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For energy-efficient Connected and Automated Vehicle (CAV) Eco-driving control on
signalized arterials under uncertain traffic conditions, this paper explicitly considers
traffic control devices (e.g., road markings, traffic signs, and traffic signals) and road
geometry (e.g., road shapes, road boundaries, and road grades) constraints in a data-
driven optimization-based Model Predictive Control (MPC) modeling framework. This
modeling framework uses real-time vehicle driving and traffic signal data via Vehicle-
to-Infrastructure (V2I) and Vehicle-to-Vehicle (V2V) communications. In the MPC-based
control model, this paper mathematically formulates location-based traffic control devices
and road geometry constraints using the geographic information from High-Definition
(HD) maps. The location-based traffic control devices and road geometry constraints have
the potential to improve the safety, energy, efficiency, driving comfort, and robustness of
connected and automated driving on real roads by considering interrupted flow facility
locations and road geometry in the formulation. We predict a set of uncertain driving
states for the preceding vehicles through an online learning-based driving dynamics pre-
diction model. We then solve a constrained finite-horizon optimal control problem with
the predicted driving states to obtain a set of Eco-driving references for the controlled
vehicle. To obtain the optimal acceleration or deceleration commands for the controlled
vehicle with the set of Eco-driving references, we formulate a Distributionally Robust
Stochastic Optimization (DRSO) model (i.e., a special case of data-driven optimization
models under moment bounds) with Distributionally Robust Chance Constraints (DRCC)
with location-based traffic control devices and road geometry constraints. We design
experiments to demonstrate the proposed model under different traffic conditions using
real-world connected vehicle trajectory data and Signal Phasing and Timing (SPaT) data
on a coordinated arterial with six actuated intersections on Fuller Road in Ann Arbor,
Michigan from the Safety Pilot Model Deployment (SPMD) project.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

As the development of connected and automated vehicle (CAV) technologies, the real-time Vehicle-to-Infrastructure (V2I)
and Vehicle-to-Vehicle (V2V) data can be utilized to develop online connected and automated driving control systems on
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signalized arterials. The real-time V2I data such as Signal Phasing and Timing (SPaT) and V2V data such as vehicle position,
velocity, acceleration, and spacing can be used to improve the safety, energy, efficiency, driving comfort, and robustness of
the connected and automated driving. However, to the best of our knowledge, none of the existing optimal control models
consider traffic control devices (e.g., road markings, traffic signs, and traffic signals) and road geometry (e.g., road shapes,
road boundaries, and road grades) as constraints for connected and automated driving problems. At the same time, the
preceding traffic information in front of a CAV is generally not given, especially when traffic oscillations exist, which leads to
uncertainty in the connected and automated driving control problem. The traffic oscillations lead to uncomfortable driving,
safety issues, time delays, and extra fuel consumption and emissions. The objective of this paper is to develop a data-driven
optimization-based Model Predictive Control (MPC) modeling framework, which explicitly considers location-based traffic
control devices and road geometry constraints in an online predictive control model, for a more robust, safer, smoother, and
energy-efficient connected and automated driving control on signalized arterials under uncertain traffic conditions.

1.1. Literature review

It is still a research question that how to utilize High-Definition (HD) maps, which can serve as the complement to in-
vehicle sensors to provide the traffic control device and road geometry information for driving safety, in predictive control
models for connected and automated driving problems. Existing automated driving control models solely rely on in-vehicle
sensors, which is unsafe and computationally expensive for real-time applications. For example, traffic light detection needs
to detect traffic lights through camera captured pictures all the time when an automated vehicle is operating. HD maps
such as the maps from HERE and TomTom (Massow et al., 2016) contain high-precision (e.g., at the centimeter level) road
information, which is essential for the safety of connected and automated driving. HD maps provide high-precision inter-
rupted flow facility locations, including traffic control devices such as road markings, traffic signs, traffic signal information
on signalized arterials (Roess et al., 2004), and road geometry features such as lines, curves, and spirals (Dupuis and Gre-
zlikowski, 2006). The necessity of HD maps for connected and automated driving is obvious because the sensors of auto-
mated vehicles are difficult to localize and determine a vehicle’s position in reference to its surroundings accurately (Seif and
Hu, 2016). The current sensing data from in-vehicle sensors without using HD maps cannot be used to predict future driving
states of controlled vehicles, such as energy consumptions.

However, directly using networks from HD maps may result in high computational costs for driving control of connected
and automated vehicles because the vehicle dynamics in coordinate-based HD maps are nonlinear (e.g., with both longi-
tudinal and lateral accelerations, Katrakazas et al., 2015). Especially for an optimization-based automated driving control
model, the formulation based on a high-density network from HD maps will involve constraint nonlinearity (e.g., nonlinear
vehicle dynamics with steering angles, Dixit et al., 2018), which causes a computational burden to real-time applications
of a control model (Carvalho et al., 2013). Multiple vehicle manufacturers have released first-generation automated driving
functionalities such as Lane Keeping Assist (Level 2 Automation, SAE, 2014). The Lane Keeping Assist functionality is the
potential to focus the connected and automated driving control problem on a scope of driving control model with linear
vehicle dynamics without considering nonlinear dynamics such as steering angles. Therefore, there is a need to develop an
adequate method to use accurate traffic control devices and road geometry information from HD maps in connected and
automated driving control with linear vehicle dynamics in real roads.

In addition to the issue of using HD maps, another one for connected and automated driving on signalized arterials is
the uncertain traffic conditions. In the literature for automated driving at signalized intersections, there are three categories
of research approaches: namely optimal control models based on closed-form controllers (Widodo et al., 2000; Barth et al.,
2011; Rakha and Kamalanathsharma, 2011; Hao et al.,, 2015; He et al., 2015), trajectory optimization models (Ma et al.,
2017; Wang et al., 2017; Jiang et al., 2018; Sun et al., 2020; Yang et al., 2020), and MPC models (Asadi and Vahidi, 2009;
Kamal et al., 2010). However, these methods focus on the connected vehicle driving at signalized intersections without
traffic uncertainties. These methods are suitable for providing speed advisories for energy efficiency to connected vehicles
at signalized intersections. Still, they may not be directly used for the online connected and automated driving control on
arterials because they do not consider uncertain traffic conditions or assume queue information can be given precisely.

To deal with uncertainty, the stochastic and robust MPC models are able to guarantee stability and constraint satisfaction
(Calafiore and Fagiano, 2013). The existing stochastic MPC models assume a known distribution of stochastic parameters
(Schwarm and Nikolaou, 1999; Suh et al,, 2016). The robust MPC models assume the bounded compactness of stochastic
parameters and use the minimax optimization to deal with uncertainty (Scokaert and Mayne, 1998; Wang et al., 2009).
Unfortunately, accurate traffic prediction information or the exact distribution of stochastic parameters are rarely available in
practice. In this paper, we propose a method to integrate data-driven optimization methods with an MPC model to deal with
the uncertainty. Specifically, the data-driven optimization methods proposed in this paper include Distributionally Robust
Stochastic Optimization (DRSO) models (with moment bounds) and Distributionally Robust Chance Constraints (DRCC)-based
models.

Introduced by Scarf (1958), the idea of DRSO is to define a data-driven uncertainty set (i.e., data-driven ambiguity set, or
distributional set) of possible realizations of uncertain parameters and then optimize against worst-case realizations within
the set (Calafiore and El Ghaoui 2006; Delage and Ye, 2010), which is used in the objective function to consider a set of
Eco-driving references and uncertain traffic conditions. For DRSO models under moment bounds in our paper, a data-driven
uncertainty set for the uncertain parameters is constructed using mean and variance information. Then the expected value
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of the objective function in the worst case is optimized based on the distributions in that set (Scarf, 1958; Calafiore and El
Ghaoui, 2006; Liu et al., 2015; Delage and Ye, 2010; Zymler et al., 2013). In a DRCC-based model, the mean and variance
of the uncertain parameters are used to ensure that the probability of satisfying the constraint reaches a certain threshold
(Calafiore and El Ghaoui 2006; Jiang and Guan, 2016). In the real-world driving environment, uncertain traffic flow dynamics
may cause violations of safety constraints in an MPC model. For driving safety location-based traffic control devices and
road geometry constraints, DRCC is used to deal with the uncertain traffic conditions in the MPC model for the proposed
connected and automated driving systems.

1.2. Proposed work and contributions

In this paper, we propose a data-driven optimization-based MPC modeling framework explicitly considering location-
based traffic control devices and road geometry constraints for connected and automated driving control on signalized
arterials under uncertain traffic conditions by using V2V and V2I connected vehicle data. There are six steps in the pro-
posed framework: (1) we propose a method to mathematically formulate the location-based traffic control devices and
road geometry constraints in the time-indexed MPC model from the coordinate-based HD maps; (2) we develop an online
learning-based driving dynamics prediction method to obtain the predicted driving states of the immediately preceding ve-
hicle (IPV), which directly constrain the controlled vehicle driving dynamics; (3) we predict the driving reference for the
controlled vehicle by an Eco-Driving policy for solving a constrained finite-horizon optimal control model; (4) we formu-
late a DRSO-DRCC based MPC model (using the predicted driving states of the IPV and the controlled vehicle to construct
data-driven uncertainty sets) for determining the optimal acceleration or deceleration commands for the controlled vehicle;
(5) we propose model reformulations and solution algorithm by applying the strong duality theory and the Semidefinite
Relaxation technique to solve the proposed DRSO-DRCC based MPC model; (6) we conduct experiments on a real-world
coordinated signalized arterial with six SPaT-enabled Roadside Units (RSUs) to evaluate the proposed model under differ-
ent traffic conditions (i.e. light, medium, and heavy traffic) and weighting factors using the Safety Pilot Model Deployment
(SPMD - http://safetypilot.umtri.umich.edu) dataset.

This paper makes three contributions to the literature as follows:

The first contribution is to propose a method to mathematically formulate the location-based traffic control devices and
road geometry constraints from coordinate-based HD maps in a predictive control model for connected and automated driv-
ing. We first convert the given coordinate-based path to a distance-based path with traffic control devices and road geome-
try information along the given path. Then, we apply the traffic control devices and road geometry constraints with location
indices to the time-indexed predictive control model. Based on this method, we can use linear vehicle dynamics rather
than the nonlinear vehicle dynamics (e.g., the steering angles) in the connected and automated driving control problem.
Moreover, the optimal vehicle trajectories along the distance-based path can be mapped back to the given coordinate-based
path.

The second contribution is to integrate the location-based traffic control devices and road geometry constraints with
the data-driven optimization-based MPC model for the connected and automated driving on signalized arterials. We apply
the data-driven optimization-based MPC modeling framework (i.e., for connected and automated driving on freeways in
Zhao and Zhang, 2018; Zhao and Zhang, 2020). In the data-driven optimization framework, we apply DRSO to deal with the
controlled vehicle driving uncertainty by constructing a data-driven uncertainty set from mean and variance information
of the predicted reference driving states of the controlled vehicles. In addition, we use DRCC to address the IPV driving
uncertainty by constructing a data-driven uncertainty set by using the predicted driving states of the IPV in the safety
constraint. We use an online learning-based driving dynamics prediction method to predict the uncertain driving states of
the preceding vehicles and the controlled vehicle using V2V trajectory data and V2I traffic signal data.

The third contribution of this paper is to utilize the real-world V2V connected vehicle trajectory data from Onboard Units
(OBUs), and V2I SPaT data from RSUs in the SPMD dataset for the demonstration of the proposed connected and automate
driving model. We use the connected vehicle trajectory data from Basic Safety Messages (BSM) to calibrate the connected
IDM model for the benchmark human driving behaviors. We extract traffic signal information from the SPaT messages for
the actuated control on the real-world SPaT-enabled coordinated corridor (i.e., Fuller Road in Ann Arbor, MI). Then, we
measure the performance of the proposed DRSO-DRCC model (i.e., as the automated driving) using the real-world V2V and
V2I data.

This paper is structured as follows. Section 2 presents the notation and problem statement. In Section 3, we illustrate the
data-driven optimization-based MPC modeling framework for the energy-efficient connected and automated driving control
on signalized arterials under uncertain traffic conditions. The model reformulations and solution algorithms are described
in Section 4. In Section 5, we demonstrate the proposed connected and automated driving control model using real-world
connected vehicle trajectory data and the SPaT data from the SPMD dataset in Southeast Michigan. Concluding remarks are
given in Section 6.

2. Problem statement

We begin this section with notation, definitions, and assumptions of the real-time connected and automated driving
system on real-world arterials. Then, we discuss the problem of interest in this study. At the end of this section, we also
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describe our method to express network geometries (e.g., links/routes, lanes, and interrupted flow facility locations such as
stop lines) from HD maps.

2.1. Notation

We list the notation of indices, parameters, state variables, control variables, model matrices, and data-driven inputs as
follows.
Indices:

k, control time index, k = 1, 2, ...

t, prediction horizon time index, t =k, ..., k + PH
s, distance index, s = 1, .., S

w, discretized road geometry index, w = 1, .., W

Parameters:

At, control time interval

As, homogeneous road geometry distance interval

PH(k), time-variant prediction horizon at control time step k

6(s), road grade at distance s

&, stochastic driving state scenario

o, Value-of-Energy (VOE) weighting factor

Tobs | observation time period

TP, driving dynamics prediction time period

ATP, driving dynamics prediction update interval

t9, time when a controlled vehicle enters the communication range

f7, estimated arrival time at green

ff_z, estimated arrival time at red

Ef, estimated arrival time of controlled vehicle

h, following time headway

trp, simulated arrival time of the [PV

R(k), G(k), red and green durations at control time k,

tra(k), red signal start time

t.p(k), red signal end time

¥ 1, confidence level of DRCC location-based traffic control devices and road geometry constraint
¥ 2, confidence level of DRCC minimum safe time headway constraint

¥ 3, confidence level of the first-moment constraint in the data-driven uncertainty set
¥ 4, confidence level of the second-moment constraint in the data-driven uncertainty set
s™in minimum safe spacing for stopped vehicles considering vehicle length
7™Mn minimum safe time headway

Lveh vehicle length

piM(s), interrupted location at distance index s

pi"t(t), interrupted location at time ¢

| ¢ ]4, rounding operator to d trailing digits

df e, o}, Euclidean distance

¢(n, k), car-following model parameter set

15F (¢), velocity calculated by a car-following model

(Xw.Yw.gw), the three-dimensional point with longitude, latitude, and road grade.

State variables:

I(t), longitudinal location (rear bumper) of the controlled vehicle
v(t), velocity of the controlled vehicle
x(t), driving state vector: longitudinal position and velocity - x(t) = [I(t), v(t)]”

Control variable:
u(t), acceleration of the controlled vehicle
Data-driven inputs:

Tf (t), maximum safe driving location
\7§ (t), safe driving velocity
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Tﬁ (t), estimated stochastic boundary condition preceding vehicle location
Vf) (t), estimated stochastic boundary condition preceding vehicle velocity
Tg (t), estimated stochastic IPV location

\73 (t), estimated stochastic IPV velocity

Tf (t), predicted reference driving location

\7‘? (t), predicted reference driving velocity

%5 (t), predicted driving states for the IPV - [i5 (t), 95 (O[T _ ,

i(f (t) , predicted driving states for the controlled vehicle - [Tf (1), \7? (t)ﬂ .2

N A~ T
%8 (t), predicted driving states for the IPV and the controlled vehicle - [I5 (t). 9 (t). 12 (). i (D], _ ,

)'(E (t), expected driving states of the IPV

41, covariance matrix of the driving states of the IPV for DRCC location-based traffic control devices and road geometry
constraint

G, covariance matrix of the driving states of the IPV for DRCC minimum safe time headway constraint

fp, estimated mean of the predicted driving states of the IPV

flp, estimated covariance matrix of the predicted driving states of the IPV

[, estimated mean of the predicted driving states of the controlled vehicle

3., estimated covariance matrix of the predicted driving states of the controlled vehicle

[, estimated mean of the predicted driving states of the IPV and the controlled vehicle

3, estimated covariance matrix of the predicted driving states of the IPV and the controlled vehicle

min
Q= [(1) Tl |, matrix for the driving state x(t) of the controlled vehicle in the DRSO objective
Qf) = [(1) ? 8 8], matrix for the predicted driving state %% (t) of the controlled vehicle in the DRSO objective
Qf = [8 8 g) (1)], matrix for the predicted driving state %5 (t) in the reference state tracking of the controlled vehicle

in the DRSO objective
R = I, matrix for the driving comfort of the following controlled vehicle in the DRSO objective
Ky =[1 0], matrix in the location-based traffic control devices and road geometry DRCC
Gr=[-1 0], matrix in the location-based traffic control devices and road geometry DRCC
Ks=[1 ™) matrix in the minimum time headway safety DRCC
Gs =[-1 0], matrix for the predicted driving state of the controlled vehicle in the minimum time headway safety DRCC
Kf=[0 1], matrix in the safety and speed limit constraints
G¢ = vlimit matrix in the safety and speed limit constraints

A= [(1) 1At ], state dynamic matrix for the driving states of the controlled vehicle
(At)?*/2 , - , -
B=| At |, state dynamic matrix for the acceleration of the controlled vehicle

2.2. Definitions

Before we present the problem statement, we define the following components in this paper.

Definition 1. Network-based path/route. It is a sequence of link/lane and nodes as a planned path from origin to destina-
tion (Fig. 1(a)).

Definition 2. Coordinate-based path/route. It is a sequence of waypoints (i.e., longitude, latitude, and road grade) of the
center line of lanes along the network-based path (Fig. 1(b)). Noted that the waypoints of the coordinate-based path can
capture the curve shape of lanes along the path.

Definition 3. Distance-based path/route. One can convert the coordinate-based path to a distance-based path through a
mapping function f: (Xw,yw) — (Sw),Yw = 1, ..., W between the coordinate-based and distance-based positions of waypoints
along the path in Fig. 1(c) (See Section 3.1).

Definition 4. HD map: A High-Definition (HD) Map includes detailed road geometry information on coordinates of left,
center (i.e., the virtual track for vehicles to drive on a lane), and right lines for each lane. It also contains traffic control
device information such as longitudinal markings (e.g., lane markings and edge markings), transverse markings (e.g., stop
and yield lines), traffic signs, and traffic signal information (Roess et al., 2004).

Definition 5. Location-based traffic control devices and road geometry constraint. The constraint captures the inter-
rupted flow facility locations from HD maps. For example, it can consider traffic control devices (e.g., road markings, stop
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—t

Real-world signalized arterial

Network-based path/route Coordinate-based path/route Distance-based path/route

Fig. 1. Three types of representations of a path/route on a signalized arterial.
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Fig. 2. Three types of representations of a trajectory on a signalized arterial.

lines, and traffic signs) and road geometry (e.g., road shapes and road grades) at a signalized intersection (e.g., the red stop
lines in Fig. 1).

Definition 6. Link-based trajectory. It is a time-indexed trajectory that consists of a sequence of links with timestamps
(i.e., link enter and exit timestamps) along a given network-based path (Fig. 2(a)).

Definition 7. Coordinate-based trajectory. It is a time-indexed trajectory that consists of a sequence of coordinates (longi-
tude and latitude) with timestamps (e.g., 0.1 seconds) along a given coordinate-based path (Fig. 2(b)).

Definition 8. Distance-based trajectory. It is a time-indexed trajectory that consists of a sequence of distance-based posi-
tions with timestamps converted from the coordinate-based trajectory (Fig. 2 (c)).

Definition 9. The controlled vehicle. The controlled vehicle is the CAV to be real-time controlled by following the optimal
driving commands by the proposed connected and automated driving system.

Definition 10. The boundary condition preceding vehicle. The boundary condition preceding vehicle is the first (farthest)
preceding vehicle within the communication range of the controlled vehicle.

Definition 11. The immediately preceding vehicle (IPV). The IPV is the preceding vehicle just in front of the controlled
vehicle.

Definition 12. The space-time region of observations. The space-time region of observations is the region that contains
the observed driving states in space and time dimensions of the preceding vehicles and the controlled vehicle.

Definition 13. The space-time region of predictions. The space-time region of predictions is the region that contains the
predicted driving states in space and time dimensions of the preceding vehicles and the controlled vehicle.

85



S. Zhao and K. Zhang Transportation Research Part B 145 (2021) 80-117

Definition 14. TheEco-driving policy. The Eco-driving policy is formulated as a constrained finite-horizon optimal control
model to obtain an energy-efficient optimal trajectory as the reference for the predictive control model along a given path
with road geometry information (e.g., road grade) for each prediction horizon.

2.3. Assumptions

To properly define our problem for the connected and automated online driving control on signalized arterials, we make
the following assumptions:

Assumption 1. The controlled vehicle can obtain preceding vehicle information (e.g., positions, gaps, velocities, and accel-
erations) and SPaT information (e.g., the current signal status and remaining time before traffic signal change) in real-time
(i.e., 0.1-second time interval) via V2V and V2I communications, respectively, within a short-range communication distance
(e.g., 300 meters). Communication delays, packet loss, and other issues are not considered for simplicity.

Assumption 2. The network-based path/route is given and can be converted to a corresponding coordinate-based path. We
can obtain the corresponding given distance-based path by a mapping function f: (xw,yw) — (sw),Yw = 1, ..., W between
the coordinates and distance-based positions of the waypoints along the given path. The problem focuses on the driving
dynamics of the controlled vehicle on a distance-based trajectory when the controlled vehicle drives on a signalized arterial.

Assumption 3. The predicted driving dynamics of the preceding vehicles are not given by these preceding vehicles or by
traffic management centers.

Assumption 4. The distribution of stochastic parameters (i.e., the predictive vehicle position and velocity) are not known in
advance.

Assumption 5. The controlled vehicle is equipped with an automated driving system with Level 2 automation (following a
given path) to execute the received acceleration or deceleration commands (SAE, 2014).

Assumption 6. The interrupted flow facility locations with traffic control devices (e.g., road markings, traffic signs, and traffic
signals) and road geometry (e.g., road shapes, road boundaries, and road grades) information are given from an HD map.

2.4. Problem of interest

The goal of this paper is to seek the optimal driving commands to improve the driving safety, energy efficiency, robust-
ness, and driving comfort for the online connected and automated driving control of a CAV under uncertain traffic conditions
on a signalized arterial by using real-time V2I/V2V data. The uncertain traffic conditions pose a challenge of predicting the
driving states of the IPV in front of the controlled vehicle on signalized arterials. The problem of interest of this paper is
to propose a robust and safe optimization-based control model for connected and automated driving on signalized arterials
under uncertain traffic conditions. In this paper, we assume that the controlled vehicle is V2V and V2I enabled, and the
preceding vehicles are V2V enabled. Within a communication range such as the Dedicated Short-Range Communications
(DSRC) distance, preceding vehicle data such as position, velocity, and acceleration can be transmitted via V2V communi-
cations. In addition, Signal Phasing and Timing (SPaT) information such as the current signal state and the remaining time
of traffic signal change can be shared by RSU through V2I communications (Fig. 3). The preceding vehicle data and the
SPaT information will be collected by the controlled vehicle and sent to a mobile computing platform (which can be hosted
in the controlled vehicle). By real-time solving the data-driven optimization-based control problem, the mobile computing
platform in the controlled vehicle will determine the driving commands (i.e., the optimal acceleration or deceleration) for
the controlled vehicle. The automated driving system in the controlled vehicle will execute the driving commands.

3. Methodology

This section presents mathematical formulations for an MPC modeling framework based on a DRSO-DRCC model for
the online connected and automated driving control on signalized arterials under uncertain traffic conditions. The control
model updates traffic control devices and road geometry information from HD maps at every control time step. The frame-
work contains three steps for the online connected and automated driving control (Fig. 4). First, inspired by the concept of
“forecasting the forecasts of others” in Townsend (1983), we online predict the driving dynamics of the IPV and the con-
trolled vehicles at control time step k. We estimate the uncertain driving states of the boundary condition preceding vehicle
as the boundary conditions. Constrained by the boundary conditions, we can predict the uncertain driving states of the IPV
by learning the driving behaviors of the preceding vehicles. Restricted by predicted driving states of the IPV, we predict the
driving state reference via and an Eco-driving policy for CAVs. Second, we solve the DRSO-DRCC model at control time step
k to obtain the optimal acceleration or deceleration commands for the controlled vehicle. The predicted uncertain driving
states of the controlled vehicle from the previous step will be used as the tracking reference of the DRSO-DRCC based MPC
model. The predicted uncertain driving states of the IPV will be used in the DRCC safety constraints of the model. Third, the
optimal acceleration or deceleration commands from the DRSO-DRCC based MPC model are sent to the controlled vehicle
to execute at control time step k. Then, the three steps in this procedure will be repeated in the rolling horizon framework.
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Fig. 3. The illustration of the connected and automated driving control problem on a signalized arterial.

3.1. Location-based traffic control devices and road geometry constraints

This section describes how to integrate location-based traffic control devices and road geometry constraints in the time-
indexed MPC formulation. By assuming a given Lane Keeping function in CAVs, linear vehicle dynamics (without considering
steering angles) can be used for connected and automated driving in the predictive control model. Within the predictive
control model with linear vehicle dynamics, location-based traffic control devices and road geometry constraints can be
formulated to consider interrupted flow facility locations such as traffic markings, traffic signs, traffic signals, and other
special types of control (Roess et al., 2004).

It is challenging to directly formulate the location-based traffic control devices and road geometry constraints in a time-
indexed MPC model due to the difference between the distance index and time index. A vehicle driving control model can
be formulated as a time-indexed problem or a distance-indexed problem, depending on whether the indexing is done in the
temporal domain or spatial domain (Karlsson et al., 2016). The key beneficial feature of a time-indexed formulation for MPC
models is that the time-indexed solutions can be applied for the real-time applications at every predefined time interval as
the automated driving commands. In the time-indexed model formulation, the state variables (vehicle location and velocity)
are indexed by time steps (e.g., at the 0.1-second interval). However, the distance-indexed term uses the distance a variable
subscript in the time-indexed formulation, which makes the problem not tractable in most cases (Hooker et al., 1999).

We propose two steps to mathematically formulate the location-based traffic control devices and road geometry con-
straints from the coordinate-based HD maps in a time-indexed predictive control model: (1) map the coordinate-based con-
straints from HD maps to the distance domain; and (2) mathematically formulate the location-based traffic control devices
and road geometry constraints by adding binary variables. In Fig. 5, we take road grade selection as an example to show
the two steps for integrating location-based traffic control devices and road geometry constraints with a control model.

3.1.1. Map the coordinate-based constraints from HD maps to the distance-based constraints

This section presents a method to map the coordinate-based constraints such as interrupted flow facility locations from
HD maps to the distance-based constraints in predictive control models for connected and automated driving.

In Fig. 5, we define As as the homogeneous road geometry distance interval. In our problem, the coordinate-based path
can be discretized into a set of points from the waypoints of the lanes along the given path. As is selected such that two
adjacent points have only a small difference in road geometry information (e.g., the difference of the road grades of the two
points are small). Along the coordinate-based path, the coordinates of the traffic control devices or the road geometry can
be obtained from HD maps.

For the waypoints along the given coordinate-based path with a sequence of three-dimensional points {(Xw,yw.gw)YW = 1,
..., W}, we can calculate the corresponding distanced-based points from the start position of the path as: {(sw.gw)Vw = 1,

87



S. Zhao and K. Zhang Transportation Research Part B 145 (2021) 80-117

Location-based Traffic Control Devices and Road Geometry Constraints

[ Real-time Update Traffic Control Devices and Road Geometry Information

|
: ; - HD maps 1
| g N

( ~ Traffic Control

k=k+1

Devices ¥ .
| B .
|
|

( Location-based traffic control devices and road geometry constraints

|

|

|

— , |
Road Geometry ) |
A |

|

|

|

AlLt(Lmj‘@(l éljel‘lgl Dl’l\illilgi ——, "The Boundary Condition Preceding Vehicle — estimating a set of boundary conditions ‘

Estimate a set of driving states of the boundary condition preceding vehicle within a

Connected data-driven space-time cone

vehicle data at
time step k
I

A set of estimated driving states of the boundary condition prece:dmty
\ vehicle over a prediction horizon (a space-time cone)

T e |
The Immediately Preceding Vehicle — predicting a s%t of safety constraints

Learn driving behavior of each preceding vehicle as
connected human driver using connected vehicle data

v

Predict a set of driving states of each preceding vehicle
under signal timing

|

|

|

|

|

I

[

|

|

|

|

|
Controlled Vehicle }
Automated Driving |
Dynamics I
[

|

|

|

|

|

|

|

|

|

|

|

preceding vehicle (a space-time cone)

The Controlled Vehicle — predicting a set of Eco-driying reference driving states

Predict Eco-driving reference driving states of the controlled vehicle constrained by
driving states of the immediately preceding vehicle and signal timing

|
Execute optimal

accleration/deceleration

command at time step &

A set of reference driving states of the controlled vehicle over lhe
prediction horizon (a space-time cone)

| I
| I
| I
| |
| |
| |
| I
| |
| I
| I
| A set of predicted driving states of the immediately |
[ ‘ / |
| |
| |
| |
| I
| |
| I
| I
| I
| I

Initial state, state DRCC-based safety DRCC-based traffic || DRSO-based predicted terminal |
dynamics, and constraint of the immediate | = control devices and road state of passing the terminal states in the objective for

control constraints preceding vehicle geometry constraint || position on time at desired velocity | controlled vehicle

|

| DRSO-based reference driving
I

I

“ | ' l 1 | ]
[

I

|

I

( Optimal acceleration/deceleration ‘ Solving a DRSO-DRCC Problem
\_ control over the prediction horizon /

Fig. 4. The data-driven optimization-based MPC framework for connected and automated driving on signalized arterials.

., W} using the mapping function f: (Xw,yw) — (sw),Yw =1, ..., Win Eq.(1).

w-1

sw=y_ d{(xi,yi), Kix1,Yir1)} (1)

i=0

where (xq,y9) denotes the longitude and latitude of the origin location. Using Eq. (1), we calculate a sequence of distance-
based positions as the distance-based path while the traffic control devices and road geometry information are still con-
tained (e.g., the road grade data g is still known as related to distance s in Fig. 5(1)). With the distance-based path, we need
to mathematically formulate the location-based traffic control devices, and road geometry constraints from the coordinate-
based interrupted flow facility locations and road geometry information along the path.

3.1.2. Mathematically formulation of the location-based traffic control devices and road geometry constraints

Given the mapped distance-based path with traffic control devices and road geometry information, this section shows
the step to mathematically formulate the location-based traffic control devices road geometry constraints.

We cannot directly formulate the traffic control devices road geometry constraints with distance indices in our problem
because the distance indices are variables in the time-indexed predictive control model. Therefore, we add binary variables
to replace the variable indices of vehicle longitudinal locations (see the Travelling salesman problem, Focacci et al., 1999;
Ottosson and Thorsteinsson, 2000). We define the distance-indexed road grade data 6(I(t);) in the objective function that
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Fig. 5. Two steps to formulate the distance-based road grade selection along a coordinate-based path from HD maps.

minimizes the energy consumption in the Eco-driving reference model Eqs. (4)-(13). The | e 4] is the rounding operator to
d trailing digits (e.g. [6.581; = 6.6]).

We assume that we can obtain the discretized road grade data {6(s)|s = 1, .., S} (indexed by distance with the homoge-
neous distance interval As) from the given coordinate-based path. Given the road grade data, we define a binary variable
{z(t, s)IVt =k + 1, ..., k + PH(k), Vs = 1, ..., S} indexed by time and distance. Then, to apply the distance-indexed road grade
data in the time-indexed objective function at time step t, we define the following constraints in Eq. (2).

s
S z(t,s)=1,Vt=k,...,PH(t)
s=1
S
I(t) > Y z(t.s) x (I-1),Vt =k, ... . k+PH(k) 2)
s=1
s
Ity < Y z(t,s) x ,Vt =k, ..., k+ PH(k)
s=1

The first constraint is to guarantee that only one of the road grade data {6(s)|s = 1, .., S} is selected at each time step
t. The second and third constraints are applied to select the road grade by using the vehicle longitudinal location variable

s
I(t) at time t. With these three constraints, we can replacef(|I(t)])with Y~ 6(s) x z(t,s) and make sure that only one road

S=

grade is selected in the objective function at time step t. In Fig. 5(2), the red dots indicate that z(t{,s1) = 1, z(tp,53) = 1,
Z(t3,54) = 1, and z(t4,5¢) = 1, which implies that only one road grade at a longitudinal location is selected at each time step
from the optimal solution of our model. Noted that the sequence of the red dots from the optimal solution consists of the
determined vehicle trajectories.
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Fig. 6. Estimate a set of driving states (a space-time cone) of the boundary condition preceding vehicle.

3.2. Online learning-based driving dynamics prediction under traffic uncertainties

This section proposes an online method to predict the uncertain driving states of the preceding vehicles and the con-
trolled vehicle over a prediction horizon. Existing trajectory-planning models assume a given feasible vehicle trajectory set
as a space-time cone or prism by allowing finite acceleration and deceleration rates (Ma et al., 2017; Zhou et al., 2017). The
predictive vehicle driving control models assume that predictive front traffic and traffic signal information can be given by
the traffic management center via V2I communications (Zulkefli et al., 2014). However, the predicted information of posi-
tions and velocities of the preceding vehicles over a prediction horizon are generally not given in practice. The predictive
driving state reference for the controlled vehicle is constrained by the predicted driving states of the preceding vehicles,
which may not be given in advance.

We present an online learning-based driving dynamics prediction method, based on the concept of “forecasting the fore-
casts of others” in Townsend (1983), to predict the driving states of the preceding vehicles. For arterial driving, the driving
states of the controlled vehicle are directly affected by its IPV, in addition to traffic signal control. Based on the predicted
boundary conditions, we predict the uncertain driving states of the IPV by learning the driving behaviors of other preced-
ing vehicles. By solving a constrained finite-horizon optimal control model (constrained by the IPV), we predict the driving
states of the controlled vehicle over a prediction horizon.

3.2.1. Predictive uncertain driving states of the boundary condition preceding vehicle

This section shows the method to estimate a set of uncertain driving states for the boundary condition vehicle within a
valid communication range (e.g., a 300-meter DSRC range) of the controlled vehicle. Different from the analytical method to
construct a feasible region of possible vehicle trajectories as a space-time cone in Ma et al. (2017) and Zhou et al. (2017),
we estimate a set of uncertain driving states of the boundary condition preceding vehicle over a prediction horizon as a
set of trajectories, which is also a space-time cone (using historical observations rather by using analytical methods). Noted
that one feature of MPC models is that they just implement the first-step optimal control over a prediction horizon [k,
..., k + PH(k)] at the current control time step k. This feature makes it possible to estimate the driving dynamics over a
prediction horizon by simply using a constant velocity and update during every prediction horizon. Even by assuming a
constant velocity of the boundary condition preceding vehicle, the traffic oscillations (i.e., the shocks in Fig. 6) will still be
captured by the preceding vehicle prediction model in the next subsection.

At control time step k, we collect velocity data from the historical data during [k, T°%Sk] (e.g., over the past five or

ten seconds) to obtain a set of observed vehicle velocities {@i"‘v’i =1,...,M} in Fig. 6. Based on the sampled velocity ob-

servations, we calculate a set of driving states - {[lf" (t),f/i" (t)]TVt =k,...,k+PH(k),Yi=1,...,M} of the boundary con-
dition preceding vehicle driving at constant velocities. The set of driving states, which is a space-time cone in space
and time dimensions, is considered as a set of boundary conditions for the prediction of the driving states of the other
preceding vehicles. The upper bound of the set of the boundary condition preceding vehicle driving states is calculated
by speed limits while the lower bound is estimated based on a stopped velocity. From the collected velocity samples
at time step k, we can calculate the number of observations {N;i = 1, ..., M} for each of the driving states in the set

: A T X . . .
{[lf' (t), vﬁl )] Vt=k,...,k+PH(k),Vi=1,...,M}. The number of observations and the estimated set of driving states of
the boundary condition preceding vehicle will be used to construct the data-driven uncertainty set based on moment infor-
mation.
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3.2.2. Learning-based predictive uncertain driving states of the IPV

This section presents a learning-based method to predict a set of uncertain driving states of the IPV, given the set of
boundary driving conditions from Section 3.2.1. The prediction of the controlled vehicle is greatly affected by the predicted
driving states of the IPV. As Fig. 7 shows, given a set of boundary conditions, we online predict the heterogeneous driving
dynamics of each preceding vehicle using V2V connected vehicle data. The online learning method dynamically calibrates
car-following models for connected human-driven vehicles, and closed-form connected and automated driving models for
CAVs. Specifically, we use the connected IDM model in Talebpour and Mahmassani (2016) for preceding vehicles, which
utilizes connected vehicle data for driving assistance applications (e.g., safety warning) based on the original IDM model in
Kesting et al. (2010) for CAVs. Based on the boundary driving conditions and the online calibrated model parameters of each
preceding vehicle, we predict a set of uncertain driving states for all the preceding vehicles over a prediction horizon. Then,
we will obtain a set of learning-based predictive uncertain driving states (e.g., the right plot in Fig. 7) of the IPV for a given
set of boundary conditions using the observed V2V data.

To learn the heterogeneous driving behaviors of preceding vehicles, we online solve an optimization model to calibrate
car-following model parameters. The objective function in Eq. (3) is to obtain the optimal model parameters using observa-
tions over a past time horizon.

\/th(zk'['nbs [Vn (t) — VSF (t)]2
Tobs s

min

n=1,...,N 3)
@(n,k)

where 15F (t) is the velocity calculated by car-following models of trajectory n at time t (N is the total number of trajecto-
ries). We calibrate the model parameters independently for each preceding vehicle.

By car-following models such as connected IDM model, we can obtain the predicted driving states of the IPV for each
given boundary condition. The connected IDM model is used to model driving behaviors in a connected environment where
drivers are aware of other connected drivers’ behaviors:

Sn )
5 4 s*(Vn, AV,
Al (Sn, Vn, AVp) =an| 1 — (") _ <(””)>

(44 Sn

WAy,

2+/anby

where vf is desired speed, dp is the free acceleration exponent, sj is the jam density. Even though IDM does not explicitly
express the reaction time, it includes T, as the desired time gap. Unlike the traditional IDM model in Treiber et al. (2000),
the connected IDM model considers the average values of maximum acceleration and the desired deceleration of its nearest
preceding vehicles (Treiber et al., 2007; Talebpour and Mahmassani, 2016). The predicted driving states of the IPV will be
the input for the Eco-driving reference state prediction model in the next subsection.

Noted that one can use any specific model to predict the driving dynamics of the preceding vehicles over each predic-
tion horizon in the proposed DRSO-based MPC framework since the framework uses a set of predictions to address the
uncertainty. The uncertainty set will be tighter when a more precise prediction model is employed. As a general form of
an MPC framework, our proposed DRSO-based MPC can use vehicle driving prediction methods such as the connected IDM
(Talebpour and Mahmassani, 2016) for connected human-driven vehicles and machine learning models for automated vehi-
cles (Lin et al., 2019; Bouton et al., 2019). However, to precisely predict driving trajectories of automated vehicles is still not
trivial, which requires further studies in the future. In this paper, without loss of generality, we will focus on the case that
preceding vehicles are connected human-driven vehicles (HDV) and select connected IDM as the preceding vehicle driving
dynamics prediction model.

§*(Vn, AVp) =55+ Ta¥n +

3.2.3. An Eco-driving policy to obtain the predictive reference driving states for the controlled vehicle

This section presents a constrained finite-horizon optimal control model as the Eco-driving policy to obtain a set of
predictive driving reference for the controlled vehicle, given the set of IPV driving states from Section 3.2.2. With this
Eco-driving reference as the reference driving states for the controlled vehicle, the DRSO-DRCC based control model in
Section 3.3 is able to improve the energy efficiency by tracking the reference driving states.

As Fig. 9 shows, we can obtain a set of reference driving states of the controlled vehicle through an Eco-driving policy
based on a given set of predicted driving states of the boundary condition preceding vehicle. The Eco-driving policy can
be the existing velocity trajectory optimization models such as in He et al. (2015) and Ma et al. (2017). In this paper, we
propose a constrained finite-horizon optimal control model to obtain the driving reference that explicitly considers the IPV
driving and traffic control devices and road geometry constraints in Section 3.1. We also include an energy consumption
term in the objective function to improve energy efficiency. Given any predicted driving states of the IPV, we predict the
driving state reference of the controlled vehicle over a prediction horizon based on the Eco-driving policy (the middle plot
in Fig. 9). In this paper, we formulate a constrained finite-horizon optimal control model as the Eco-driving policy. First, we
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define the objective function in Eq. (4).

k+PH (k)
o x tzk E[v(t), u(t), 0 ()]
min k+PH (k) B ®
(o) 3 { [ff(t)—z(t)—rfm‘nxv(t)]2+[ff(t)—v(t)]zﬂu(t)]2 }

In the objective function, E[v(t), u(t), 6(I(t))] minimizes the energy consumption by utilizing energy consumption such
as the Comprehensive Modal Emissions Model (CMEM) in Barth et al. (2000) and Passenger Car and Heavy-duty Emission
Model (PHEM) in Hausberger et al. (2002). The second term regulates the controlled vehicle by target location and ve-
locity constrained by the IPV, interrupted flow facility locations, and current traffic signal timing state. The objective also
minimizes the acceleration fluctuation for driving comfort.

By adding binary variable z(t, s) as discussed in Section 3.1.2, the objective function can be reformulated as in Eq. (5).

k+PH (k) S
ax Y E[v(t), u(t), > 0(s) x z(t, s)i|

min I+PH (k) = o 2 2 ()

I-a)yx X { [E(t) —I(t) — T™min x v(t)] + [Df(t) - v(t)] +[u®? }

t=k
s.t.

PH(k) < (k) (6)
Et)—I(t) = T™ x v(t) + s/ t =k, ... k+PH(k) (7)
1(t) = 1% (k), v(t) = 1°(k), t =k (8)
I(t+1)=1(t)+ At x v(t) + %Atz xu(t), Vt=k,...,k+PH(k) (9)
v(t+1) =v(t) + At x u(t), Vt=Kk,...,k+PH(k) (10)
U™ <y (t) <u™* Ve =k, ..., k+PH(k) (11)
0 < v(t) < V'™ (t),Vt =k, ..., k+ PH(k) (12)
ijz(t,s) =1,Vt=k,...,PH(k)
s=1
l(t)ziz(t,s)x(571),Vt=I<,...,k+PH(k) (13)

s=1

s
I(t) <Y z(t,s) xs,Vt =k, ..., k+ PH(k)
s=1

where Tf (t) and ﬁf (t) are the maximum safe driving location and velocity by considering the impacts of preceding ve-
hicle locations and traffic control devices such as the traffic signal. £ denotes the uncertainty caused by uncertain traffic
conditions over the prediction horizon.

The energy term is defined as: E[v(t), u(t), 0 (I(t))] = [M x u(t) + M x g x sinf + %Cd xAx pxV(t)+MxgxC xcosf] x
v(t)/1000. where u(t) is vehicle acceleration, v(t) is vehicle velocity, g is gravitational constant, 0 is the road grade angle,
which is related to the current location I(t) of the vehicle at time t, p is air density (kg/m3), C; is the constant coefficient of
drag (typically 0.7)A is the frontal surface area of the vehicle (m?), C; is the constant coefficient of rolling resistance, which
is typically 0.01 (Weeks, 2009; Demir et al., 2011).

We define lf(t) = min{p™ ([1(t)q]) +smf”,f§(t) —L'"} as the maximum safe driving location in this constraint,
wherep™(|I(t)]4)is the distance-indexed interrupted location. ff (t) should be smaller than the safe stop location, which
depends on the interrupted location p™(|I(t)]4) (e.g., a stop line at an intersection in case 1 of Fig. 8) and a minimum
safe spacing s™" for stopped vehicles. E(t) should also be constrained by the IPV as E(t) — Lveh(e.g. case 2 of Fig. 8). We
deﬁnef/f (t) = min(@ME(1(E) ] 4), ﬁg (t))as the safe driving velocity. fg(t) and 17‘3 (t) are the predicted location and velocity
of the IPV for the predicted driving states of the boundary condition preceding vehicle. To apply the location-based terms
pM(1I(t)]4) and vEMiL(|I(t)4]) to the time-indexed MPC formulation, we can add two binary variables w(t, s) and m(t, s)
respectively, with corresponding binary variable constraints (see the steps in Section 3.1.2).
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Fig. 8. Two cases of the maximum safe driving location.

Eq. (6) ensure the terminal state constraint by online estimate the arrival time ff(k) at stop lines when the vehicle
receives a red signal from SPaT information (see the estimation of ff(k) in Eq. (14)). The location-based traffic control devices
and road geometry constraints in Eq. (7) ensures safety by a given time headway t™". The constraint in Eq. (8) is an
initial condition. Eqs. (9)-(10) are longitudinal location and velocity dynamics constraints, respectively. Eqs. (11)-(12) are the
acceleration and velocity capability constraints, respectively. Eq. (13) is to ensure the road grade selection after adding the
binary variable z(t, s).

Different from existing predictive control models of connected and automated driving, we define a time-variant predic-
tion horizon length PH(k) < ff(k) for Eqgs. (5)-(13) where ff(k) is the estimated arrival time at the stop line of a signalized
intersection. ff(k) is calculated by considering the current traffic signal state and front vehicle trajectories as in Eq. (14).

R (k) + h
71 (k) = max | o L [o 5(1}“’"”+v(t0)),(v’;”"f v(t“))] L ()
ff,z (k) = LWJ (R(k) + G(k)) + R(k)

ff(k) _ {tﬁl(k),vtﬁ] € {t|ff,1 =< tr,a,ffj = tr,b}} (14)

fra(k). Vi ¢ {f|fr,a <fp < fr,b}

where ffj(k) is the estimated arrival time during a green signal. The first term in the maximum operator of ff_1(1<) esti-
mates the arrival time by using IPV estimated arrival time and a given following time headway. The second term in the
maximum operator of ffvl(k) estimates the arrival time by considering maximum acceleration and maximum velocity to a
given velocity limit. ff’z(k) is the estimated arrival time considering the current red signal. With Eq. (14), we can estimate
a minimum prediction horizon length at control step k.

By solving Eqs. (5)-(14) for each boundary driving condition, the set of optimal predicted driving states - Tf(t) and f/f (t)
will be obtained as the reference states in the tracking term of the DRSO-DRCC based MPC model for driving commands.
Based on the optimal value of [§ (t) and ﬁf (t), we can calculate the corresponding ff (t) and f/f (t) and construct the data-
driven uncertainty set for the DRSO-DRCC model.

3.3. A DRSO-DRCC based MPC model for solving the connected and automated arterial driving problem under uncertain traffic
conditions

In this section, we formulate the connected and automated driving on signalized arterials as a DRSO-DRCC model in
Eqgs. (15)-(20). The set of driving states from the Eco-driving policy will be used as reference states for the DRSO-based
MPC model. Noted that in the DRSO objective function, the energy term is not considered because it is difficult to solve a
DRSO model with the complex nonlinear terms such as the sine term and cubic term in the CMEM energy consumption
model (Floudas and Visweswaran, 1995; Ye and Zhang, 2003; Luo et al., 2010). As we will have an Eco-driving reference as
the tracking reference in the DRSO-DRCC based MPC objective Eq. (15) for the controlled vehicle, the optimal solution (i.e.,
optimal acceleration or deceleration) of the DRSO-DRCC model is still able to reduce energy consumption.

The DRSO model allows the incorporation of historical observations and the forecasting of the driving states. At time step
k, we predict the driving states of the IPV and controlled vehicle over the prediction horizon by the steps in the previous
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Fig. 9. Predict a set of reference driving states for the controlled vehicle.

95



S. Zhao and K. Zhang Transportation Research Part B 145 (2021) 80-117

subsection. The predicted driving states will be used as the input for the DRSO-DRCC model. Then, we solve the DRSO-
DRCC model to determine the optimal acceleration or deceleration commands for the controlled vehicle over the prediction
horizon.

2 2

Maxg, pEF, [M%(k) { [l? (t) = 1(t) — T™in x U(t)] + [z‘;f (t) — v(t)] + [u(t)]z}]
muin K :;I,;k)—l 2 2 (15)

maxﬁ,eDEF,[ > [o-Fo] +[ro-#o] }

t=k
s.t.

inf B, (Tf ()~ I(t) > sfﬂm) > yite k... k+PHK)|tra(k) <t <t p(K)) (16)
inf B, (ff (t) = I(t) = T™" x v(t) +sfﬂm) > .Vt =k.....k+PH(K) (17)
1(t) = 19 (k), v(t) =1(k), t =k (18)

It +1) =1(t) + At x v(t) + %Atz xu(t), Yt =k, ..., k+PH(k)
v(t+1) =v(t) + At xu(t), Ve =k, ..., k+PH(k) (19)

U™ < (t) <u™X 0 < v(t) < V™), Vet =k, ... k+PH(k) (20)

where u(t) is the decision variable, and [(t) and v(t) are the state variables. ff (t) and 17? (t) are the random parameters, which
can be represented as ﬁf(t) = [Tf(t), D‘f (t)]{ . o~ In DRSO models, we can estimate the support of ﬁf(t) from observations

such that the random parameters take values in the set of observations E = {[Tff t) f/fi (t)]TVi =1,..., M} with M samples,

i.e., a set of predicted uncertain driving states constrained by a set of boundary driving conditions. ff" (t) and vf" (t) are the
predicted driving states using historical observations (driving condition i).

The DRSO objective function minimizes the worst-case tracking deviation between the controlled vehicle driving states
and the predicted Eco-driving reference. Eq. (16) is the DRCC safety constraint to ensure driving safety when the traffic
signal is red. Eq. (17) is the DRCC safety constraint by using a given minimum safe time headway. Noted that the interrupted

flow facility locations such as traffic signal are considered by the definition of the maximum safe driving location ff (t) in
Section 3.2.3 in both Eq. (16) and Eq. (17). The other constraints are from Eqs. (6)-(12).

3.3.1. The data-driven uncertainty sets for safe driving constraints and driving references
For the safe driving of the DRCC constraints Eqs. (16)-(17), we apply a data-driven uncertainty set to define a set of prob-
ability distributions with support in & for x‘i t) = [lf ), vf ()], given that it follows the probability distribution F, € Dp. Dp

is defined as the data-driven uncertainty set of the random parameters xf,(t) for the safe driving constraints Eqs. (16)-(17).
By solving the Eco-driving policy model in Section 3.2.3 for predictive driving reference, we can obtain a set of maximum

. . o T, . . . -
safe driving locations and velocities {[Ei 3} f;fi )] Yi=1,...,M}. With this set, we can calculate the estimated mean fi,
and covariance £,

P(ﬁi(t) e s) =1
Du(S. im0 78) = | (B[00 - 0) 551 (B[ 0] - ) = o1)
E[(i(r) - i) (%0 - ﬁp)T] < 1%,
In Eq. (21), we use the constraint parameter y3 > 0 such that the mean of Qf, lies in an ellipsoid of size y3 centered
at the estimate flp. Weuse theconstraint parameter y4 > 1 such that the second-moment matrix of )2% lies in a positive

semidefinite cone defined with a matrix inequality. It describes how likely ﬁf, is to be close to the estimate fi, with respect
to the correlations expressed in f),, (Delage and Ye, 2010).

Similarly, by solving Eqs. (5)-(14), we can obtain a set of controlled vehicle driving states {[iff ) f;fi (t)]TVi =1,...,M},
where M is the number of boundary conditions. We define F. € D, as the probability distribution and D, as the data-driven
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uncertainty set of the random parameters x‘f (t) = [lf (t), vf ()]" in Eq. (22). This data-driven uncertainty set will be used as
the data-driven input for the reference tracking in the DRSO-DRCC model.

]P()?f(t) e s) —1
DS, fir B s 70) = | (B[ @] - ﬂr)Ti;‘ (e[ 0] -a) < (22)
E[(xé O - ) (%0 - ﬂr)T] <%,

4. Model reformulation and solution algorithm

This section presents model reformulations and a solution algorithm to obtain tractable solutions that can be applied
for real-time applications. The DRSO-DRCC model formulation in Section 3.3 cannot be directly solved by existing solvers.
Moreover, the original minimax problem constrained by a DRCC constraint is computationally expensive (Shapiro and Ne-
mirovski, 2005; Goh and Sim, 2010; Zymler et al., 2013) and is not suitable for real-time applications. In Section 4.1, we
present the matrix form of the DRSO-DRCC model as a standard SDP form for simplicity. Based on the standard SDP form,
we reformulate the DRSO-DRCC model as a tractable relaxed SDP model in Section 4.2. Specifically, in Section 4.2.1, we
replace the DRCC constraints in the DRSO-DRCC model with equivalent deterministic convex constraints. In Sections 4.2.2—
4.2.4, we reformulate the DRSO model by applying the strong duality theory and the Semidefinite Relaxation technique. A
solution procedure and a solution algorithm are presented in Section 4.3 to solve the reformulated model (i.e., a relaxed
SDP problem).

4.1. Matrix form of the DRSO-DRCC model

First, we formulate the proposed DRSO-DRCC model in Section 4.2 in a matrix form. Consider Qﬁ and Qp as the matrices
for the constant-time-headway policy and the driving stability in the objective with respect to the leading controlled vehicle.
We define Q,E as the matrix for the reference tracking under uncertainties for the predicted driving states of the controlled
vehicles. We define matrix R as an identity matrix in this paper because we just want to reduce acceleration or deceleration
perturbations. Furthermore, we define matrices A and B for the state dynamics constraints. We define K; and G, as matrices
in the location-based traffic control devices and road geometry DRCC constraint. We define Ks and Gs as matrices for the
minimum-time-headway safety DRCC constraint. Then, we define K and G as matrices in the speed limit constraint.

k+PH (k) T
max . EF,,[ 5> [Qﬁﬁé(t) - pra)] [QE»%E ) —pr(n]]

t=k
k+PH(k)—1

min +maxF,€DEF,[ 3 [foé(r)_x(t)]T[foé(r)—x(t)ﬂ (23)

t=k

k+PH (k) T
+ gk [u(®)] R[u(t)]

s.t.
Fjngfp P, (k,x(t) FGR() < —sf'“m) >y te{k ... .k+PH(k)|0 < mod(t.t. ) <t} (24)
inf B, (st(r) + G () < —sfﬂm) > .Vt =k, ... k+PH(K) (25)
x(t) = x5 (k). t =k (26)
X(t+1) =Ax(t) + Bu(t),Vt =k, ..., k+ PH(k) (27)
U™ <y (t) <u™* Ve =k, ..., k+PH(k) (28)
Kix(t) — Gy <=0,¥t =k, ..., k+ PH(k) (29)

P(RE(t) eS) =1
D(S. 2. 5. y5.va) = (E[)?S(t)]—ﬂ)Ti”(E[ﬁ(t)]—oﬂ)syz Ve =k, ... .k+PH(k) (30)
E[(# 0 -2)(# 0O -a) | s
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where u(t) denotes acceleration or deceleration as the control variable (noted that we use bold u in the matrix-form formu-
lation even we only control one vehicle in arterial connected and automated driving). x(t) denotes the vector of the driving
state variables. F, and F, are the probability distributions of the random parameter #5(t). Eq. (24) is the location-based traf-
fic control devices and road geometry constraint. Eq. (25) is the minimum-time-headway safety constraint. Eq. (26) is the
initial condition constraint. Eq. (27) is the state dynamics constraint. Eq. (28) is the acceleration or deceleration capability
constraint. Eq. (29) is the speed limit constraint. In the data-driven uncertainty set constraint Eq. (30), we let F = {F, Fy}
and D = {Dp, Dr}.

4.2. Model reformulation

This section reformulates the matrix-form DRSO-DRCC model into a relaxed SDP dual problem by applying the strong
duality theory and the Semidefinite Relaxation technique. The original formulation with DRCC constraints is difficult to
solve since the empirical estimates are random themselves and cannot be directly used as the exact unknown mean and
covariance (Calafiore and El Ghaoui, 2006). In addition, the original DRSO formulation of the problem is computationally
expensive due to the minimax program (Shapiro and Nemirovski, 2005; Goh and Sim, 2010; Zymler et al., 2013). By ap-
plying the strong duality theory, the minimax program will be reformulated as a quadratically constrained minimization
problem. However, the complexity of the quadratically constrained minimization problem is unknown and therefore is still
computationally expensive (Floudas and Visweswaran, 1995; Ye and Zhang, 2003; Luo et al., 2010).

In this section, the reformulation includes four steps. First, we replace the DRCC constraints with the corresponding
equivalent convex constraints in Section 4.2.1. Second, we formulate the dual problem of the inner problem of the DRSO
model in Section 4.2.2 by applying the strong duality (Nilim and El Ghaoui, 2005). Third, in Section 4.2.3, we approximate
the solution of the quadratically constrained dual problem in a numerically efficient way by the Semidefinite Relaxation
technique (Luo et al., 2010). Fourth, in Section 4.2.4, we combine the original outer minimization problem with the relaxed
SDP problem of the original inner maximization problem as a relaxed SDP counterpart for the original minimax program.

4.2.1. Equivalent convex constraints of the DRCC constraints

The DRCC constraints in Eqs. (24)-(25) can be explicitly expressed as the explicit counterpart - deterministic convex
constraints (Calafiore and El Ghaoui, 2006). We consider that the data-driven uncertainty set D can be constructed using
the mean and covariance information derived from observations.

Proposition 1. For any given yp < (0, 1), the DRCC constraint Finﬂg Pr, (krx(t) + Grif,(t) < —sam) >y, is equivalent to the
pE€lp

convex constraint:

\/ ()/1/1 _ y1>Gr61 OG + |:Kr (;zp (t))T] [’gfr) } < —siam (31)

where if, (t) is the mean and &4 (t) is the covariance matrix of {&f,” tVi=1,...,M}.

Proof. To prove that the DRCC constraint is equivalent to its deterministic convex counterpart, we apply the equivalent
reformulation from Calafiore and El Ghaoui (2006) based on the one-sided Chebyshev inequality (Marshall and Olkin, 1960;
Bertsimas and Popescu, 2005; Calafiore and El Ghaoui, 2006).

First, we express the DRCC constraint in Eq. (24) by:

T .
Fing P, (er(t) + [ﬁp (t)] G' < —sf"m> =% (32)

We define the random vector d = [f, [g‘;,(t)]TGrT] and X = [x(t) 1] so that the left-hand side of the DRCC constraint

Eq. (32) can be expressed as ¢(x) = dX.
Then the mean of the random vector d is:

d=E[d]=[K G ()] (33)
The covariance of the random vector d is:
_ _|Tn T
I' = cov[d] = |:F21 Y (t)} =0 (34)

where mean & (t) and covariance & (t) are calculated from data. In our problem, I'y;, I'y5, and I'y; are constant because
K, is constant.
Furthermore, we have:

P(x) =E[p(x)] = dx (35)
The covariance matrix of the random variable is:
var[p(x)] = 8T TR = G,61(H)G,T (36)
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Theorem 3.1 in Calafiore and El Ghaoui (2006) concludes that a convex constraint /%var[go(x)] +@(x) <0 is equiv-

alent to inf P(dT® <0) >y for any ¥ < (0, 1) by applying the one-sided Chebyshev inequality (See detailed proofs
d~(d.T)
in Marshall and Olkin, 1960; Propositions 6.3 and 6.4 - Bertsimas and Popescu, 2005; Theorem 3.1 - Calafiore and El
Ghaoui, 2006). We need to show that their equivalent condition of DRCC constraint applies to our DRCC constraint in
Eq. (24).
The equivalent convex constraint of Eq. (24) can be expressed in Eq. (37) based on Theorem 3.1 in Calafiore and El
Ghaoui (2006).

(74— 5 )R TR+ < —s ™. 1 € 0.1) (37)
The equivalent convex constraint can be expanded in Eq. (38).

\/ ("4 )60 (t)GrT+[ K. (;zp(t))T ]["G(?] < —giam (38)

Eq. (38) is the equivalent convex constraint of Eq. (24). This completes the proof.
Similarly, the DRCC constraint Eq. (25) can be equivalent to its convex counterpart Eq. (39).

T .
V1= 768 O + [Ks(ii(t)) M’(‘;(P} < g (39)

Then, the DRSO-DRCC model can be reformulated in Eq. (40) as an equivalent DRSO model by applying Proposition 1 into
the DRCC constraints.

Q5% - pr(m]T[QEfE (©) - Qux(0)|

. k+PH (k)
MM ek ) [0 0 —x0] [oiE @ —x0)] o
+Hu(®)]"Ru(t)
s.t.
= T £ T ) jam
VoT=mGa o6 + [k (FO) || g | ==t e k... k+ PHRIO < mod (. o) <t} (41)
VO = 7G> (G + [Ks ()Ef,(t))Ti| [’é(f)] < sfM Vit — k. ... k+PH(K) (42)
x(t) = x5 (k), t =k (43)
X(t+1) =Ax(t) + Bu(t),Vt =k, ..., k+ PH(k) (44)
U™ < (t) <u™* Ve =k, ..., k+PH(k) (45)
Kex(t) — Gy <= 0.Vt =k, ... k+ PH(K) (46)
P(RE(t)eS) =1

... k+PH(k) (47)

M> \/\

- Ta N
D(Svﬂ,E,V&M) = ( [xf(t)] ) - ( [Xg(t) )
E[(#0-2)#0-)] <

where & and $ are the mean vector and covariance of state variables fiE(t) and ﬁf, i=0, ..., N, from observations. The set

S is any convex set that contains the support of F. With the moment constraints in Eq. (47), the equivalent reformulated
DRSO model is an SDP problem.
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4.2.2. The dual of the inner maximization problem of the reformulated DRSO model

In this section, we show that we can reduce the computational complexity and maintain the solution tractability by
solving the dual problem of the inner maximization problem in Eq. (40)-(47) as long as we show that the strong duality
holds for the inner problem (Proposition 2).

To show the strong duality, we need to explicitly reformulate the moment based uncertainty set to the conic constraints
in the inner problem. Specifically, the inner problem is reformulated as F-integrable for all F € D in Egs. (49)-(52), which
is an infinite-dimensional convex problem. This reformulation allows us to utilize the strong duality theory in the infinite-
dimensional convex problems for these moment constraints (Rockafellar, 2015).

For simplicity, we represent the objective function in Eq. (40) as Eq. (48).

(055 © - 0] e © - @]

Jux B0 =1Tofe 0 -xo] [e# 0 -x0] (48)
[u(®]"Ru(®)]
The inner maximization problem with conic constraints can be described as Eq. (49).
max s 321 U £ ) dF (% 1) (49)
s.t.
/dF(ﬁS(r)) =1,Vt=k, ..., k+PH(k) (50)
& A T
I [ 0 (Fo-a) i|dF()?5(t)) =0Vt =k,....k+PH(K) (51)
E) - )
Js [(;25 () — ) (# (0 - ﬂ)T]dF(ﬁ ) 7aS, Ve =k, ..., k+PH(k) (52)

In Eq. (61), the original first-moment constraint in Eq. (57) is replaced by a semidefinite cone constraint by Schur com-
plement (Boyd and Vandenberghe, 2004). Noted that § is any closed convex set known to contain the support of F.

Proposition 2. Suppose that 3 > 0, ¥4 > 1 and J(u, x, %, t) is F-integrable where F € . Given any u(t), we denote W(u(t),
¥3,Y4) as the optimal solution of the inner maximization problem Eqs. (49)-(52). Then, the duality gap between the primal
optimal solution W(u(t), 3,y 4). And the optimal solution of the dual problem is zero.

Proof. Strong duality does not hold in general while it usually holds for convex problems Calafiore and El Ghaoui, 2014).
To show that the strong duality holds for the inner problem, we first need to demonstrate that the objective function of
the inner problem is convex. We also need to prove that the regularity conditions and the Slater’s constraint qualifica-
tions (i.e., the conditions that guarantee strong duality in convex problems) are satisfied (Shapiro, 2001; Liu et al., 2015;
Wiesemann et al., 2014). Then, we can show that solving the dual problem is equal to solving the primal inner maximiza-
tion problem in Eqs. (49)-(52).

First, we need to show the quadratic terms in the objective function are convex quadratic. Without loss of generality, we
denote that any quadratic term in the objective function of the conic constrained inner maximization problem as f(x) = xTZx,
where Z is a given positive semidefinite matrix. Noted that in the objective function Eq. (40), the matrices I and R are
positive semidefinite. By the definition of convex functions in Boyd and Vandenberghe (2004), for any %1, X, € R, we need
to show that flAx; + (1 — A)xy) < Aflx;) + (1 — A)f(xy). For the quadratic function f(x), we have:

[AX1 + (1 = MR Z[Ax1 + (1 — M)Xa] < A% TZR; + (1 — MR TZx02%, T Zx,
+(1=2)°%TZx + A (1 = M)X,TZx + A (1 — M)XTZx; < A%, T Zx,
+(1=)xTZx0 (1 — A)[xlTle +x2TZx2] >A(1— k)[x1TZx2 + x272x1]x172x2
+2,TZx) < XTZx1 + %,TZX, (% — X3) " Z (%] —%3) > 0 (53)

In Eq. (53), (8% — X2)TZ(x; — %) > 0 is true for any positive semidefinite matrix Z, which shows the convexity of
fix) = xTZx. This applies to the quadratic terms with semidefinite matrices in the objective function Eq. (40). Thus, the
objective function of the conic constrained inner maximization problem is quadratic convex.

Then, we need to show that the Slater’s constraint qualification conditions hold. Based on the definition of convex prob-
lems in Boyd and Vandenberghe (2004), strong duality holds if the primal problem is convex and the Slater’s condition holds
as long as the inner maximization problem (i.e., the primal problem) has a nonempty and bounded interior solution (i.e.,
the regularity condition for finite-dimensional mathematical programs holds). According to our definition of the data-driven
uncertainty set D in Eqs. (19)-(20), the probability distribution F is bounded, and then the regularity condition is applicable
as long as the inner maximization problem has finite nonempty solutions (Liu et al.,, 2015; Wiesemann et al., 2014). Such
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regularity conditions regarding nonempty and bounded interior solutions for the proof of strong duality of convex programs
are discussed in Proposition 3.4 of Shapiro (2001) and Bertsimas and Popescu (2005). With the regularity condition, we can
show that the Slater’s condition holds if there exists a strictly feasible solution that satisfying the linear equality constraint
and convex inequality constraint.

To prove Slater’s condition holds for the conic constrained inner maximization problem, we need to show that the equal-
ity constraint in Eq. (50) is linear and the inequality constraints in Eqs. (51)-(52) are convex. Eq. (50) is linear because it
is just the integral of the first constraint in Eq. (47). For the first-moment inequality constraint in Eq. (47) - the equivalent
of Eq. (51), we define z=E[#(t)] — fi such that the inequality constraint can be expressed as zT -1z — 53 < 0, which is
quadratic convex based on the procedure in Eq. (53). Similarly, the second-moment inequality constraint in Eq. (47), the
equivalent of Eq. (52), is quadratic convex.

The optimal duality gap is zero if there is a feasible solution that satisfies the linear equality constraint and the convex
inequality constraint of the conic constrained inner maximization problem. This completes the proof.

To formulate the dual problem of the conic constrained inner maximization problem, we begin with the Lagrangian of
the conic constrained inner optimization problem as Eq. (54) by relaxing moment based conic constraints.

£(%.54. Q. Py, pa) = J(wx. 2. 6) + yaS — [ (0) - @][#(6) - 2] Qu(t)

D BO -] [ P pa®)
T\ (# N . 54
<[(xs(t)_M)T v a7 s 54
where (¢ , ) denotes the inner product. Q4(t) € R™*™ is the dual variable for the second-moment constraint in

Eq. (47) and Py(t) € R™™ py(t) € R™, s4(t) € R are the dual variables for the first-moment constraint in Eq. (47). Noted
that m is the length of the random vector &5.

To remove the inner products in Eq. (54), the Lagrangian of the inner optimization problem can be further expanded as
Eq. (55).

£( 50, Qa. Pao Pa) =J(u. 2. % .0) + 4% 0 Qu(0) — tr([# ©) - A] QO [# ©) - 2]

£ ®o-)'] PO Ppa®
+tr<|:’2€ t) - 73 (Pa(®)" sq(t)
= Plwx g ) - [#F o] woF © - 2[# 0] @O +2[# 0] pa)

— 27T Pa(t) + Y354(t) + VaZ 0 Qu(t) + ATQa(D) R + £ o Py(1) (55)

where () denotes the Frobenius inner product.
For illustration, we decompose the Lagrangian into two parts such that L£(&5,s4, Qq. Py, pg) = £1(X5,Qq. Pg) +

L5(Sq, Qq. Py, Pa)-
£1(%.Qa. pa) = {J(u, X E. ) - [#O] OO - 2[# 0] oA +2[& (t)]Tpd(o}

£5(54, Qu, Pa, Pa) = =27 Pa(t) + y354(t) + a2 ¢ Qu(t) + ATQa (D) + £ o Py(0) (56)

Based on the definition of the Lagrangian dual problem in Bazaraa et al. (2013), the dual problem can be formulated as
minimizing the supreme (i.e., the least upper bound) of the Lagrangian function Eq. (55). This dual problem can be further
expressed by incorporating the function £,(sy4, Qq, Py, pg) that consists of dual variables and minimizing the supremum of
the function £ (&, Q4. pg) in Eq. (57).

i £265 QP2+ sup 1 (. Q)| -
s.t.
Fa(t) — pa(t) B
|:(pd(t))T sd(t):| =0,Q4(t) =0,Vt =k, ..., k+PH(k) (58)

where the objective function in Eq. (57) is to minimize the Lagrangian function, in which sup £; (&, Q4. p4) considers the
&

worst-case distribution of the stochastic parameter &#5. Eq. (58) contains dual variable constraints.
By adding a dual variable r;, we can rewrite the dual problem as Eqs. (59)-(61) (see Delage and Ye, 2010).

o min Y a0 Qa Pr o)+ ra) 9
s.t.
ra() = J(u.x 1) - [& (t)]TQd(t)gé (t) - 2[#f (t)]TQd(t)/l +2[% (t)]Tpd (t).Vt =k, ....k+PH(k) (60)
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(Pa@®)" sa(t)

The dual problem in Egs. (59)-(61) is a quadratically constrained program. Based on Proposition 2, we can obtain tractable
solutions by solving the dual problem Eqs. (59)-(61), which is equivalent to solving the primal conic constrained inner
maximization problem in the DRSO model. However, the complexity of the dual problem is unknown and is not suitable
for the real-time application of the proposed connected and automated control model due to the quadratic constraint in
Eq. (60) (Floudas and Visweswaran, 1995; Ye and Zhang, 2003; Luo et al., 2010).

[ Fa(©) pd(t):|;O,Qd>0,rd(t)zO,Vt:k,...,k—i—PH(k) (61)

4.2.3. The relaxed SDP of the dual problem

To obtain a computationally efficient approximation of the quadratically constrained optimization problems in Eqs. (59)-
(61), this section applies the Semidefinite Relaxation technique in Luo et al. (2010) to deal with the quadratic constraint in
Eq. (60). By the Semidefinite Relaxation technique, we introduce two new variables - X(t) = x(t)[x(t)]” and U(t) = u(t)[u(t)]".
Then, the quadratic constraint in Eq. (70) can be reformulated as Eq. (62).

ro+ [# <t>]T<Qd<t) (o) o - (QE)TQE)ﬁ ®

T T
% (r)]T<—2pd<t> ~ 20,0 +2((Q§) o + (<) Qf)X(U)

—tr((Qp' Qp+1)X(t)) — tr(RU(1)) = 0, rank(X (1)) = 1, rank(U(t)) = 1, X(t) = 0, U (t)
=0,Vt=k,...,k+PH(k) (62)
In Eq. (62), we show that [u(t)]TRu(t) = tr(Ju(t)]TRu(t)) = tr(RU(t)). Noted that the constraint rank(X(t)) = 1, X(t):=0 is
equivalent to restricting that X(t) = x(t)[x(t)]”, which makes the problem still difficult to solve Luo et al., 2010). To reduce the
computational expense while obtaining a tractable approximation of the optimal solution of the quadratically constrained
dual problem Egs. (59)-(61), we can drop the rank constraints on X(t) and U(t) to obtain a numerically efficient approxima-
tion (Zhang, 2000; Kim and Kojima, 2003; Luo et al., 2010).
Then, without the rank constraints, the quadratic form of the constraint in Eq. (62) can be written as Eq. (63).

T T T T
(08 0% _(0f) 0% _ _ q £\ of £\ of
oy Qm-(0) o - () o O Qd<r)u+<(qp) o +(0f) Q)X(t) [ﬁ (t)}
T T
—m(t)T—ﬂ’%(t)ux(tﬂ((cﬁ) o +(0f) Qf) ra(t) — tr((Q" Qp + )X (1)) — tr(RU(1))
=0,X(t) =0,U(t) =0Vt =k, ..., k + PH (k)

(63)

The stochastic term [ (%% (t))T 1] in Eq. (63) makes the quadratic constraint difficult to solve. By the S-Lemma

(Yakubovic, 1971; Pélik and Terlaky, 2007; Lemma 2.2 in Zymler et al., 2013), we remove the stochastic term and replace
the constraint in Eq. (63) by Eq. (64).

Qu(t) - (QE)TQE, - (QE)TQE —pa(t) — Qu(O) + ((Qf,)TQf, + (QE)TQE)xa)

T T T
—pa(®)" = ATQu(t)T +x<r)T<(Q§) Q; + (Q?) Qf) ra(t) — tr((Q' Q +1)X (1)) — tr(RU(1))
=0,X(t) = 0.U(t) = 0,Vt =k, ... .k+PH(k)

(64)
Finally, the dual problem in Egs. (57)-(58) is reformulated as a relaxed dual problem in Eqs. (65)-(67).
i S 20Ty 4 5a(0) 4 25 0 QuO) + TGO+ E 0 R©) 414 (65)
s.t.
r T T T T
am - () o - (of) Laa(t) + ((Qj) o+ (&) Qf)x(t)
T T T (66)
1@’ +X(t)T((Q§) Q5+ (Qf) Qf) ra —tr((Q'Qp +1)X(t)) — tr(RU(t))
=0, qq(t) = —pa(t) — Qu(®)[A, X (t) =0,U(t) = 0,Vt =k, ..., k+ PH(k)
[ Rt pa() Vi
_(pd(t))T Sd(t)i| =0,Qq(t) =0,14(t) =0, Vt =k, ..., k+PH(k) (67)
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where the relaxed dual problem in Egs. (65)-(67) is an SDP program. Solving this relaxed dual problem will obtain an
approximation of the optimal solution of the primal inner maximization problem of the DRSO model in Eqs. (41)-(47). Noted
that the Semidefinite Relaxation works well empirically in many applications that can generate reliable solutions efficiently
(Ma et al., 2002; Ma et al., 2004; Sidiropoulos et al., 2006; Li and Jiang, 2007; Luo et al., 2010). The relaxed dual problem
will be integrated with the outer minimization problem of the DRSO model in Section 4.2.4.

4.2.4. The reformulated DRSO-DRCC model - a relaxed SDP

This section reformulates the proposed DRSO-DRCC model in Section 4.1 as a relaxed SDP problem based on the
discussions of Sections 4.2.1, 4.2.2, and 4.2.3. We formulate an equivalent convex constraint for the DRCC constraint in
Section 4.2.1 using the mean and variance information of the predictive uncertain driving states of the IPV. For the conic
constrained inner maximization problem of the DRSO model, we formulate its dual problem as a quadratically constrained
program by applying the strong duality theory in Section 4.2.2. Then, we reformulate a relaxed SDP in Section 4.2.3 to
obtain the approximation of the optimal solution of the quadratically constrained dual problem by using the Semidefinite
Relaxation technique.

We combine the relaxed dual problem in Eqgs. (65)-(67) with the outer minimization problem in Eqs. (41)-(47) as a
minimization problem in Eqs. (78)-(84).

: ktPH(K) | Va2 © Qq(t) — AT @ Qu(t) +14(t) + 3 o Py(t)
s, 1k [ ' T+ psa®) } (68)
s.t.
0 £\ o ! r £\ e
Q) - (o) @ - (o) of ;qd(t>+((Q§) o +(0f) @)x(t)
T T N\ (69)
()" +X(t)T<<Q§) o + (<) QE) ra —tr((QQp + )X (D)) — tr(RU(6))
= 0,q4(t) = —pa(t) — Qu(t), X(t) = 0,U(t) = 0Vt =k, ..., k+ PH(k)
[ Pu(t)  pa(®) o v
| (put))" Sd(t)} = 0,Q4(t) = 0,74(t) = 0,Vt =k, ..., k+PH(k) (70)

\/<V1/1 _ y]>Gr61 OGT + [ K. (,zp(t))T MXG(fT)] < —sim te{k, .. k+PHK)|ta(k) <t <tp(k)}  (71)

V(02/1 = 12)G:6, (G + |:I<s (;25(0)1 [’éif)] < _sim e _ k. k4 PH(K) (72)
x(t) =x%(k), t =k (73)
x(t+1) =Ax(t) + Bu(t),Vt =k, ..., k+ PH(k) (74)
u™n <y (t) <u™X Ve =k, ..., k+PH(k) (75)
Kpx(t) — Gy <=0,Vt =k, ... k+PH(K) (76)
U™ <y (t) <u™X Ve =k, ..., k+PH(k) (77)
Kpx(t) — Gy <=0,Vt =k, ... k+PH(K) (78)

where Q4(t) e R™™ is the dual variable for the second-moment constraint in Eqs. (51)-(52) and Py(t) € R™™ p,4(t) €
R™, s4(t) € R are the dual variables for the first-moment constraint in Eqs. (51)-(52). Noted that m is the length of the
random vector %5.

This minimization problem is a relaxed SDP problem. In the objective function, ry(t), is the dual variable for the La-
grangian function of the inner maximization problem of Eqs. (23)-(30). All the other terms in the objective function are
from the dual variables. The constraint Eq. (69) is the relaxed constraint after applying the dual variable ry(t). Eq. (70) is the
constraint by applying dual variables Q(t) - the dual variable for the second-moment constraint Eq. (52), and P4(t),p,4(t).54(t)
- the dual variables for the first-moment constraint Eq. (30). Eqs. (71)-(72) are the equivalent convex constraint of the DRCC
constraints. Eqs. (73)-(78) are the original constraints of the outer minimization problem.
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Fig. 10. The solution algorithm based on parallel computing and hot start.

4.3. Solution algorithm

In this section, we propose an efficient algorithm for solving the reformulated SDP problem to implement a real-time
control system of the DRSO-DRCC model. The computational time of solving the proposed model can be reduced in two
aspects: (1) applying parallel computing to the online learning-based driving dynamics prediction (Steps 4-6 in Fig. 10); (2)
using a hot-start method for the real-time DSRO-DRCC based control (Step 7-11 in Fig. 10).

The solution procedure is summarized as a step-by-step algorithm in Fig. 10. Step 1 real-time updates traffic control de-
vices and road geometry information from HD maps for location-based traffic control devices and road geometry constraints.
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Step 2 and Step 3 predict the uncertain driving states of the boundary condition preceding vehicle by randomly sampling
from historical observations. Step 4 solves the learning-based prediction model to obtain the calibrated car-following pa-
rameters for the preceding vehicles in a parallel computing framework. We iteratively check whether the online calibrated
car-following parameters are stable at Step 4. For example, we assume that the online calibrated parameters are stable after
TP. If k > TP, we will solve the learning-based prediction model to calibrate car-following models at a time interval ATP in-
stead of solving it at every time step. We set the driving dynamic prediction update interval (e.g., ATP = 2 seconds) greater
than the control update interval (e.g., At = 0.1 seconds) to reduce the computation time. Furthermore, we break Steps 4-6
into independent parts so that each vehicle under each boundary condition can be processed concurrently on a computer
with multi-core processors. Step 5 predicts the uncertain driving states of the preceding vehicles using the online calibrated
parameters from Step 4. Step 6 solves the proposed finite-horizon optimal control model to predict the uncertain driving
states of the controlled vehicle due to the Eco-driving reference constrained by the predicted driving states of the preceding
vehicles from Step 5. Step 7 collects historical observations of the controlled vehicle due to the initial conditions for the MPC
model. Step 8 uses the predicted driving states of the IPV in the safety constraint of the proposed model. Step 9 calculates
the parameters for the data-driven uncertainty set of the proposed DRSO-DRCC model. Step 10 solves the reformulated SDP
to obtain the optimal acceleration or deceleration commands for the controlled CAV with an initial point. Step 11 saves the
optimal solution at the current time step as the initial point for Step 10 at the next control time step.

For solving SDP problems, cold-start methods initialize from an arbitrarily chosen vector, which leads to uncertain com-
plexity and long computation time (Sturm, 2002). The warm-start or hot-start techniques can be applied to reduce the
computational expense in solving SDP problems (Biswas and Ye, 2006; Skajaa et al., 2013; Sun et al., 2017), especially in an
MPC framework (Zeilinger et al., 2014). Different from the existing hot-start or warm-start methods that are trying to solve
a simplified problem as an initial guess, the hot-start in this paper does not solve any extra problem but takes advantage
of the previous optimal solution in an iterative way. We utilize the previous optimal solution as an initial starting point
because the problem does not change, and we just add a new data point to the constraints and the data-driven uncer-
tainty set for the reformulated SDP model. In addition, the optimal solution of the reformulated SDP model will not change
dramatically from previous optimal solutions due to the driving comfort objective and the acceleration or declaration capa-
bility constraint during a very short time interval (i.e., 0.1 seconds). Noted that our hot-start method does not sacrifice the
solution quality since the optimality criterion is the same as the cold-start method.

In the hot-start method, we first input the previous primal and dual optimal solution at time step k-1 as the initial
starting point for the SDP model at time step k. Noted that if it is the first time step, we just use an arbitrarily chosen start
point. Then, we solve the reformulated SDP with the initial starting point from the last time step k-1 and the selected y4
and y, using an SDP solver. We save the optimal solution at the current time step k as the initial point for the next time
step k+1. In step 11, we keep the optimal solution at step k as the initial point of Step 10 for step k + 1. The reformulated
SDP can be solved using an SDP solver such as MOSEK(https://www.mosek.com/).

5. Numerical analysis

In this section, we use the real-world data from the SPMD dataset to evaluate and validate the proposed DRSO-DRCC
model for connected and automated driving on signalized arterials. In Section 5.1, we describe the dataset and the steps
to extract signal timing information from the SPaT data and calibrate the IDM model from the connected vehicle trajectory
data in the SPMD dataset. Then, we design five experiments to evaluate the implemented connected and automated driving
control model in Section 5.2 - 1) evaluate DRSO-DRCC model performance under different traffic conditions; 2) measure the
model performance of the proposed DRSO-DRCC model using different energy weighting factors; 3) computation time of
the proposed DRSO-DRCC model under different prediction horizon lengths; and 4) duality gap of the relaxed SDP and the
computation time comparison with the original SDP.

5.1. Overview of the SPMD data

To illustrate the proposed method, we use SPaT data (i.e., signal phasing and timing information) and Data Acquisition
Systems (DAS) data (i.e., vehicle trajectories with radar sensing information) from the SPMD dataset. It is a high-frequency
(0.1 seconds) connected vehicle dataset collected over two separate months, in which around 2,800 connected vehicles
were deployed. We use the network of a signalized arterial with six signalized intersections on Fuller Road in Ann Arbor,
Michigan (Fig. 11). In the SPMD project, the six SPaT-enabled RSUs are installed at the six intersections for coordinated
actuated signal control (Bezzina and Sayer, 2015). We focus on the eastbound path on this signalized arterial with a 2.1-
mile driving distance. Among the SPMD dataset, we only select SPaT data of the six RSUs and the DAS data of 50 vehicle
trajectories driving through this arterial with 125,410 observations. The SPMD dataset is published on the ITS Public Data
Hub and can be downloaded from the U.S. Department of Transportation (USDOT) website provided by the USDOT Intelligent
Transportation Systems (ITS) Joint Program Office (2018).

5.1.1. Set the coordinated actuated control parameters using the SPaT data
To set the coordinated actuated control for the six intersections in the experiments, we simulate the SPaT information
using the calculated parameters from the broadcast SPaT messages (in the SPMD dataset) by the RSUs at the six signalized
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Fig. 11. The signalized arterial network with six RSUs on Fuller Road in Ann Arbor, Michigan.

Table 1
The actuated signal control settings of the six signalized intersections in the experiments (12:00 AM - 12:05 AM on April 2, 2013).

Intersection ID  Cycle lengths (s)  Offsets (s)  Maximum green times (s)  Minimum green times (s)  Yellow intervals (s)

126 55 0 35 4 4
170 55 49 37 4 4
171 55 28 40 4 4
172 55 38 35 4 4
173 55 28 35 4 4
175 55 32 25 4 4

intersections (Fig. 11) on Fuller Road in Ann Arbor, Michigan. The raw SPaT and SPaTMovement files in the SPMD dataset
contain intersection ID, signal phase, signal status, minimum time remaining before a traffic signal change, maximum time
remaining before a traffic signal change, and timestamps. The data in the current signal state column are represented by
8-bit hexadecimal values and indicate control signal states on different lanes. However, there some missing records and
invalid messages in the raw SPaT and SPaTMovement files. Among the very few valid and continuous raw SPaT messages at
the six intersections, we selected a segment of continuous SPaT records over five minutes during 12:00 AM - 12:05 AM on
April 2, 2013.

From the raw SPaT and SPaTMovement files in the SPMD dataset over the five minutes, we calculate actuated signal
control parameters such as the cycle lengths, offsets, minimum green times, maximum green times, and yellow intervals for
the coordinated actuated control for the six signalized intersections in the experiments (Table 1).

To simulate the traffic signal control of our experiments, we implement a broadcast module and the VISSIM Vehicle
Actuated Programming (VAP) signal control interface using VISSIM-COM interface in C++. We configure the VAP signal con-
trol using the calculated actuated signal control parameters and implement the traffic-responsive logic in VISSIM through
VISSIM-COM interface (PTV, 2008). Then, we start the VISSIM simulation in our C++ COM program and activate the sig-
nal control based on the configured VAP module. In the simulation, we broadcast the simulated SPaT information to the
controlled vehicle.

5.1.2. Calibrate IDM model for simulating traffic conditions using the DAS data

The DAS data in the SPMD dataset includes vehicle trajectories with in-vehicle radar sensing information of 50 vehicles.
Each record of DAS data contains anonymous ID, longitude, latitude, velocity, front vehicle distance, front vehicle speed, and
timestamp. We use the map-matching method in (Zhao and Zhang, 2017, 2019) to match the DAS vehicle trajectories (with
radar sensing data) to the transportation network of Fuller Road (Fig. 11). From the map-matched result, we only select
vehicle trajectories that were driving through this signalized arterial.

Among the selected vehicle trajectories in the DAS dataset, we select 50 driving trajectories of vehicles equipped with GPS
and radar devices over one week (between October 11, 2013, and October 18, 2013). There are a total of 125,410 observations
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Table 2

The calibrated IDM model parameters using the DAS data from the SPMD project.
Parameter  Description Calibrated value  Unit
a Maximum acceleration 2.45 m/sz
b Desired deceleration -3.88 2
Viges Desired velocity 18.13 me
So Minimum net stopped distance from the preceding vehicle  2.04 m
Thw Desired safety time headway 0.95 s

of the 50 vehicle trajectories. With these vehicle trajectories (with radar sensing data), we use Eq. (2) in Section 3.2.2 to
calibrate IDM model parameters for vehicle driving behaviors on Fuller Road in Ann Arbor, Michigan. In our experiments, all
the preceding vehicles are simulated to drive along the signalized arterial (i.e., Fuller Road) using the IDM model with the
calibrated parameters (Table 2).

5.2. Experimental analysis

In this section, we evaluate the performance of the proposed DRSO-DRCC model for connected and automated driving
using five experiments (i.e., different traffic conditions, and different VOEs). In the experiments, we simulate different driving
conditions by generating a different number of vehicles in the network (Fig. 11) where their driving behaviors are controlled
by the calibrated IDM model (Table 2). For the traffic signal control of the six intersections on the network, we code the
coordinated actuated control using VAP module in VISSIM (PTV, 2008) with the SPaT data (Table 1).

Simulation experiments have been employed in the literature of stability analysis of car-following models for both tradi-
tional and connected environments (Sun et al., 2018). We implement the solution algorithm (Section 4.3) in C++ and send
real-time driving commands to control the vehicles in VISSIM through COM interface programming (control the network-
based path choices) and VISSIM External Driver Model (control the microscopic driving behaviors). In the two experiments,
we only control one CAV using the proposed DRSO-DRCC model for connected and automated arterial driving. We also
use the calibrated IDM model to control the CAV as the benchmark and use the CMEM energy consumption model (see
Barth and Boriboonsomsin, 2009) in the Eco-driving policy (Section 3.2.3) to compare with the performance of the pro-
posed DRSO-DRCC model. We also investigate the computation time of the proposed model under different prediction hori-
zon lengths. To compare the relaxed SDP with the original SDP problem, we use another experiment to show the duality
gap and computation time comparison between the relaxed SDP and the original SDP.

5.2.1. Model performance of the connected and automated arterial driving under different traffic conditions

To demonstrate the proposed model, we compare the results of the proposed DRSO-DRCC based MPC model as auto-
mated driving of the controlled CAV under different traffic conditions. We use the calibrated IDM model to simulate the
controlled vehicle driving behaviors of HDVs as human driving under different traffic conditions. We design three scenarios
for the different traffic conditions: (1) light traffic, (2) medium traffic, and (3) heavy traffic. We use three different OD matri-
ces for all the 14 activity locations (i.e., two activity locations for each intersection and two activity locations for Fuller Road)
as the input demand for the simulation. By using the three OD matrices, we add 85, 360, and 500 vehicles into the Fuller
Road network (with 2.1-mile driving distance) to simulate different traffic conditions for the three scenarios, respectively.

In this experiment, all the preceding vehicles, in addition to the IPV, are controlled by the calibrated connected IDM
model using the DAS data from the SPMD dataset. We apply the IDM model in the learning-based prediction of the IPV to
predict its driving states. We use the constrained finite-horizon optimal control model in Section 3.2.3 as the Eco-driving
policy to predict the reference driving states for the controlled vehicle. We set the minimum safe time headway to guarantee
the following safety of the controlled vehicle based on the experiments in Gonzalez-Villasefior et al. (2007). We use 5.6
meters as the minimum safe spacing according to the minimum spacing in the experiments in Nowakowski et al. (2016)
and Darbha et al. (2018). The prediction horizon is calculated as a time-variant parameter, as in Eq. (14). Without loss of
generality, we use 0.8 as the confidence levels y; and y, for the two DRCC constraints, and use 0.85 as the confidence
levels y3 and y 4 for the first and second moment constraints in the data-drive uncertainty set of the proposed DRSO-DRCC
model. The VOEs for the three different traffic conditions are set to be 0.25.

In Fig. 12, the trajectory profile under light traffic shows that the controlled vehicle has a smooth acceleration process
when the vehicle is driving through the six intersections. The trajectory profile under medium and heavy traffic shows that
the idling time of the controlled vehicle is reduced at the intersections. Under the three traffic conditions, the trajectory
profiles of the controlled vehicle show that the proposed DRSO-DRCC model intentionally slows down the controlled ve-
hicle before it is driving through the intersections under red signals, which mitigate decelerations and reduce time delays
of the red signal. On the contrary, the IDM model stops the controlled vehicle under red signals with high deceleration
perturbations.

To demonstrate that the vehicle trajectory determined by the proposed DRSO-DRCC model can be reversed back to the
given coordinate-based network, we plot the controlled vehicle trajectory in the space-time network in Fig. 13. The loca-
tion records when the controlled vehicle passes the intersections can be projected to the arterial network in the space
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Fig. 13. The space-time trajectories of the controlled vehicle by the IDM and DRSO-DRCC models.
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dimension. Using the method described in Section 3.1, the distance-based trajectories in Fig. 12 can be converted to the
coordinate-based trajectories in Fig. 13. Noted that the arterial network is shown in the space dimension (i.e., the longitude
and latitude), in which the space-time trajectories of the controlled vehicle can be exactly projected. In addition, the con-
trolled vehicle trajectories of the DRSO-DRCC model are smoother when approaching the signalized intersections compared
with the IDM model, especially in the medium and heavy traffic conditions in Fig. 13.

In Fig. 14, we plot the acceleration, velocity, trajectory, and energy consumption profiles of the controlled vehicle and its
IPV in the time domain under the light traffic condition. It is shown that the acceleration and velocity perturbations of the
controlled vehicle of the DRSO-DRCC are smoother than its benchmark (i.e., the IDM-controlled vehicle).

For the energy efficiency in Fig. 15, the DRSO-DRCC model generates lower energy consumptions than the calibrated IDM
model for the same driving distance. The smooth acceleration and velocity profiles and the lower energy consumption are
caused by the Eco-driving reference that considers driving comfort and energy saving in the DRSO-DRCC model. The results
show that the DRSO-DRCC model saves 7.1% energy for the controlled vehicle driving through this signalized arterial under
the light traffic condition.

For the medium traffic conditions, the velocity profile of the controlled vehicle shows that the controlled vehicle has
three stops at three intersections (i.e., intersections 126, 171, and 175 in Fig. 15) in the IDM controlled case. However, the
DRSO-DRCC controlled vehicle just has one fully stop at intersection 171 around simulation time 1500 subseconds. In ad-
dition, the acceleration perturbations of the controlled vehicle by the DRSO-DRCC model are smaller than the controlled
vehicle by the connected IDM model. The energy consumption using the DRSO-DRCC model saves 18.1% energy of the con-
trolled vehicle compared with the energy consumption using the connected IDM model.

Under the heavy traffic condition, the acceleration profile of the controlled vehicle by the DRSO-DRCC model is much
smoother than the controlled vehicle by the IDM model (Fig. 16). The velocity profiles show that the proposed DRSO-DRCC
model reduces the idling time at intersections (especially around 700 subseconds) compared to the controlled vehicle by the
IDM model. The energy consumption profile shows that the controlled vehicle by the DRSO-DRCC model has much lower
energy consumption when driving through the signalized arterial than the case by the IDM model. The DRSO-DRCC model
saves 23.4% energy consumption for the controlled vehicle compared to the IDM model under the heavy traffic condition.

The results of the three traffic conditions consistently show that the controlled vehicle’s acceleration can be optimized
by the proposed DRSO-DRCC model to reduce acceleration perturbations, velocity variations, and time delays along the
signalized arterial.
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Table 3
The acceleration (m/s?) variance, velocity (m/s) variance, and energy savings under different VOEs.
Scenario Acceleration (variance)  Velocity (variance) Energy Saving (%)
Human Driving (IDM) 0.829 9.766 0
Automated Driving (DRSO-DRCC) VOE=0 0.331 5.919 4.493
Automated Driving (DRSO-DRCC) VOE=0.25  0.068 4.795 7.120
Automated Driving (DRSO-DRCC) VOE=0.5 0.067 4.35 7.346
Automated Driving (DRSO-DRCC) VOE=0.75  0.034 4.966 7.698

5.2.2. Model performance of connected and automated arterial driving under incidents

To evaluate the model performance for connected and automated arterial driving under some uncertain conditions, we
design an experiment of connected and automated driving under traffic incidents. Similar to the vehicle collision experiment
in Wang et al. (2015), we include an incident during the simulation. We apply an erroneous acceleration command to the
IPV such that it hits its preceding vehicle. The incident happens at 1500 subseconds during the control time. In the upper
two plots of Fig. 17, we show the trajectories of two preceding vehicles and the controlled vehicle. Noted that there are
ten other front vehicles, including the boundary preceding vehicle in front of the IPV in the simulation, within a 300-
meter communication range. We also select a period when the incident happens in the lower two plots in the figure. In
this experiment, the controlled vehicle avoids collisions under both medium and heavy traffic. During the control period,
our proposed approach maintains a minimum safe time headway ™" and a minimum safe spacing s™" for the controlled
vehicle to guarantee safety.

5.2.3. Model performance of the connected and automated arterial driving with different VOEs

In this section, we select the light traffic condition (where vehicles can travel through the six intersections without stop)
to evaluate the performance of the proposed DRSO-DRCC based MPC using the value of energy (VOE) factors of 0, 0.25,
0.5, and 0.75. The performance of the controlled vehicle will be measured in terms of vehicle driving states (acceleration,
velocity, and trajectory) and energy efficiency benefits. Noted that, in Ma et al. (2017), they use a minimum 0.1 energy
weighting factor. However, in our DRSO-DRCC model, we also consider safety, mobility, and driving comfort in addition
to energy efficiency. We use a minimum 0.25 weighting factor for (1 — «) for vehicle driving considerations (i.e., safety,
mobility, and driving comfort).

In Fig. 18, we plot the acceleration, velocity, and energy consumption profiles of the controlled vehicles determined by
the DRSO-DRCC (with different VOEs) and the connected IDM. The acceleration and velocity profiles from the DRSO-DRCC
model using different VOEs are all smoother than the controlled vehicle by the connected IDM model. When we increase
the VOE for the DRSO-DRCC model, the acceleration and velocity profiles are slightly different, which may be caused by the
light traffic volume under coordinated actuated control on the signalized arterial. However, the energy consumption profiles
still show a reduced value when the VOE is larger.

For more detailed comparisons between the DRSO-DRCC model and the connected IDM model in the experiment, we
show the acceleration variance, velocity variance, and energy saving of the IDM model and the DRSO model using different
VOEs in Table 3. When the controlled vehicle is commanded by the IDM model, the perturbations of acceleration and
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Fig. 18. Comparison of acceleration, velocity, and energy consumption profiles between the IDM and the DRSO-DRCC model with different VOEs under the
light traffic condition.

velocity (i.e., the variance) of the controlled vehicle are the largest among all the scenarios. The acceleration and velocity
perturbations of the controlled vehicle reduce as we set larger VOEs for the DRSO-DRCC model. When we set the VOE to
be no less than 0.25, the DRSO-DRCC model saves more than 7.1% energy consumptions for the controlled vehicle without
sacrificing travel time. The results in Table 3 demonstrate the effectiveness of the proposed DRSO-DRCC model to reduce
energy consumptions and improve vehicle trajectory smoothness and driving comfort even with zero VOE.

With the data-driven optimization-based online control framework, the proposed connected and automated driving con-
trol model determines acceleration or deceleration rates for the controlled vehicle by dynamically update the learning-based
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predictions of its preceding vehicles. With the predictions, the proposed method online generates an Eco-driving reference
as the tracking driving reference for the DRSO-DRCC model. Under this data-driven optimization-based online control frame-
work, the predicted information will be updated online such that the controlled vehicle is able to reduce time delays and
energy consumptions on signalized arterials.

5.2.4. The computation time of different prediction horizon lengths

In this section, we study the computation time of the proposed model. The two proposed solution methods for solving
the proposed model are implemented in C++ and run on a computer with Intel Xeon E5-2699 v4 2.2 GHz CPU (22 cores)
and 192 GB RAM. For the experiment, we use the connected IDM model to predict the driving states of the IPV and the
Eco-driving policy to predict the driving states of the controlled vehicles.

We use 0.8-second minimum safe time headway in this experiment. We select the prediction horizon length from 0.2 to
3.0 seconds. We conduct 50 simulation runs for each of the prediction horizon lengths to get the average computation time
in Fig. 19. The computation time is lower than 0.1 seconds when the prediction horizon is not greater than 1.5 seconds in
our experiments. If the prediction horizon is smaller than 0.8 seconds, then the computation time will be shorter than 0.05
seconds. The computation time will increase if the duration of the prediction horizon increases, as shown in Fig. 19. But we
can have at least 10 time steps in our prediction horizon in our results for real-time applications.

The computation time may be further reduced by using computers with high-speed CPUs such as Intel Core i7- 8086k
CPU (4.0 GHz clock rate) and 5.0 GHz max turbo clock rate) and Intel Xeon E3-1280 v6 CPU (3.9 GHz clock rate and 4.2 GHz
max turbo clock rate).
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5.2.5. Duality gap of the relaxed SDP and the computation time compared with the original SDP

In this section, we run the original SDP problem and the relaxed SDP (i.e., SDR) problem under the heavy traffic scenario,
respectively, to investigate the duality gap. We use a prediction horizon length of 8time steps in this experiment.

In Fig. 20, results show that the duality gap of the solution of our SDR problem is stable (i.e., from 0.01 to 10) under
most of the control period. The duality gap increases only when there is a velocity fluctuation from the IPVs (e.g., the traffic
shock at 1100 subseconds). the original objective function has the quadratic terms of velocity in m/s and the acceleration in
m/sz. In general, the duality gap of the SDR is under 1 x 102for the heavy traffic scenario over the control period.

We run the SDR and SDP on a computer with Intel Xeon E5-2699 v4 2.2 GHz CPU (22 cores) and 192 GB RAM. From
the computation times of the SDR and the SDP in Fig. 21, the computation time of the SDR is always shorter than the SDP.
With a prediction horizon length of 8 steps, the computation time of SDR fluctuates around 0.05 seconds. We are noted that
the CPU frequency of the computer we are using is relatively low (2.2 GHz). We think the computation time can be further
reduced even with a longer prediction horizon length using a more powerful CPU such as Intel Core i7- 8086k CPU (4.0 GHz
clock rate) and 5.0 GHz max turbo clock rate).

6. Conclusion

In this paper, we integrate a data-driven optimization-based MPC-based control model with traffic control devices (e.g.,
road markings, traffic signs, and traffic signals) and road geometry (e.g., road shapes, road boundaries, and road grades)
constraints for an online connected and automated driving problem on signalized arterials under traffic uncertainties. In
the MPC-based control models, we mathematically formulate the location-based traffic control devices and road geometry
constraints from the high-definition network data in HD maps. The location-based traffic control devices and road geometry
constraints explicitly consider interrupted locations and road geometry information. With the location-based traffic control
devices and road geometry constraints from HD maps, the robustness and safety of connected and automated driving are
improved because the control model will not only rely on in-vehicle sensors but also utilize the HD map data to capture
the interrupted flow facility locations.

Based on the integrated data-driven optimization-based MPC model with location-based traffic control devices and road
geometry constraints, the proposed connected and automated driving control framework includes four parts for the online
control system. First, we predict a set of uncertain driving states of the first (farthest) preceding vehicle (i.e., as the boundary
driving conditions) within the V2V communication range of the controlled vehicle. Second, we develop an online learning-
based prediction method to individually calibrate the car-following model (e.g., the connected IDM) parameters. Using the
online calibrated parameters, we predict a set of uncertain driving states of the IPV based on the concept of forecasting the
forecasts of others. Third, based on the set of predicted driving states of the IPV, we predict a set of driving state reference
of the controlled vehicle by an Eco-driving policy. Fourth, given the predicted driving states of the IPV and the predicted
driving state reference (i.e., the Eco-driving reference) of the controlled vehicle, we can obtain the optimal acceleration
or deceleration commands for the controlled vehicle by solving the proposed DRSO-DRCC model at each control step. To
solve the proposed DRSO-DRCC model, we reformulate a relaxed SDP problem by applying the strong duality theory and
the Semidefinite Relaxation technique. Then, we present a solution algorithm for solving the relaxed problem of the dual
problem as an SDP using parallel computing and hot-start techniques.

To demonstrate the DRSO-DRCC model, we conduct two numerical experiments to evaluate the safety, smoothness, and
energy efficiency using real V2V connected vehicle trajectory (DAS) data from OBUs and V2I SPaT data from RSUs in the
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SPMD dataset on Fuller Road in Ann Arbor, Michigan. We use the DAS vehicle trajectory data with radar sensing informa-
tion to calibrate the connected IDM model for simulating the uncontrolled vehicles as the benchmark human driving in the
experiments. For the signal phasing and timing in the experiments, we use the SPaT data of the six signalized intersec-
tions on Fuller Road for the coordinated actuated control. The first experiment shows that the proposed DRSO-DRCC model
generates smoother trajectories with shorter idling time at intersections, and saves 7.1% to 23.6% energy consumption com-
pared to the connected IDM model under three different traffic conditions (i.e., light, medium, and heavy traffic). The second
experiment indicates that the proposed model can avoid collisions of the controlled vehicle when collisions happen in its
preceding vehicles. The third experiment shows that a higher VOE factor will lead to larger energy savings (compared with
the connected IDM model) for the controlled vehicle driving through the signalized arterial. The fourth experiment evalu-
ates the computational complexity of the proposed method. The fifth experiments analyze the duality gap of the relaxed
SDP model. In the future, the proposed method can be extended in two ways: (1) by applying customized implementations
to reduce the computation time of the proposed model; (2) by incorporating a communication delay inside the control loop
using a delay compensation method.
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