefore, the VCOMTC method
guarantees much better fairness in the LTE-V2V communi-
cation resource utilization for multi-region EE optimization.
These results together verify the remarkable benefit brought
by joining the macroscopic traffic control with the vehicular
communication optimization in the hierarchical framework.

5 CONCLUSION AND FUTURE WORK

In this paper, we focus on cooperative awareness of con-
nected vehicles based on LTE-V2V communication net-
works and propose an MPC-based hierarchical framework
that joins the perimeter traffic flow control using the MFDs
of multiple urban regions into the holistic EE optimiza-
tion of the multi-region LTE-V2V communication networks.
Our method integrates the multi-region traffic flow dy-
namics under control to drive vehicular EE communica-
tion optimization. The proposed joint optimization design
enables multi-region LTE-V2V communications to adapt to
the temporal-spatial macroscopic traffic evolution, provides
insight into the coupling between the communication net-
works and traffic networks, and improves existing solu-
tions. Using simulation experiments, we show that our joint
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optimization method, compared to existing approaches,
provides balanced temporal-spatial traffic flows, improved
global EE communication performance, and better global
fairness in network resource utilization. However, chal-
lenges remain for our proposed approach to systematically
optimizing connected vehicles, such as the need for dis-
tributed or decentralized computation and synchronization
in controlling and optimizing large-scale networks. As a
potential direction in future work, event-triggered MPC
control approaches can also be developed for perimeter
flow control and thus combined with the EE optimization
of vehicular networks.
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APPENDIX A
ADDITIONAL LITERATURE REVIEW

Considerable studies have developed various EE optimiza-
tion approaches based on convex approximation, mixed
integer programming, and learning-based optimization [1]-
[5]. In their system optimization models, EE objective as
one of the important key performance indicators (KPIs) is
usually defined as the transmission data rate achieved by
consuming per unit power, which involves transmission
power and data rate or beacon rate as key decision variables.
Thus, many EE optimization models in the recent literature
focus on power and rate control. For example, [6] considers
the competitive behavior of vehicular users and proposes a
non-cooperative game-theoretical approach to adapt power
and beacon rate. In [7], the authors focus on a congested
cross-road scenario and combine a k-means clustering algo-
rithm with power allocation for cooperative vehicular com-
munications. In [8], the authors develop a joint optimiza-
tion framework that integrates electric vehicles’ wireless
charging, power allocation, and RB assignment to improve
the EE performance of cellular V2X networks. [9] aims
to optimize the capacity of NOMA-based V2X networks.
The researchers combine graph theory and game theory to
design a two-stage scheme to control vehicular users” power
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in a centralized and distributed manner, respectively [9].
Besides, [10] proposes an altruistic short-term prediction
scheme to estimate local vehicle density in the coverage
of a vehicle and develops a congestion control protocol via
power and rate adaption using the density prediction. Due
to the high mobility of vehicles, vehicular wireless chan-
nels are time-varying and in the presence of uncertainties.
In this regard, some researchers focus on robust power
optimization [11], [12], developing a statistical leaning al-
gorithm to estimate the channel uncertainties and exploit
the second-order cone programming technique to minimize
the transmission power under the uncertainty set. In addi-
tion to power control, adaptive beaconing approaches have
been investigated in the current literature. In this direction,
the beaconing rate is adjusted according to the estimated
channel load [13] or the channel’s congestion degree [14].
In [15], the authors employ different preambles to design a
distributed and adaptive reservation-based MAC protocol,
allowing them to reserve resources, detect beacon collisions,
and handle collisions to improve the reliability of vehicular
beaconing. In some studies [16], [17], highly accurate time
synchronization and positioning algorithms are applied to
enhance vehicular beaconing applications. The above stud-
ies show success in improving the performance of vehicu-
lar networks at a microscopic scale. However, considering
large-scale deployment in a city, they need to touch on the
critical problem of optimizing the communication networks
at a macroscopic scale, a spatial aggregation scale, regarding
the macroscopic traffic flow dynamics of the city.
Macroscopic traffic dynamics modeling and control is
crucial in managing large-scale road traffic networks within
urban areas and has garnered increasing attention from the
transportation community. Many research endeavors have
been dedicated to macroscopic traffic control, particularly
developing advanced perimeter control approaches utiliz-
ing macroscopic fundamental diagrams (MFDs) in urban
areas [18]-[33]. The theoretical proposition of MFD is orig-
inally presented in [34] and verified by using simulated
or empirical data collected from real urban cities such as
Yokohama, Japan [35]-[37]. The MFD is introduced to model



the aggregated traffic flow dynamics in multiple urban
regions. It describes the relationship between multi-region
space-mean flows (or outflows defined by trip completion
flows from the regions) and vehicle densities evolving over
time. While many existing studies have shown a signif-
icant advance in designing and applying various MFD-
based perimeter flow control approaches to balance traffic
load distribution over multiple adjacent regions and relieve
traffic congestion, their solutions do not cope with the
issue of vehicular communication and networking. In the
transportation community, few research efforts are made
on joint vehicular communication optimization and macro-
scopic traffic control from multi-disciplinary perspectives.

APPENDIX B

PROOF OF LEMMA 1

From (33), it is seen that Lo (F,P,Z,A) is continuously
differentiable with respect to the nonnegative slack variables
Z. Thus, even though V' (F, P) is not smooth and its gradi-
ent and Hessian matrix may not be available, the gradient
of L, (F, P, Z, ) with respect to Z always exists. At this
point, in order to determine an locally optimal Z, we can let
VzLs (F,P,Z,X) = 0 according to the well-known first-
order optimality conditions, i.e., the Karush-Kuhn-Tucker
(KKT) conditions, from which we further derive

21,4 (k) [Ai(k) — o (p,i(k) = 27,(k))]
= 21,4(k) [0 (k) — (opu,i(k) — Aii(k))] =0
foralll =1,...,4; i € N; k € K. (S.1) can indicate two

specific cases as follows:
i) If op (k) — Ari(k) > 0, the optimum is attained at

opri(k) — A i(k)
ag

(S.1)

2ti(k) = l=1,...,4,ieN; keK.

(S.2)

ii) If opuy s (k) — Ar,i(k) < 0, it is seen that

oz i(k) # (oma(k) = Aa(k), 1=1,....4; i e N; k € K.
(5.3)
At this point, the optimum must be z;;(k) = 0 for all [ =
1,....4ieN; ke K.
Combining both the above results can yield

0= [ )2

. (S.4)
0, otherwise.

Substituting (S.4) into Lo (F,P,Z, ) derives L, (F,P,\)
as in (34) along with (35). Hence, the lemma is proven.

APPENDIX C
PROOF OF LEMMA 2
The sufficiency in Lemma 2 immediately follows the given

condition BTz = 0. That is, we can see ocxTBBTz = 0 for

any o > ¢, which can lead to
xT Az = 2T (A + oBB")zx > 0. (S.5)

Next, we first show the conditional necessity. That is,
assuming that there exists a positive o* > 0 satisfying

2

T (A + o*BB")x > 0 for any non-zero = # 0, z € R"*1,
we can easily see

zT(A+oBB )z > 2" (A+o*BBN)xz >0  (S.6)

holds true for all o > o*.

To prove the overall necessity, we only need to prove the
existence of o* as stated above. For this goal, we present a
proof by mathematical contradiction as follows. we suppose
that such a 0* does not exist and thus there must exist a non-
zero column vector y, # 0, y,, € R™*! such that yI (A +
EBB )y, <0,ie.,

T
Ye (A4 rBBT) Yk

<0, (5.7)
[yl Iyl
for any a positive integer k € Z~.
It is recognized that || (y./||ykll)|| = 1. Hence, this

fact indicates that {y,/||y;ll,Yk € Zso} is a bounded
sequence. According to the Bolzano-Weierstrass” theorem
that any bounded sequence must have a convergent subse-
quence, we denote a convergent subsequence derived from
{yi/llyll, Vk € Z=o} by {xk,;, ki € Z>o} and its limit by &,
ie., limy, o0 Tk, = T and ||z|| = 1. Similar to (S.7), for such
a convergent subsequence {xy,, k; € Z(}, we have

zp (A+ kBB )z, <0.

(5.8)

Moreover, taking the limit on both sides of (5.8) under
ki — oo can yield

T
#TAZ + lim (BT:ck,i) B
k‘iA)OO

(S.9)

2
= 2T Az + k; || B s, H2 <0.

Since the term ZTAZ is deterministicc, we can have
limpg, 00 BT:vkl. = BTz = 0. Otherwise, if BTz # 0,
we would see limy, o k@l BB @), = k;i|| B @3 — oo,
which is contradictory with (S.9). Combining Bz = 0 and
(S.9) also leads to ZT Az < 0, which is contradictory with
the condition of the theorem. At this point, the contradiction
occurs. Therefore, the existence of o* holds true and the
overall lemma is proven.

APPENDIX D
PROOF OF THEOREM 1

At the continuously twice-differentiable feasible points, we
can derive the gradient of £, (F, P, Z*, \*) with respect to
F and P as follows

VsLly (F,P,Z* X)) = VsL (F,P, 2" X*) + 0®(S),
(S.10)

where S denotes S = col{F,P}, ¢ is a column vector
as the collection of all ¢;;(k), ie, ¢ = col{¢i(k),l =
1,...,4;1 € N;k € K}. ®(S) is the gradient matrix
of ¢, ie, ®(S) = (Vsori(k),l=1,....4ie N;k € K).
According to the second-order sufficient optimality condi-
tions of (32), the feasible /* and P* satisfy the constraints
¢l,i(5) =0foralll=1,...,4,7 € N,and k € K, and also
VsL (F*, P* Z* A\*) = 0. Thus, we can see

VsLlo (F*,P*, 2", X") = VsL (F*, P*, 2%, A*) = 0.
(S.11)



_ In addition, based on (5.10), the Hessian of
Lo (F,P,Z*,X\") with respect to F and P is given
by
ViL, (F,P,Z* X*) =ViL(F,P,Z*,\)
+00(S)®(S)".

According to the second-order sufficient optimality condi-
tions of (32), it always holds

(S.12)

sTVAL(F*, P*,Z* A%)s >0 (S.13)

for any non-zero column vector s # 0 with the compatible
dimension of 8* = col{F*,P*} and satisfying ®(S*)Ts =
0 at 7*,P*. Now, using Lemma 2, we can further conclude
that there must exist a positive ¢* > 0 such that 7* and P*
satisfy

+0®(S*)®(S*)T
= sTVLL, (F*, P, 2" XA")5 >0

o (VEL(F P25
(S.14)

for any o > o*. At this point, combining both the first-order
and the second-order results of (5.11) and (S.14) can indicate
that F7* and P* also satisfy the second-order sufficient
optimality conditions of (38). They are also a strict local
minima of (38).

When a feasible F and a feasible P meet ¢1,i(k) = 0 for
alli=1,...,4,9i € N,k € K, and are a local minima of (39)
for some specific Z, 7 > 0 and A, we can have

V (F,P) =Ly (F,P,Z,N)

< EE‘ (-F07P07275‘) = V(anPO)'
for any feasible point F( and Py, which also satisfy ¢; ;(k) =
Oforalll =1,...,4,i € N, k € K, and are sufficiently
closed to F and P. The above result indicates that the the

feasible F and P are a local minima of (32). At this point,
the overall theorem is proven.

(S.15)

APPENDIX E
PROOF OF THEOREM 2

The theorem immediately follows Lemma 1 and Theorem
1. That is, Lemma 1 shows the equivalence of the problems
(40) and (39). Thus, a local minimum of (40) is equivalent to
that of (32) and the existence of ¢* is guaranteed according
to Theorem 1.

APPENDIX F
PROOF OF THEOREM 3

According to Theorems 1 and 2, we can see that
V(F*,P5U*) < V(F,P;U*) holds for any feasible F
and P in (31) where V (F,P;U*) is used to denote the
conditional objective function based on the perimeter con-
trol U*. Recalling C (U*) < C(U) and the definition of
the Pareto optimality in (28), we can prove the theorem by
contradigtioNIL That is, if there exist such a feasible perimeter
control U, U # U*, such that it can improve the objective
of the model (31), ie., V (F*,P*;U*) > V (}-,P;Zj). On
the other side, it will also impair the objective of the model

3

(30) and does not hold the optimality for (30), i.e., there
exist some feasible &/ such that C (Zj{) > C(U). At this
point, the Pareto optimal solution must contain /*. Since
{F*,P*} are obtained dependent on U*, {F*,P*,UU*} is a
Pareto-optimal solution where no individual objective can
be better off without making the other individual objective
worse off. Thus, the theorem can be proven.

APPENDIX G

FORMULATION OF JAIN’S FAIRNESS INDEX

Jain’s fairness index is a widely known metric used for
evaluating the fairness of resource allocation among dif-
ferent users or systems. In the simulation experiment, we
refer to the fairness index to quantify the EE performance
distribution over different urban regions. This performance
metric denoted by F'I is formulated as follows

oy — (Siew i (i(t), £i(0).pi(1)”
N Sien (i (i0), fi(0), pa(t)))*

where J; (z;(t), fi(t),pi(t)) is the achievable EE perfor-
mance metric of the region i € N.

(S.16)

APPENDIX H
ADDITIONAL VALIDATION AND COMPARISON

This supplementary material provides more simulation
results to validate the proposed joint vehicular com-
munication optimization and macroscopic traffic control
(VCOMTC) method. We test its ability to balance the
temporal-spatial traffic flow distribution over multiple re-
gions meanwhile improving the global energy-efficiency
(EE) performance of the LTE-V2V networks in these regions,
using another different scenario configuration. Specifically,
we change the MFDs and the time-varying macroscopic traf-
fic demands of a three-region urban area and adopt the same
configurations for other communication parameters as the
main text. Figure 1 shows the MFD profile of each region,
while Figure 2 illustrates their time-varying traffic demands.
In particular, we decrease the peak-hour traffic demands of
the region ¢ = 3 to narrow the difference between the three
regions’ traffic demands. These configurations in Figure 1
and Figure 2 differ from those in the main text. Thus, we
can examine the generality of the proposed method using
the different configurations.

Figure 3 and Figure 4 show the transfer flow dynamics
of the regions without and with the MPC-based perimeter
control, respectively. It can be observed from Figure 3 that,
even though the region i = 3 has similar traffic demands
as the other two regions in Figure 2, it experiences much
higher traffic accumulation than the regions and the total
delay of the road traffic network is considerable. The sum
of the vehicle accumulations of the region i = 3 exceeds
the jam accumulation, i.e., 10* (veh), after about 4600s,
while the other regions are free of traffic congestion. This
result indicates a highly imbalanced traffic distribution over
the regions when the regions do not adopt the proposed
perimeter control approach. By comparison, when applying
the MPC-based perimeter control, the three regions’ vehicle
accumulations can always be regulated in an uncongested
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Fig. 3. The dynamics of the transfer flows from each urban region without
the MPC-based perimeter control.

state. Figure 4 shows that our MPC-based perimeter con-
trollers clear the regions’ vehicle accumulations to reduce
the total delay of the road traffic network, improving the
temporal-spatial balance of the multi-region traffic dynam-
ics and the macroscopic traffic efficiency.
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Fig. 4. The dynamics of the transfer flows from each urban region with
the MPC-based perimeter control.

Moreover, we compare our proposed joint optimization
and control method with the other baselines, the CCP and
the ACP methods as detailed in the main text, and the
advanced scheme, the VCO method, that uses the state-
of-the-art constrained optimization methodology.! Figure 5
and Figure 6 demonstrate the EE performance of the LTE-
V2V networks in the three regions using two different mod-
ulation and coding schemes (MCS), QPSK and 16-QAM,
respectively. Our proposed method can provide the highest
EE performance for all the regions on average among the
methods. In particular, our method boosts the EE perfor-
mance of the LTE-V2V network in the region i = 3 after
about 6000s, while the network performance degrades un-
der the VCO method. This is because the compared method
cannot coordinate the multi-region traffic flow dynamics
and cannot adapt communication optimization to the multi-
region traffic dynamics. In the LTE-V2V networks of the
regions, ¢ = 1,2, with low-level vehicle accumulations,
our method provides similar EE performance to the VCO.
However, for the region ¢ = 3 with the heavy vehicle ac-
cumulation, the compared method makes the LTE resource
blocks insufficient to support vehicular communications,
increasing transmission collisions and packet loss. On the
contrary, our method improves the EE performance of the
LTE-V2V network in this dense region by more than 30%
under the QPSK and the 16-QAM schemes, compared to the
other methods. The result confirms the significant benefit
of joint vehicular communication optimization and macro-
scopic traffic control.

In Figure 7, we show the system-level accumulated EE
over the whole time horizon and observe that our method
outperforms the others. Specifically, our method provides
comparable EE performance to the VCO method under the

1. To the best of our knowledge, no existing methodologies can
directly address the scenario problem that couples the energy-efficiency
optimization of multi-region LTE-V2V networks and the multi-region
macroscopic traffic dynamics control. Thus, we treat an existing con-
strained optimization approach (i.e., the VCO), also based on the
Lagrangian multiplier theory, as a state-of-the-art method for perfor-
mance comparison. The VCO method is not driven by coordinated
macroscopic traffic dynamics. Therefore, it does not incorporate multi-
region perimeter control. The comparison with the VCO enables us to
highlight the significance of joint optimization and control.
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Fig. 6. The evolution of the multi-region EE metrics under comparative methods using the 16-QAM modulation scheme.
16-QAM scheme and achieves 10.49% higher EE perfor- 0 :
mance than the compared method under the QPSK scheme. [ VCOMTC
Figure 8 illustrates the LTE resource utilization fairness 5 Dggg
index among multiple regions. Our method can achieve E ACP
fairer resource utilization on average than the VCO method

as time evolves. Jain’s fairness index of the VCO method
is decreasing after 4000s. By comparison, even though our
method experiences a performance drop between 25005
and 6000s since the urban regions have high vehicle ac-
cumulations during this phase, it dramatically improves the
fairness performance after that. Our method provides al-
most 100% fairness under the QPSK scheme and more than
95% under the 16-QAM finally. Overall, the multi-region
LTE-V2V networks can better benefit from incorporating
macroscopic traffic control into vehicular communication
optimization. The above supplementary results validate our
proposed method, proving the conclusions consistent with
those in the main text.
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