Automatica 155 (2023) 111115

journal homepage: www.elsevier.com/locate/automatica

Contents lists available at ScienceDirect

Automatica

automatica

Brief paper

A safety-prioritized receding horizon control framework for platoon
formation in a mixed traffic environment™

Check for
updates

A.M. Ishtiaque Mahbub, Viet-Anh Le, Andreas A. Malikopoulos *

Department of Mechanical Engineering, University of Delaware, 126 Spencer Lab, 130 Academy Street, Newark, DE, 19716, USA

ARTICLE INFO ABSTRACT

Article history:

Received 29 May 2022

Received in revised form 12 December 2022
Accepted 2 April 2023

Available online xxxx

Keywords:

Connected and automated vehicles
Platoon formation

Mixed traffic environment
Receding horizon control

Safety

Platoon formation with connected and automated vehicles (CAVs) in a mixed traffic environment poses
significant challenges due to the presence of human-driven vehicles (HDVs) with unknown dynamics
and control actions. In this paper, we develop a safety-prioritized receding horizon control framework
for creating platoons of HDVs preceded by a CAV Our framework ensures indirect control of the
following HDVs by directly controlling the leading CAV given the safety constraints. The framework
utilizes a data-driven prediction model that is based on the recursive least squares algorithm and
the constant time headway relative velocity car-following model to predict future trajectories of
human-driven vehicles. To demonstrate the efficacy of the proposed framework, we conduct numerical
simulations and provide the associated scalability, robustness, and performance analyses.
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1. Introduction

The emergence of connected automated vehicles (CAVs) intro-
duces a novel mobility paradigm that enables efficient communi-
cation and real-time computation of control actions to optimize
vehicle performance, traffic efficiency, and other associated ben-
efits. Lately, several efforts have been reported for real-time co-
ordination of CAVs in different traffic scenarios such as on-ramp
merging roadways (Ntousakis, Nikolos, & Papageorgiou, 2016),
roundabouts (Bakibillah, Kamal, Tan, et al., 2019), speed reduction
zones (Malikopoulos, Hong, Park, Lee, & Ryu, 2019), signal-free
intersections (Mahbub, Zhao, Assanis, & Malikopoulos, 2019; Ma-
likopoulos, Beaver, & Chremos, 2021) and corridors (Mahbub,
Malikopoulos, & Zhao, 2020; Zhao & Malikopoulos, 2018). How-
ever, these approaches are developed with the assumption of a
100% CAV penetration rate which is far from being realizable in
the near future; see Alessandrini, Campagna, Delle Site, Filippi,
and Persia (2015). Hence, addressing the safe and efficient op-
eration of CAVs in a mixed traffic environment where CAVs and
human-driven vehicles (HDVs) co-exist is necessary.

The presence of HDVs poses significant challenges to the CAVs
related to modeling and control due to the stochastic and diverse
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nature of human-driving behavior. Recently, there have been sev-
eral control approaches proposed to address the motion planning
and control of the CAVs in different mixed traffic scenarios, such
as model predictive control (Leung et al., 2020; Mahbub, Le, &
Malikopoulos, 2022; Wang, Zheng, Xu, & Li, 2022), learning-based
control (Chalaki et al., 2020; Valiente, Toghi, Pedarsani, & Fallah,
2022; Wu, Kreidieh, Parvate, Vinitsky, & Bayen, 2021), game-
theoretic control (Chandra & Manocha, 2022; Liao et al., 2021),
and socially-compatible control (Le & Malikopoulos, 2022; Ozkan
& Ma, 2021; Schwarting, Pierson, Alonso-Mora, Karaman, & Rus,
2019; Wang, Sun, Tomizuka, & Zhan, 2021). Although these ap-
proaches have demonstrated quite impressive performance, they
only address the motion planning and control problem for single
CAVs, therefore, cannot exploit the potential benefits of coordi-
nating multiple CAVs to manipulate the traffic flow and eliminate
stop-and-go driving. To the best of our knowledge, coordinating
multiple CAVs given the presence of HDVs still remains an open
problem.

To develop a framework for efficiently coordinating CAVs in
the mixed traffic environment, our hypothesis is that the motion
of the HDVs must be indirectly controlled. In other words, we
can use a CAV to restrict the motion of its following HDVs,
thus indirectly controlling the HDVs. One approach to validate
this hypothesis is to leverage the concept of vehicle platooning,
where we can control a CAV to force the following HDVs to
form a platoon. A platoon is a closely-spaced group of vehicles
traveling in a controlled manner, which has potential benefits
such as increasing traffic throughput and fuel economy; see Alam,
Besselink, Turri, Martensson, and Johansson (2015). In this paper,
in an attempt to indirectly control the following HDV trajectories,
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we propose a framework for platoon formation where the CAVs
are controlled to compel the following HDVs to form platoons.

A significant number of research efforts have been reported in
the literature that explores various methods of vehicle platoon-
ing. Vehicle platooning can be broadly classified into two major
categories: (a) platoon formation, where individual vehicles aim
at creating a previously non-existent platoon or join an already
existing platoon; see Beaver and Malikopoulos (2022), Johansson,
Nekouei, Johansson, and Martensson (2018), Karbalaieali, Osman,
and Ishak (2019), Mahbub and Malikopoulos (2021, 2022) and
Xiong, Xiao, and Jin (2019), and (b) platoon control, where vehi-
cles within an established platoon are controlled to achieve some
objectives, such as string stability, safe following gap control, and
coordination; see Kumaravel, Malikopoulos, and Ayyagari (2022)
and Zhao, Ngoduy, Shepherd, Liu, and Papageorgiou (2018). A
detailed overview of the literature on vehicle platooning can be
found in some survey papers; see Bhoopalam, Agatz, and Zuidwijk
(2018) and Jia, Lu, Wang, Zhang, and Shen (2016).

The problem of platoon formation, in general, has been widely
studied considering 100% CAV penetration. Some approaches
based on model predictive control (MPC) have been reported
to guarantee string stability and safety; see Dunbar and Murray
(2006), Jia et al. (2016), Zheng, Li, Li, Borrelli, and Hedrick (2016)
and Zheng, Li, Li, and Ren (2017). Such control approaches, how-
ever, cannot be applied to a mixed traffic environment with a
partial CAV penetration rate due to the presence of uncontrollable
HDVs. The literature on platoon formation is sparse in the con-
text of a mixed-traffic environment. One of the most important
research directions toward developing a control framework for
a mixed traffic environment has been the development of cruise
control and adaptive cruise control (ACC) (Sharon & Stone, 2017;
Zheng et al, 2017), where a CAV preceded by a single or a
group of HDVs employs a control algorithm to optimize a given
objective, e.g., improvement of fuel economy (Jin, Orosz, Hajdu,
Insperger, & Moehlis, 2017), minimization of backward propagat-
ing wave (Hajdu, Jin, Insperger, & Orosz, 2019). A variation of the
ACC framework has been developed to control CAVs in a mixed
traffic environment; see Chin, Okuda, Tazaki, and Suzuki (2015)
and Yuan, Jiang, Hu, Wu, and Wang (2009) to tackle the HDV
behavior and to ensure rear-end collision avoidance. Recently,
some efforts have combined the concept of ACC with a vehicle-to-
vehicle communication protocol and proposed connected cruise
control or cooperative ACC for the CAVs traveling within a mixed
traffic environment; see Hajdu et al. (2019) and Orosz (2016).
Other approaches have employed robust or data-driven MPC to
ensure the safety of the CAVs in mixed vehicle platoons; see Feng,
Song, Li, Zhang, and Li (2021) and Lan, Zhao, and Tian (2021).
These approaches are limited to the cases where the objective is
to control the ego CAV to join and/or to maintain the stability and
safety of an already formed platoon.

Although the existing literature on vehicle platooning is rel-
atively rich, most of the research efforts have concentrated on
platoon formation of multiple CAVs given safety requirements
with surrounding HDVs or controlling CAVs to form and maintain
a platoon with the preceding HDVs. In contrast, our approach
attempts to develop a control framework for platoon formation
for a CAV with multiple following HDVs.

In earlier work, we addressed the problem of platoon forma-
tion in a mixed traffic network by considering that the leading
CAV has either explicit knowledge of the following HDV dynam-
ics; see Mahbub and Malikopoulos (2021), or does not have such
explicit knowledge; see Mahbub and Malikopoulos (2022). In this
paper, we propose a data-driven receding horizon control (RHC)
framework that employs a prediction model for estimating the
driving behavior of HDVs in real-time using a recursive least
squares algorithm to predict future trajectories. In the proposed
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framework, the objectives of the CAV are (a) to form a platoon
with the following HDVs, and (b) to minimize its control effort
with enhanced rear-end collision safety constraints. To the best
of our knowledge, such an approach has not yet been reported in
the literature to date.

In summary, the contributions of this paper are twofold: (1)
a comprehensive framework for platoon formation to control the
ego CAV that aims at forming a platoon with the following HDVs
in a mixed traffic environment given the rear-end safety and
system constraints (Section 2) along with a feasibility analysis
(Lemmas 1 and 2); and (2) a data-driven receding horizon control
approach (Section 3) for platoon formation, where the driving be-
havior of the HDVs is estimated with the constant time headway
relative velocity (CTH-RV) model and a recursive least squares
algorithm. Finally, we provide numerical validation of the pro-
posed approaches along with associated sensitivity, robustness,
and performance analyses.

The remainder of the paper proceeds as follows. In Section 2,
we formulate the problem of platoon formation in a mixed-traffic
environment and provide the modeling framework. In Section 3,
we present a data-driven predictive control framework to ensure
the accuracy of HDV behavior prediction to form the platoon.
In Section 4, we numerically validate the effectiveness of the
proposed control framework in a simulation environment. Finally,
we provide concluding remarks in Section 5.

2. Problem formulation

We consider a scenario where a group of vehicles, consisting
of CAVs and HDVs, are traveling on a roadway, as shown in Fig. 1.
We assign unique integer identities to the vehicles considered for
the platoon formation problem as follows: (a) the ego CAV, which
has the objective to form a platoon with its following HDVs, is
indexed by 1, (b) the preceding vehicle (PV) of CAV-1 is index by
0, and (c) the HDVs following CAV-1 are indexed by the order of
their distance from the ego CAV as 2,...,N, N € N (see Fig. 1).
The objective is to control the leading CAV to form a platoon
with the following HDVs that satisfies the system constraints and
ensures safety in terms of rear-end collision with the preceding
and following vehicles.

Next, we define the following sets to represent different
groups of vehicles.

Definition 1. The set of all vehicles considered in our problem
formulation is ¥ = {0, 1, ..., N}. The set of HDVs following CAV-
1is Mgpv = {2,...,N} C N. The set of vehicles to form the
platoon is A, = {1} U Mypy.

Remark 1. We generalize our exposition considering the exis-
tence of PV-0, which can be either CAV or HDV. When PV-0 does
not exist within a pre-defined look-ahead distance, we construct
the set A/ without the element {0} without loss of generality.

Remark 2. For formulating a valid platoon formation problem for
the vehicles in N, the set Mypy must be non-empty.

In our formulation, we allow lane changes for HDVs in Nypy
during the platoon formation process. If any HDV in Mjypy decides
to move to a different lane, or an HDV from an adjacent lane
moves into the current lane, then we recompute the set Mypy
with updated vehicles identities. For example, given Nypy =
{2, 3,4}, let us consider two cases: (a) if HDV-3 moves to a
different lane, then HDV-4 is updated to become HDV-3, resulting
in Mypv = {2, 3}, and (b) if an HDV from an adjacent lane moves
in between HDV-3 and HDV-4, then the added HDV is assigned
an ID of 4, and previously known HDV-4 is updated to become
HDV-5 resulting in Mypv = {2, 3, 4, 5}.
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Fig. 1. The ego CAV (green) is traveling with N — 1 following HDVs (blue) and a PV (orange). The communication structure is shown according to Section 2.2. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

2.1. Vehicle dynamics and constraints

We model the longitudinal dynamics of each vehicle i € A as

pi(t) = vi(t), (1a)
vi(t) = ui(t), (1b)

where pi(t) € P, vi(t) € V; and u(t) € U; are the posi-
tion of the front bumper, speed, and control input (accelera-
tion/deceleration) of each vehicle i € A/, respectively. The sets
Pi, Vi, and U;, i € N, are complete and totally bounded subsets of
R.

The speed v;(t) and control input u;(t) of each vehiclei € N
are subjected to the following constraints

0 < vmin < vi(t) < VUmax, (2a)

Umin < Ui(t) < Umax, (2b)

where vpin and vmax are the minimum and maximum allowable
speed of the considered roadway, respectively, and up;, and upax
are the minimum and maximum control input, respectively. To
simplify the exposition in the paper and without loss of gener-
ality, we consider that all the vehicles have the same attributes.
Thus, we can consider the same minimum and maximum control
input um;, and unay for all the vehicles in (2b).

To formulate the rear-end collision constraint between two
consecutive vehicles i, (i — 1) € N, we use the following defi-
nitions.

Definition 2. The safe following gap s;(t) between two consec-
utive vehiclesiand (i — 1) € NV is

si(t) = pivi(t) + So, (3)

where p; € R.( denotes a safe time headway that each vehicle
i € A maintains while following its immediate preceding vehicle
i—1 e N, and sg € R.g is the standstill distance denoting the
minimum bumper-to-bumper gap at stop.

Definition 3. The headway Ap;(t) and approach rate Av;(t) of ve-
hicle i € N denote the bumper-to-bumper inter-vehicle spacing
and speed difference, respectively, between the two consecutive
vehicles i, (i— 1) e NV, i.e,

Api(t) = pi—a(t) — pi(t) — L, (4a)
Avi(t) = via(t) — vi(t) (4b)

where I, € R.o is the length of each vehicle. We consider
that all vehicles under consideration have the same length I. for
simplicity.

The rear-end collision avoidance constraint between two con-
secutive vehicles i,i — 1 € N can thus be written as

Api(t) = si(t). (5)

The dynamics (1) of each vehicle i € N can take different
forms based on the consideration of connectivity and automation.
For CAV-1, the control input u¢(t) is derived by solving an RHC
problem, the structure of which we introduce and discuss in
detail in Section 3. In contrast to the CAV, we consider a generic
car-following model-based control policy of the following form to
define the predecessor-follower coupled dynamics (see Fig. 1) of
each HDV i in Mypv,

(t) :fl(Apl(t)? Avl(t)’ vl(t))7 (6)

where fi(-) represents the behavioral model of the car-following
dynamics of each HDV i. There are several car-following models
reported in the literature that can emulate a varied class of hu-
man driving behavior; see Bando, Hasebe, Nakayama, Shibata, and
Sugiyama (1995) and Treiber and Kesting (2013). For example, a
widely used car-following model is the optimal velocity model
(OVM) (Bando et al., 1995). One of the simplest forms of the OVM
car-following model is given by Bando et al. (1995)

ui(k) = ai(Vi(8i(k), si(k)) — vi(k)) + BiAvi(t), (7)

where «;, i € R.g, i € Mypy denote the control gain represent-
ing the driver’s sensitivity coefficient and the speed-dependent
coefficient, respectively, 8;(t) = Ap;i(t) — si(t), and V;(§;i(t), si(t))
denotes the equilibrium speed-spacing function

Vi(8i(t), si(t)) = 4 (tanh(8;(t))4 tanh(si(t))), (8)

where vy is the desired speed of the roadway.

Note that if there is no preceding vehicle, we set Ap;(t) =
oo, which results in v;(t) approaching the desired speed vy with
the progression of time. The car-following model and control
parameters considered in our numerical study are provided in
Section 4.

Finally, PV-0, if it exists, can be considered to be either a CAV
or HDV. CAV-1 does not know the control structure of PV-0 and
has to guarantee rear-end safety.
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2.2. Communication structure

CAV-1 is retrofitted with appropriate sensors and communi-
cation devices to estimate in real-time the state information of
the vehicles in A/ \ {1}. For example, the state information of
PV-0 can be directly measured by the front sensors of CAV-1,
whereas the state information of the following HDVs in Ajypy can
be done using a vehicle-to-everything communication protocol
and/or intelligent roadside units. Consequently, we can define the
information structure available to CAV-1 as follows.

Definition 4. The information set Z(t) available to CAV-1 at time
tis

Z(t) = {pon(t), von (1)}, (9)

where pon(t) = [po(t), ..., pn(t)]" and von(t) = [vo(t), ...,
un (O]

In our modeling framework, we impose the following assump-
tion about the communication protocol.

Assumption 1. The estimation and transmission of the HDVs’
state information to the CAV occur without any significant delay
or error.

Assumption 1 might be too restrictive. However, it can be re-
laxed if the noise in the measurements and/or delays is bounded.
For example, we can determine upper bounds on the state un-
certainties resulting from sensing or communication errors and
delays and incorporate these into more conservative safety con-
straints.

In what follows, we introduce the platoon formation problem.

2.3. Platoon formation problem

Conventionally, a platoon is defined as a closely-spaced group
of vehicles, where each vehicle in the group is traveling with
equal headway Ap;(t) and speed v;(t). This means that a platoon
is said to be formed for a vehicle group N, at some time t = t?
if for each vehicle i € N,

Api(t) = Apeq,

Vi(t) = Veq,

t>tP, (10a)
t > tP, (10b)

where, Apeq, Veq € R are the equilibrium platoon headway
and speed, respectively. However, the conventional definition of
platoon formation does not hold for a group of heterogeneous
vehicles having different driving behavior as we would expect
from a real-world scenario. In the problem we are addressing,
each HDV i in AMypy can have different safe time headway p;
(Definition 3) and behavioral function fi(-). As a result, Ap;(t) for
each HDV i in Mypy will converge to different equilibrium values
as time t progresses, violating the conditions of platoon formation
in (10a). Hence, we need to revise the definition of platoon
formation in the context of a heterogeneous vehicle group, as we
have in our problem formulation.

Definition 5. For a heterogeneous vehicle group A}, a platoon
is formed at some time t = tP if for each vehicle i € N the
following conditions hold

Jlim | Api(t) = si(£)lf = 0. (11)

lim || Avi(t)]| = O. (12)

t—tP
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Remark 3. To determine the platoon formation time t?, the con-
ditions in Definition 5 might be too restrictive in practice. There-
fore, we introduce the following root-mean-squared-error-based
conditions to relax the conditions in Definition 5.

N 2
)N CLICENC) JEp Ve, (13)
i=2

N N 2

> (w0 - =520 < vz, (14

i=1

where €4y, €, € R.o are some user-defined small deviation.
The conditions (13) and (14) are used to examine the platoon
formation time in the simulations in Section 4.

Next, we formalize the problem of platoon formation in a
mixed traffic environment addressed in the paper as follows.

Problem 1. The objective of CAV-1 is to derive its control input
u(t) given the information set Z(t) so that the vehicles in AV, form
a platoon according to Definition 5 and satisfies the state, control,
and safety constraints in (2) and (5), respectively.

In this paper, we adopt an RHC framework to address Prob-
lem 1. The basic principle of an RHC framework is that the current
control action sequence is obtained by solving an optimization
problem with a control horizon H € N\ {0}, and only the first
input of the solved control sequence is applied. Then the horizon
moves forward a step and the process is repeated until a final
time ¢’ is reached.

2.4. Feasibility of platoon formation

If there exists a roadway of finite length L € R.( to form
the platoon, then we need to check whether a feasible choice
of final time t/ leads to a feasible Problem 1. In our previous
work, we showed that a platoon formation with the following
HDVs is achieved by non-positive control input of the leading
CAV, i.e, uq(t) € [Umin, 0]; see Mahbub and Malikopoulos (2021,
2022). Therefore, we can consider the extremes of [, O] to
check whether t is feasible. The following result provides the
feasibility check of the final step t/.

Lemma 1. Let t° = 0 be the initial time when CAV-1 starts deriving
and implementing its control input u;(t), t > t°, to form a platoon
with the following HDVs. The final time t/ of the RHC framework
that CAV-1 has available to solve Problem 1 on a given roadway of
length L € R. is bounded by the following relation,

L

5 =< < tiam + (1 - 1<), (15)
v1(t9)
. .. . vﬁﬂnfv%(to)
where 1, is an indicator function, L, = -"M—1— 11 =
- min
(0 200 ) 2 240
v1(t7) 4/ v (€9)+2uminL and 7, = vmin=v1(t%) _ Vpin=v1(")
Umin Umin 2UminVmin

Proof. Let t° be the time the CAV reaches the end of the available
roadway of length L when cruising with a constant speed v(t°).
Then, t¢ = %+ . (Lto). Consequently, the minimum time that CAV-
1 can take to traverse the distance L is t¢ — t°, which is the lower
bound of the horizon ¢/ in (15).

The maximum time that CAV-1 can take to travel distance L
can be computed by considering the following piecewise control
input of CAV-1 constructed using the constraints in (2),

Umin,  if v1(t) > Vmin,
Ll](f) — min ) ]( ) min
0, if v1(t) = vmin.

(16)
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Let us consider the time t = t° where the control input u4(t)

switches from u1(t) = umj, to u1(t) = 0in (16). Using (1), we have
g 0

Umin = v1(t°) + Umin(t* — %), which yields £ = (0 4 tmn—21(),

Umin
Furthermore, using (1), we can compute that thze c0121t1;)ol switch in
(16) occurs after traveling the distance L, = v‘“'%?l“) We need
to consider the following two cases:

(@) If L < L, then the upper bound of t/ can be computed
by solving Jumin(t1)* + v1(t°)r1 — L = 0 for 71, which yields
—ul(t0)+,/v%(t0)+2uminL

Umin

(b) If L > L, then CAV-1 travels the distance L; with control
input u;(t) = Umin and time duration t° — t°, and the remaining
distance L — L, with cruising speed vmi, and time duration &=L,

Umin
The maximum time duration 7, to traverse distance L can be
computed using 7, = (t° — t°) + =5 Using the values of t*, L,
'-’min_vl(fo) _ Urznin_v%(to)

Umin 2UminUmin

= . Here, 7, is the upper bound of ¢/.

we get, 7, =

Combining the above cases, we can derive the upper-bound on
the final horizon as 1;<;, 71 4+(1—1;<1, )7, which is the right-hand
term of the inequality in (15). O

The conditions in (15) only provide a formal way to select an
appropriate final horizon t/. The infeasibility of the final horizon
t/ does not necessarily render Problem 1 infeasible. Conversely,
the feasibility of t/ does not imply that Problem 1 will also be
feasible, i.e., a platoon formation is guaranteed. In what follows,
given that the final horizon ¢/ is feasible according to Lemma 1,
we provide conditions to investigate whether Problem 1 is feasi-
ble given the constraints (2), and a finite roadway of length L for
platoon formation.

Next, we check the feasibility of Problem 1 considering the
most aggressively decelerating control structure in (16) as dis-
cussed in the following lemma.

Lemma 2. Suppose that CAV-1 starts deriving and implementing
its control input uq(t) at time t = t° to form a platoon with the
following HDVs at some time t? e (t° t° + /) within a given
roadway of length L, where t/ is a feasible final horizon bounded
by the lower- and upper-values t, and 1, according to Lemma 1,
respectively. Suppose that CAV-1 has the control structure as in (16),
and Ly is the length where the control input u4(t) switches from umj
to 0.
(a) If Ls > L, then Problem 1 is feasible if

0< UN(fO)*W([0)*\/(Ul\il(f[l))*vl(fo))zfzuminAPs <1 (17)
holds and, (b) if Ls < L, then Problem 1 is feasible if
Aps + UminTs — Ls
min N

holds, where Aps = YN ,(Api(t®) — si(t°)).

Proof. Consider that CAV-1 takes the time duration 7, to form a
platoon.

Case (a): If Ly > L, we check whether a platoon can be
formed with the control structure (16). Suppose that Ap; =
SN (Api(t°)—si(t°)) is the additional spacing between CAV-1 and
HDV-N beyond the dynamic following spacing s;(t°). Hence, to
form a platoon with time duration 7, according to Definition 5,
we require v1(t%)7, + Jumin(zp)* — un(t%)T, = Aps. Solving this
(N ()1 () =/ (on (10) = v1(£0))2 ~ 2upin Aps

equation for 7,, we get 7, = e
The value of 7, is lower-bounded by 0 to ensure positive value
and upper-bounded by t; so that platoon is not formed beyond
L, which yields (17).
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Case (b): If Ly > L, then to form a platoon with time duration
7, We require L + vmin(7p — 75) — vN(to)rp = Ap;. Solving for 7,

_ Aps+vmints—Ls : 3 _ _
we get 7, = e which is lower- and upper-bounded by

0 and 7, to ensure platoon formation within L. O

Remark 4. We use the conditions in Lemma 2 only to investigate
the feasibility of Problem 1 constrained by a limited road space of
length L for the case where platoon formation is not possible even
with the most aggressive braking maneuver of CAV-1. Satisfaction
of the conditions in Lemma 2, in general, does not guarantee
the existence of a solution to Problem 1 given the optimization
criteria discussed in Problem 1.

3. Data-driven receding horizon control framework

In this section, we present a data-driven RHC for platoon
formation where we consider a linear prediction model called
constant time headway relative velocity (CTH-RV) model (Gunter,
Stern, & Work, 2019; Wang et al., 2020) as a representation of
human car-following behavior. Moreover, we use recursive least
squares (RLS) method (Ljung & Soderstrom, 1983; Wang et al,,
2020) to estimate the HDVs' car-following parameters for future
prediction in RHC. The essential steps of the proposed framework
can be shown in Fig. 2 and are outlined as follows.

(1) Data-driven parameter estimation: At each time instant
k, the current states p;i(k), vi(k) of each following HDV i
in Mypy are communicated to CAV-1. Since the exact car-
following model f; of each HDV i in AMypy is unknown
to CAV-1, it considers a CTH-RV car-following model to
represent the driving behavior of each HDV and estimates
the parameters of the car-following model for each HDV
given online data.

Data-driven RHC problem: CAV-1 then uses the estimated
car-following model from Step 1 to predict the future state
trajectories of the following HDVs, along with considering
the worst-case action of PV-0. It then derives the control
input sequence by solving the RHC problem. Finally, CAV-1
applies only to the first obtained control input.

(2

—

In what follows, we provide a detailed exposition of the com-
ponents discussed above.

3.1. Receding horizon control formulation

We consider a sampling time interval of t to discretize the
time and formulate the control problem. Let H € N \ {0} be the
length of control horizon and k € N be the current time step.

The primary aim of the RHC is to minimize the squared error
between the leader-follower gap ey y(k) and the reference e, (k) =
Z?’:z si(k). To this end, we formulate the first objective function
J1, which represents a reference tracking problem and takes the
form

1 H
Ji=goe ) (ernlktn) = ek +m)” (19)

n=1

where w, € R.g is a positive weight. Note that using (3) the
reference output e.(k) can be written as

N

er(l) = Y si(k) = (N = 1)so + plib(k), (20)
i=2

where p = [0y, ..., pn]T and (k) = [vy(k), ..., vn(K)]".
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Fig. 2. The structure of the proposed control framework to address Problem 1.

The second objective of the controller is to minimize the
control effort of CAV-1 while forming the platoon. Thus, we have
the second objective function as follows

H

1
b= gou) ) ulktn—1)7, (21)

n=1

where w, € R.g is a positive weight. By minimizing CAV’s ac-
celeration/deceleration, we minimize transient engine operation,
leading to direct benefits in fuel consumption and emissions;
see Malikopoulos, Cassandras, and Zhang (2018).

Therefore, the RHC problem can be formulated as follows

minimize Ji + J,, (22)
Uq(k)

subject to:
2
pi(t + 1) =pa(t) + v (t)r + Eul(t),

vi(t + 1) = v(t) + uy(t)r,
(2a),(2b),(5), Vt =k+1,...,k+H, Vie Np.

where U;(k) = [ui(k), ui(k+1), ..., ui(k+H—1)]" is the vector
of control inputs over the current control horizon.

The optimal control sequence U7(k) at time instant k is com-
puted by solving the optimal control problem (22), and only the
first control input is applied. Then the system moves to the next
time instant k + 1, and the process is repeated.

It can be observed that to solve (22) to obtain the control
inputs of CAV-1, the states of the preceding vehicles and the
following HDVs over the control horizon need to be predicted.
As the car-following model of PV-0 is assumed unknown, we
guarantee the rear-end safety between CAV-1 and PV-0 under the
worst-case control actions of PV-0, i.e., maximum deceleration
that does not lead to the minimum allowed speed violation,
which can be given by

Umin — UO(t)}

T

up(t) = max {umin» (23)
Meanwhile, to predict the car-following behavior of the following
HDVs, we utilize a data-driven prediction model that is elabo-
rated on in the next section.

3.2. Online car-following model parameter estimation

In this section, we use a recursive least-squared formula-
tion (Ljung & Soderstrom, 1983) to estimate the parameters of
the car-following model representing the driving behavior of each
of the following HDVs. To this end, we consider the following
CTH-RV model (Gunter et al., 2019; Wang et al., 2020),

vi(k + 1) = vi(k) + ni(Api(k) — pivi(k))T+
vi(vi—1(k) — vi(k))T,

where the model parameters n; and v; are the control gains on
the constant time headway and the approach rate, and p; is the
desired safe time headway for each HDV i in Aypy, respectively.
We employ the linear CTH-RV model instead of other complex
nonlinear models so that the resulting control problem presented
in Section 3.1 is thus convex and can be solved efficiently in real-
time. Moreover, it is also observed that CTH-RV model is highly
comparable to other nonlinear car-following models in terms of
data fitting; see Gunter et al. (2019).

Suppose that we measure the speed v;(t), headway Ap;(t),
and approach rate Awv;(t) data at a frequency corresponding to
the sampling time t. Then we can rewrite the CTH-RV model
(24) for each HDV i in Mypy in discrete time as vi(k + 1) =
vi(k) + ni(Api(k) — pivi(k))T + vi(vi_1(k) — vi(k))z, which can be
recast as

vilk + 1) = yi1vi(k) + yi2Api(k) + vi3vic1(k), (25)

(24)

where y1 = (1 — (mpi + vi)t), 2 = it and y3 = vt
are the parameters we estimate online. Then we can write the
measurements in matrix form as

vi(k + 1) = y] ¢y(k), (26)

where ¢,(k) = [vi(k), Api(k), vi_1(k)]" is the regressor vector and
¥: = [Vi1» Vi2, vi3)" is the parameter vector. If we have H¢ ¢
N \ {0} uniformly sampled measurements for k = {1, ..., H},
then we can estimate y; by solving the following minimization
problem

He

1 e
minimize > ; EH (k) — di(kly)1, (27)
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where, D;(k|y;) = yiTqi,-(k) is a prediction of v;j(k) based on the
parameter vector y, and & € [0, 1] is the forgetting factor that
assigns a higher weight to the recently collected data points and
discounts older measurements. Note that, the objective function
in (27) is quadratic in y;, thus can be minimized analytically that
yields

He
vi= [Z ¢i(k)¢?(k)}
k=1

However, the above estimation procedure requires the storage
of ¢,(k) and v;(k) for all k = 1,...,H® and yields the final
estimated parameter vector y; for time step H®. Since we are
interested in online parameter estimation, it is computationally
more efficient to update the intermediate time-dependent pa-
rameter vector p; in (28) recursively at each time step k =
1,...,H® as new data becomes available. Therefore, we employ
the following recursive form of (28) known as the recursive least
squares algorithm (Ljung & Soderstrém, 1983)

_1 H®

> dillkvi(k). (28)
k=1

yi(k) = pi(k — 1) + Li(k)[vi(k) — vi(k)], (29a)
(k— Db (ST (WP —

Pi(k) = 1[‘,[(,( 1) Pi(k 13¢1(1<)¢, (k)P;(k 1)], (29b)
& £ + @] (k)Pi(k — 1);(k)

where p;(k) denotes the estimate of the parameter vector y; at
time step k, P;(k) is the estimation-error covariance matrix, while
Li(k) and v;(k) can be computed as follows

dik) = 9" (k — D(k),

Pi(k — 1)¢;(k
L= — PAk=Da)
& + ¢; (kK)Pi(k — 1)¢p;(k)
The recursion of the RLS algorithm in (29a) can be initiated at

the time instant k = 0 by considering an invertible matrix P;(0)
and the vector p;(0) with some initial values.

(30a)

(30b)

4. Simulation results

To validate the effectiveness of the control frameworks pre-
sented in the previous sections and evaluate their performance,
we conduct extensive numerical simulations. In our analysis,
we only consider feasible platoon formation problem, i.e., Prob-
lem 1 satisfies the feasibility requirements according to Lemmas 1
and 2. Next, we discuss the configuration of the simulation en-
vironment and present an in-depth analysis of the simulation
results.

4.1. Simulation setup

We conducted several simulations with different numbers of
following HDVs, and with or without a preceding vehicle. To
create a mixed traffic environment with different human driving
styles, we employed the non-linear OVM given in (7) to simu-
late the driving behavior of the human drivers. The parameters
for each human driver's CFM were considered to be different
from each other and chosen during the simulation by random
perturbation of up to 30% around nominal values. The nominal
values for the OVM car-following model are given in Table 1. We
imposed a specific speed profile to be followed by the preced-
ing vehicle to analyze the robustness of the platoon formation
framework under varying driving behavior. For example, in the
simulation, we considered a speed profile of the preceding vehicle
that decelerates sharply to the minimum allowable speed and
then sharply accelerates back to a higher speed. Considering such
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Table 1
Nominal values of the car-following model.

Optimal velocity model

Driver’s sensitivity coefficient, o 0.4
Speed difference coefficient, 8 0.2
Desired speed, vy 30 m/s
Safe time headway, p 18 s
Table 2
Parameters of the receding horizon control framework.
Parameters Value Parameters Value
T 0.1s T, 20
Umax 35m/s Umin om/s
Umax 3 m/SZ Umin =5 n-l/s2
P 1.5s So 3.0m
We, v 1 wy 1

an abrupt speed profile of the preceding vehicle, we investi-
gated whether the CAV could avoid rear-end collision with the
preceding vehicle.

The parameters and weights in the control framework used
for the simulations are given in Table 2. We use Python for de-
veloping the simulation environment where the receding horizon
control problems are formulated by CasADi (Andersson, Gillis,
Horn, Rawlings, & Diehl, 2019). We use the qpOASES solver (Fer-
reau, Kirches, Potschka, Bock, & Diehl, 2014) to solve the data-
driven RHC. The RLS-based estimators in the data-driven RHC are
initialized with the following values: »,(0) = [0.67,0.1,0.18]"
and P;(0) = 0.01I3 where I3 is the 3 x 3 identity matrix,
while the forgetting factor is chosen as & = 1.0. Note that
all simulations in this work are performed on a Macbook Pro
computer with a 2.7 GHz Quad-Core Intel Core i7 CPU and 16Gb
RAM.

4.2. Result analysis and discussion

We first show the results of the platoon formation using the
proposed data-driven RHC framework considering 4 following
HDVs, i.e, N = 5. We consider two different scenarios with
(1) no preceding vehicle and (2) the presence of a preceding
vehicle with a predefined speed trajectory. The trajectories of all
vehicles without and with the preceding vehicle are illustrated in
Figs. 3 and 4, respectively. The trajectories of the vehicles shown
in each figure include their positions, speeds, headways, and
speed gaps. In the case where no preceding vehicle is considered,
Fig. 3(c) shows that the headways of the vehicles become time
invariant around 20 s, and Fig. 3(b) shows that the speeds of the
vehicles converge to the same value. This implies that, in both
scenarios, the CAV can form a platoon with the following HDVs.
In addition, to challenge the safety guarantee of the CAV during
the platoon formation process, we consider the presence of a
preceding vehicle with an abrupt decelerating speed profile. As
illustrated in Fig. 4, even in the presence of a preceding vehicle
with an aggressive speed profile, the CAV can form a platoon with
the following HDVs while maintaining a safe distance from the
preceding vehicle.

Note that, in both of the above scenarios, none of the safety
constraints in (5) and speed constraint in (2a) are violated during
the platoon formation process, as evident from Figs. 3(c) and 4(c),
and Figs. 3(b) and 4(b), respectively. The rear-end safety guar-
antee can also be visualized by observing the non-intersecting
position trajectories of the vehicles in Figs. 3(a) and 4(a). This
indicates the fidelity of the proposed data-driven RHC framework
in satisfying all the constraints during the platoon formation
process.
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Fig. 3. Longitudinal trajectories, speed, headway, and speed gaps of the vehicles
for data-driven RHC in the simulation without a preceding vehicle.
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Fig. 4. Longitudinal trajectories, speed, headway, and speed gaps of the vehicles
for data-driven RHC in the simulation with a preceding vehicle.

The estimated parameters in the CTH-RV car-following model
for all following HDVs are shown in Fig. 5. Recall that CAV-1
characterizes in real-time the driving behaviors of four following
HDVs with individual sets of estimated parameters 5, v, and p.
Initially, the estimated values of the car-following parameters
show abrupt changes due to the lack of state information trans-
mitted from the HDVs. However, as time progresses, more data
points become available from the HDVs, and the estimation of the
car-following parameters stabilizes towards the set of values that
best describe the driving behavior of the HDVs. This is consistent
with the observation by Wang et al. (2020), where parameters
estimated using the RLS algorithm have been demonstrated to
show near-convergence to the actual values. Therefore, we can
utilize the linear CTH-RV model and online RLS technique to
approximate a nonlinear car-following model such as the OVM so
that the resulting RHC problem is convex and, thus, can be solved
efficiently in real-time.

For the scalability analysis, we show the position trajectories
for all the vehicles in Fig. 6 considering different numbers of fol-
lowing HDVs. Fig. 6 verifies that the proposed control framework
is able to create and maintain platoons of different sizes. We also
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Fig. 5. Estimates of the car-following parameters for all HDVs.
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Fig. 6. Longitudinal trajectories of the vehicles in the simulations with different
numbers of following HDVs.

Table 3
Platoon formation time and solving time for data-driven RHC in simulations with
different numbers of following HDVs.

Number of Platoon formation Average computation
vehicles time (s) time (ms)

3 124 8.37

4 15.3 6.19

5 18.9 7.89

6 234 13.31

7 325 8.42

8 31.6 10.32

report the platoon formation time and the computation time of
the method in those simulations considering different sizes of
the platoon (N = 3 to N = 8) is summarized in Table 3. The
platoon formation time is computed using Remark 3. Generally,
both the platoon formation time and computation time scale with
the size of the vehicle platoon. However, since the computation
time of the entire algorithm is highly reasonable, the proposed
framework shows promising practicality.

Finally, we examine the framework given variations of the
HDV’s car-following parameters, including the human driver’s
sensitivity coefficient «, speed difference coefficient 8, desired
speed vg, and safe time headway p. Particularly, we conduct
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Fig. 7. Platoon formation time under varying parameters of the OVM
car-following models.

several sets of simulations where, in each set, we consider nine
different nominal values for each OVM parameter while keeping
the other parameters constant. Note that the parameters for each
HDV are still randomly perturbed around the nominal values.
We collect the platoon formation time for those simulations and
show it in Fig. 7. The results suggest that with the different hu-
man driving styles of the following HDVs, the control framework
can guarantee the formation of a platoon. However, the platoon
formation process gets delayed with increasing values § and vq4
and is expedited with increasing values of @ and p.

5. Concluding remarks

In this paper, we presented a framework to indirectly control
the motion of the HDVs in a mixed traffic environment, where
an ego CAV computes and implements its control input to force
the following HDVs to form a platoon. We formulated the platoon
formation problem using an optimal control framework that is
implemented through a receding horizon control approach sub-
ject to the state, control, and safety constraints. The proposed
framework guarantees the rear-end collision safety of the vehicles
by enforcing the multi-successor safety constraints while forming
the platoon. Additionally, we developed a data-driven approach
that exploits the CTH-RV car-following model and the recur-
sive least square algorithm to estimate human driving behavior
and predict human actions over a horizon. The efficacy of the
platoon formation approaches is evaluated by extensive numer-
ical simulations. Ongoing work includes validating the proposed
framework in multi-lane roadways. Future work should extend
the framework in traffic scenarios such as on-ramp merging,
urban intersections, and speed reduction zones.

References

Alam, A., Besselink, B., Turri, V., Martensson, J., & Johansson, K. H. (2015). Heavy-
duty vehicle platooning for sustainable freight transportation: A cooperative
method to enhance safety and efficiency. IEEE Control Systems Magazine,
35(6), 34-56.

Alessandrini, A, Campagna, A., Delle Site, P., Filippi, F., & Persia, L. (2015).
Automated vehicles and the rethinking of mobility and cities. Transportation
Research Procedia, 5, 145-160.

Andersson, J. A. E., Gillis, J., Horn, G., Rawlings, J. B., & Diehl, M. (2019). CasADi
- A software framework for nonlinear optimization and optimal control.
Mathematical Programming Computation, 11(1), 1-36.

Bakibillah, A., Kamal, M., Tan, C, et al. (2019). The optimal coordination of
connected and automated vehicles at roundabouts. In 2019 58th annual
conference of the society of instrument and control engineers of Japan (SICE)
(pp. 1392-1397). IEEE.

Automatica 155 (2023) 111115

Bando, M., Hasebe, K., Nakayama, A., Shibata, A, & Sugiyama, Y. (1995).
Dynamical model of traffic congestion and numerical simulation. Physical
Review E, 51(2), 1035.

Beaver, L. E., & Malikopoulos, A. A. (2022). Constraint-driven optimal control of
multi-agent systems: A highway platooning case study. IEEE Control Systems
Letters, 6, 1754-1759.

Bhoopalam, A. K., Agatz, N., & Zuidwijk, R. (2018). Planning of truck platoons: A
literature review and directions for future research. Transportation Research,
Part B (Methodological), 107, 212-228.

Chalaki, B., Beaver, L. E., Remer, B., Jang, K., Vinitsky, E., Bayen, A., et al. (2020).
Zero-shot autonomous vehicle policy transfer: From simulation to real-world
via adversarial learning. In IEEE 16th international conference on control &
automation (ICCA) (pp. 35-40).

Chandra, R, & Manocha, D. (2022). GamePlan: Game-theoretic multi-agent
planning with human drivers at intersections, roundabouts, and merging.
IEEE Robotics and Automation Letters.

Chin, H., Okuda, H., Tazaki, Y., & Suzuki, T. (2015). Model predictive cooperative
cruise control in mixed traffic. In IECON 2015 - 41st annual conference of the
IEEE industrial electronics society (pp. 003199-003205). http://dx.doi.org/10.
1109/IECON.2015.7392593.

Dunbar, W. B., & Murray, R. M. (2006). Distributed receding horizon control for
multi-vehicle formation stabilization. Automatica, 42(4), 549-558.

Feng, S., Song, Z., Li, Z, Zhang, Y., & Li, L. (2021). Robust platoon control in
mixed traffic flow based on tube model predictive control. IEEE Transactions
on Intelligent Vehicles, 6(4), 711-722.

Ferreau, H. ], Kirches, C., Potschka, A., Bock, H. G., & Diehl, M. (2014). qpOASES:
A parametric active-set algorithm for quadratic programming. Mathematical
Programming Computation, 6(4), 327-363.

Gunter, G., Stern, R, & Work, D. B. (2019). Modeling adaptive cruise control
vehicles from experimental data: Model comparison. In 2019 IEEE intelligent
transportation systems conference (ITSC) (pp. 3049-3054). IEEE.

Hajdu, D., Jin, I. G., Insperger, T., & Orosz, G. (2019). Robust design of connected
cruise control among human-driven vehicles. IEEE Transactions on Intelligent
Transportation Systems, 21(2), 749-761.

Jia, D., Ly, K., Wang, J., Zhang, X., & Shen, X. (2016). A survey on platoon-based
vehicular cyber-physical systems. I[EEE Communications Surveys & Tutorials,
18(1), 263-284. http://dx.doi.org/10.1109/COMST.2015.2410831.

Jin, L. G,, Orosz, G., Hajdu, D., Insperger, T., & Moehlis, J. (2017). To delay or not
to delay—Stability of connected cruise control. In Time delay systems (pp.
263-282). Springer.

Johansson, A., Nekouei, E., Johansson, K. H., & Martensson, J. (2018). Multi-fleet
platoon matching: A game-theoretic approach. In 2018 2Ist international
conference on intelligent transportation systems (ITSC) (pp. 2980-2985). IEEE.

Karbalaieali, S., Osman, O. A., & Ishak, S. (2019). A dynamic adaptive algorithm
for merging into platoons in connected automated environments. IEEE
Transactions on Intelligent Transportation Systems, 21(10), 4111-4122.

Kumaravel, S., Malikopoulos, A. A., & Ayyagari, R. (2022). Optimal coordination
of platoons of connected and automated vehicles at signal-free intersections.
IEEE Transactions on Intelligent Vehicles, 7(2), 186—197.

Lan, ], Zhao, D., & Tian, D. (2021). Data-driven robust predictive control for
mixed vehicle platoons using noisy measurement. [EEE Transactions on
Intelligent Transportation Systems, 1-11. http://dx.doi.org/10.1109/TITS.2021.
3128406.

Le, V.-A., & Malikopoulos, A. (2022). A Cooperative Optimal Control Framework
for Connected and Automated Vehicles in Mixed Traffic Using Social Value
Orientation. In Proceedings of 61st IEEE Conference on Decision and Control
(pp. 6272-6277).

Leung, K., Schmerling, E., Zhang, M., Chen, M., Talbot, ]., Gerdes, J. C, et al.
(2020). On infusing reachability-based safety assurance within planning
frameworks for human-robot vehicle interactions. International Journal of
Robotics Research, 39(10-11), 1326-1345.

Liao, X., Wang, Z., Zhao, X.,, Han, K, Tiwari, P., Barth, M. ], et al. (2021).
Cooperative ramp merging design and field implementation: A digital twin
approach based on vehicle-to-cloud communication. IEEE Transactions on
Intelligent Transportation Systems.

Ljung, L., & Soderstrom, T. (1983). Theory and practice of recursive identification.
MIT Press.

Mahbub, A. M. 1, Le, V.-A., & Malikopoulos, A. A. (2022). Safety-aware and data-
driven predictive control for connected automated vehicles at a mixed traffic
signalized intersection. In 10th IFAC international symposium on advances in
automotive control (pp. 51-56). IFAC.

Mahbub, A. M. 1., & Malikopoulos, A. A. (2021). A Platoon Formation Framework
in a Mixed Traffic Environment. IEEE Control Systems Letters (LCSS), 6,
1370-1375.

Mahbub, A. M. L, & Malikopoulos, A. A. (2022). Platoon Formation in a
Mixed Traffic Environment: A Model-Agnostic Optimal Control Approach. In
Proceedings of 2022 American control conference (ACC) (pp. 4746-4751).

Mahbub, A. 1., Malikopoulos, A. A., & Zhao, L. (2020). Decentralized optimal coor-
dination of connected and automated vehicles for multiple traffic scenarios.
Automatica, 117(108958).


http://refhub.elsevier.com/S0005-1098(23)00275-3/sb1
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb1
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb1
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb1
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb1
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb1
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb1
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb2
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb2
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb2
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb2
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb2
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb3
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb3
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb3
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb3
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb3
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb4
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb4
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb4
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb4
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb4
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb4
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb4
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb5
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb5
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb5
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb5
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb5
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb6
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb6
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb6
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb6
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb6
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb7
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb7
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb7
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb7
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb7
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb8
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb8
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb8
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb8
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb8
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb8
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb8
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb9
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb9
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb9
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb9
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb9
http://dx.doi.org/10.1109/IECON.2015.7392593
http://dx.doi.org/10.1109/IECON.2015.7392593
http://dx.doi.org/10.1109/IECON.2015.7392593
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb11
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb11
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb11
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb12
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb12
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb12
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb12
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb12
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb13
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb13
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb13
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb13
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb13
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb14
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb14
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb14
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb14
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb14
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb15
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb15
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb15
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb15
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb15
http://dx.doi.org/10.1109/COMST.2015.2410831
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb17
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb17
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb17
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb17
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb17
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb18
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb18
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb18
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb18
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb18
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb19
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb19
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb19
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb19
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb19
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb20
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb20
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb20
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb20
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb20
http://dx.doi.org/10.1109/TITS.2021.3128406
http://dx.doi.org/10.1109/TITS.2021.3128406
http://dx.doi.org/10.1109/TITS.2021.3128406
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb22
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb22
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb22
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb22
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb22
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb22
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb22
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb23
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb23
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb23
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb23
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb23
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb23
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb23
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb24
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb24
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb24
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb24
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb24
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb24
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb24
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb25
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb25
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb25
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb26
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb26
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb26
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb26
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb26
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb26
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb26
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb27
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb27
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb27
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb27
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb27
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb28
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb28
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb28
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb28
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb28
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb29
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb29
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb29
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb29
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb29

AM.I. Mahbub, V.-A. Le and A.A. Malikopoulos

Mahbub, A. M. I, Zhao, L, Assanis, D., & Malikopoulos, A. A. (2019). Energy-
optimal coordination of connected and automated vehicles at multiple
intersections. In Proceedings of 2019 American control conference (pp.
2664-2669).

Malikopoulos, A. A., Beaver, L. E., & Chremos, I. V. (2021). Optimal time tra-
jectory and coordination for connected and automated vehicles. Automatica,
125(109469).

Malikopoulos, A. A., Cassandras, C. G., & Zhang, Y. J. (2018). A decentralized
energy-optimal control framework for connected automated vehicles at
signal-free intersections. Automatica, 93, 244-256.

Malikopoulos, A. A., Hong, S., Park, B., Lee, J., & Ryu, S. (2019). Optimal control for
speed harmonization of automated vehicles. IEEE Transactions on Intelligent
Transportation Systems, 20(7), 2405-2417.

Ntousakis, 1. A., Nikolos, I. K., & Papageorgiou, M. (2016). Optimal vehicle
trajectory planning in the context of cooperative merging on highways.
Transportation Research Part C (Emerging Technologies), 71, 464-488.

Orosz, G. (2016). Connected cruise control: modelling, delay effects, and
nonlinear behaviour. Vehicle System Dynamics, 54(8), 1147-1176.

Ozkan, M. F.,, & Ma, Y. (2021). Socially compatible control design of automated
vehicle in mixed traffic. IEEE Control Systems Letters, 6, 1730-1735.

Schwarting, W., Pierson, A., Alonso-Mora, J., Karaman, S., & Rus, D. (2019). Social
behavior for autonomous vehicles. Proceedings of the National Academy of
Sciences, 116(50), 24972-24978.

Sharon, G., & Stone, P. (2017). A protocol for mixed autonomous and human-
operated vehicles at intersections. In International conference on autonomous
agents and multiagent systems (pp. 151-167). Springer.

Treiber, M., & Kesting, A. (2013). Traffic flow dynamics. In Traffic flow dynamics:
data, models and simulation. Springer-Verlag Berlin Heidelberg.

Valiente, R., Toghi, B., Pedarsani, R, & Fallah, Y. P. (2022). Robustness and
adaptability of reinforcement learning-based cooperative autonomous driv-
ing in mixed-autonomy traffic. [EEE Open Journal of Intelligent Transportation
Systems, 3, 397-410.

Wang, Y., Gunter, G., Nice, M., Delle Monache, M. L., & Work, D. B. (2020).
Online parameter estimation methods for adaptive cruise control systems.
IEEE Transactions on Intelligent Vehicles, 6(2), 288-298.

Wang, L., Sun, L., Tomizuka, M., & Zhan, W. (2021). Socially-compatible behavior
design of autonomous vehicles with verification on real human data. IEEE
Robotics and Automation Letters, 6(2), 3421-3428.

Wang, J., Zheng, Y., Xu, Q. & Li, K. (2022). Data-driven predictive control
for connected and autonomous vehicles in mixed traffic. In 2022 American
control conference (ACC) (pp. 4739-4745). IEEE.

Wu, C., Kreidieh, A. R,, Parvate, K., Vinitsky, E., & Bayen, A. M. (2021). Flow: A
modular learning framework for mixed autonomy traffic. IEEE Transactions
on Robotics.

Xiong, X., Xiao, E., & Jin, L. (2019). Analysis of a stochastic model for coordinated
platooning of heavy-duty vehicles. In 2019 IEEE 58th conference on decision
and control (CDC) (pp. 3170-3175). IEEE.

Yuan, Y.-M,, Jiang, R,, Hu, M.-B., Wu, Q.-S., & Wang, R. (2009). Traffic flow char-
acteristics in a mixed traffic system consisting of ACC vehicles and manual
vehicles: A hybrid modelling approach. Physica A: Statistical Mechanics and
its Applications, 388(12), 2483-2491.

Zhao, L., & Malikopoulos, A. A. (2018). Decentralized optimal control of connected
and automated vehicles in a corridor. In 2018 21st international conference
on intelligent transportation systems (ITSC) (pp. 1252-1257).

Zhao, W., Ngoduy, D., Shepherd, S., Liu, R., & Papageorgiou, M. (2018). A platoon
based cooperative eco-driving model for mixed automated and human-
driven vehicles at a signalised intersection. Transportation Research Part C
(Emerging Technologies), 95, 802-821.

Zheng, Y., Li, S. E., Li, K., Borrelli, F., & Hedrick, J. K. (2016). Distributed model
predictive control for heterogeneous vehicle platoons under unidirectional
topologies. IEEE Transactions on Control Systems Technology, 25(3), 899-910.

10

Automatica 155 (2023) 111115

Zheng, Y., Li, S. E.,, Li, K, & Ren, W. (2017). Platooning of connected vehicles
with undirected topologies: Robustness analysis and distributed H-infinity
controller synthesis. IEEE Transactions on Intelligent Transportation Systems,
19(5), 1353-1364.

A.M. Ishtiaque Mahbub received the B.S. degree in
mechanical engineering from Bangladesh University of
Engineering and Technology, Bangladesh in 2013 and
M.Sc. in computational mechanics from University of
Stuttgart, Germany in 2016. He is currently pursuing
a Ph.D. degree in mechanical engineering at the In-
formation Decision Science Laboratory at University of
Delaware under the supervision of Prof. Andreas A.
Malikopoulos. His research interests include, but are
not limited to, optimization and control with an em-
phasis on applications related to connected automated
vehicles, hybrid electric vehicles, and intelligent transportation systems. He has
conducted several internships at National Renewable Energy Lab (NREL), Robert
Bosch LLC (USA), Robert Bosch GmbH (Germany) and Fraunhofer IPA (Germany).
He is a student member of IEEE, SIAM and SAE.

Viet-Anh Le is a Ph.D. student in mechanical engi-
neering with an emphasis on robotics and control
at the University of Delaware, DE USA. He received
the M.S. degree in informatics from Northern Ari-
zona University, AZ USA and the B.S. degree in
automation and control engineering from Hanoi Uni-
versity of Science and Technology, Vietnam in 2021
and 2019, respectively. His current research interest
includes learning-based control, control, distributed op-
timization, multi-model predictive agent systems, and
human-robot interaction, with a typical application in
connected and automated vehicles. He is a student member of IEEE.

Andreas A. Malikopoulos received the Diploma in
mechanical engineering from the National Technical
University of Athens, Greece, in 2000. He received M.S.
and Ph.D. degrees from the department of mechan-
ical engineering at the University of Michigan, Ann
Arbor, Michigan, USA, in 2004 and 2008, respectively.
He is the Terri Connor Kelly and John Kelly Career
Development Associate Professor in the Department of
Mechanical Engineering at the University of Delaware,
the Director of the Information and Decision Science
(IDS) Laboratory, and the Director of the Sociotechni-
cal Systems Center. Prior to these appointments, he was the Deputy Director and
the Lead of the Sustainable Mobility Theme of the Urban Dynamics Institute at
Oak Ridge National Laboratory, and a Senior Researcher with General Motors
Global Research & Development. His research spans several fields, including
analysis, optimization, and control of cyber-physical systems; decentralized
systems; stochastic scheduling and resource allocation problems; and learning
in complex systems. The emphasis is on applications related to smart cities,
emerging mobility systems, and sociotechnical systems. He has been an Asso-
ciate Editor of the IEEE Transactions on Intelligent Vehicles and IEEE Transactions
on Intelligent Transportation Systems from 2017 through 2020. He is currently
an Associate Editor of Automatica and IEEE Transactions on Automatic Control.
He is a member of SIAM and AAAS. He is also a Senior Member of the IEEE and
a Fellow of the ASME.


http://refhub.elsevier.com/S0005-1098(23)00275-3/sb30
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb30
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb30
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb30
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb30
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb30
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb30
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb31
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb31
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb31
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb31
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb31
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb32
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb32
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb32
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb32
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb32
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb33
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb33
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb33
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb33
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb33
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb34
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb34
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb34
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb34
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb34
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb35
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb35
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb35
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb36
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb36
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb36
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb37
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb37
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb37
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb37
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb37
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb38
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb38
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb38
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb38
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb38
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb39
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb39
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb39
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb40
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb40
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb40
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb40
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb40
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb40
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb40
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb41
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb41
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb41
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb41
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb41
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb42
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb42
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb42
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb42
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb42
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb43
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb43
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb43
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb43
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb43
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb44
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb44
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb44
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb44
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb44
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb45
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb45
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb45
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb45
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb45
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb46
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb46
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb46
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb46
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb46
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb46
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb46
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb47
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb47
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb47
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb47
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb47
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb48
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb48
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb48
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb48
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb48
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb48
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb48
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb49
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb49
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb49
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb49
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb49
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb50
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb50
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb50
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb50
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb50
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb50
http://refhub.elsevier.com/S0005-1098(23)00275-3/sb50

	A safety-prioritized receding horizon control framework for platoon formation in a mixed traffic environment
	Introduction
	Problem Formulation
	Vehicle Dynamics and Constraints
	Communication Structure
	Platoon Formation Problem
	Feasibility of Platoon Formation

	Data-Driven Receding Horizon Control Framework
	Receding Horizon Control Formulation
	Online Car-following Model Parameter Estimation

	Simulation results
	Simulation Setup
	Result Analysis and Discussion

	Concluding Remarks
	References


