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A Hierarchical Model-Based Optimization Control
Approach for Cooperative Merging by Connected
Automated Vehicles

Na Chen™, Bart van Arem™, Senior Member, IEEE, Tom Alkim, and Meng Wang™', Member, IEEE

Abstract— Gap selection and dynamic speed profiles of inter-
acting vehicles at on-ramps affect the safety and efficiency of
highway merging sections. This paper puts forward a hierarchical
control approach for Connected Automated Vehicles (CAVs) to
achieve efficient and safe merging operations. A tactical layer
controller employs a second-order car-following model with a
cooperative merging mode to represent a cooperative merging
process and generates an optimal vehicle merging sequence and
time instants when on-ramp CAVs start to adapt their speeds and
positions to prepare merging into the target gaps respectively.
An operational layer controller is designed based on Model
Predictive Control (MPC). It uses a third-order vehicle dynamics
model and optimizes desired accelerations for CAVs and the
time instants when the on-ramp CAVs initiate the lane-changing
executions respectively. Both the tactical layer controller and
operational layer controller derive their control commands by
minimizing an objective function for different time horizons. The
objective function penalizes deviations of CAVs’ inter-vehicle gaps
to their desired values, relative speeds to their direct predecessors,
and actual or desired accelerations, subject to constraints on
velocities, actual or desired accelerations, and inter-vehicle gaps.
The performance of the proposed hierarchical control framework
and a benchmark on-ramp merging method using a first-in-first-
out rule to determine the merging sequence is demonstrated
under 135 scenarios with different initial conditions, desired time
gap settings, and numbers of on-ramp vehicles. The experimental
results show the superiority of the hierarchical control approach.

Index Terms— Connected automated vehicles (CAVs), on-ramp
merging, merging sequence, optimization control.

NOTATION
Z'  State variable of the tactical layer controller
U'  Control variable of the tactical layer controller
T  Prediction time horizon of the tactical layer
controller
Af  Time step used in the tactical layer controller
Z°  State variable of the operational layer controller
U® Control variable of the operational layer controller
T, Prediction time horizon of the operational layer
controller
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At Time step used in the operational layer controller

X Vehicle position

0] Vehicle speed

a Actual acceleration

i,N Index

1o Updated starting time instant of the operational layer
controller

r Initial on-ramp vehicle index

]7, Merging sequence

P Speed-adaptation time instant for the on-ramp vehi-
cle

k Vehicle order of the first on-ramp vehicle after
merging

D;,c; Parameters

s Inter-vehicle distance or spacing, or abbreviation for
second

As Gap error

lpen Vehicle length

tq Desired time gap

S0 Minimum inter-vehicle distance at standstill

Av Relative speed

J,,w  Objective function

Acom Maximum comfortable acceleration
deom Minimum comfortable deceleration

max Maximum acceleration

dmax Minimum deceleration

plimits  Speed limits

Vr Lateral position of the on-ramp vehicle r
I Lane-changing acceptability

1! Lane-changing initiation time instant

u Desired acceleration

M Total vehicle number in fr

te Acceptable time gap for lane changing
X Starting position of the acceleration lane
Xe Ending position of the acceleration lane
Ai Co-state variable

L Control zone length

I. INTRODUCTION

IGHWAY traffic congestion and traffic incidents are
societal problems, and they bring great economic loss
to the public. On-ramps on highways are typical bottlenecks
where improper on-ramp merging behavior brings loss to
traffic efficiency and safety easily [1]. The loss to a great
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extent is caused by merging sequences and motions of involved
vehicles during merging processes [2]-[7].

With the development of control and telematic technologies,
Connected Automated Vehicles (CAVs) potentially improve
highway operations near on-ramps [8]-[14]. In high driving
automation CAVs exchange their current and/or anticipated
information with each other via Vehicle-to-Vehicle (V2V)
communication and/or with the road infrastructure via Vehicle-
to-Infrastructure (V2I) communication to enhance situation
awareness and/or maneuver in a coordinated way [8], [13],
[15], [16]. With cooperative merging strategies, using shared
vehicular information, CAVs have the potential to follow
selected or established merging sequences, and to accomplish
or to facilitate difficult merging tasks automatically by behav-
ing cooperatively. Different methods such as (cooperative)
adaptive cruise control, optimal control, fuzzy control, and
sliding mode control are used for trajectory planning of the
merging process in extensive literature [1], [10], [13].

By contrast, fewer methods are researched to estab-
lish merging sequences for improving traffic operations.
To improve traffic efficiency, mainline vehicles are allowed
to yield for merging of on-ramp vehicles [11], [13], [17].
The cooperative merging strategies generally utilize proactive
merging sequences, given before on-ramp vehicles reaching at
merging points [13], [17], [18].

This paper aims to design a cooperative merging strategy
for CAVs to achieve safe and efficient traffic under 100% CAV
market penetration. The cooperative merging strategy is based
on a hierarchical control approach, where a tactical controller
and an operational layer controller work together to select
gaps for the merging of on-ramp CAVs, to regulate CAVs’
desired accelerations, and to determine time instants when
the on-ramp CAVs initiate lane-changing executions respec-
tively. The superiority of the proposed cooperative hierarchical
control approach over a benchmark control approach, using a
first-in-first-out method to determine merging sequences and
the same operational layer controller to regulate vehicular
motions, is verified numerically at a microscopic level under
135 scenarios with different initial conditions and desired time
gap settings.

The remainder of the paper is organized as follows.
In Section II the relevant literature on establishing merg-
ing sequences is critically reviewed and summarized. The
following section presents the designed cooperative merging
control architecture. Section IV elaborates on the design of the
tactical controller and operational layer controller. After that,
we introduce simulation experiments design and performance
indicators in Section V, followed by an analysis and a discus-
sion of simulation results in Section VI. Finally, Section VII
concludes the study.

II. LITERATURE REVIEW ON ESTABLISHING
MERGING SEQUENCES

Existing cooperative merging strategies have two types of
means to establish merging sequences. One means is based
on explicit rules, called ‘rule-based methods’ for simplicity.
Another means is based on a global or local performance
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indicator relating to traffic operations, called ‘optimal meth-
ods’ for simplicity.

The rule-based methods include virtual mapping, the first-
in-first-out method, heuristic methods, and others. The virtual
mapping method selects a fixed merging point and establishes
merging sequences by comparing initial path lengths of vehi-
cles to the selected merging point [1], [13], [17]. A vehicle
closer to the merging point passes through the merging point
earlier. When a control zone is defined, merging sequences can
be established by comparing the enter times of vehicles into
the control zone, which is called the first-in-first-out method
[11]. A vehicle that enters into the control zone earlier leaves
earlier. An upper layer controller of a two-layer local merging
control method utilizes a heuristic method to establish merging
sequences [19], [20]. The upper layer controller prescribes
a constant merging velocity. It makes vehicles entering into
the control zone to adjust their speeds first to the merging
velocity based on constant accelerations and then continues
to move; thus, the expected leaving times of vehicles can
be calculated. Sorting the expected leaving times of vehicles,
it establishes a merging sequence. others includes all other
methods using plausibly reasonable rules to establish merging
sequences, such as selecting one mainline CAV to yield for
merging of an on-ramp vehicle [2] or appointing virtual
slots for CAVs [2], [21], [22]. In [2], the first downstream
mainline CAV, which is estimated within a safety zone when
an on-ramp human-driven vehicle arrives at a merging point,
yields for merging of an on-ramp human-driven vehicle.
Because human-driven vehicles’ arriving times and speeds at
the start of an acceleration lane are not perfectly predicted,
sometimes mainline CAVs generate unnecessarily large gap for
merging of on-ramp human-driven vehicles. Since yielding of
human-driven vehicles for merging of on-ramp vehicles cannot
be controlled, mainline CAVs can act as leaders to collect gaps
for merging of on-ramp vehicles by using the fundamental
diagram in traffic flow theory [21].

Optimal methods evaluate all or some selected merging
sequences by a performance indicator relating to traffic opera-
tions and establish the optimal one for merging of on-ramp
vehicles. [23] uses optimal platooning control to generate
accelerations of vehicles and selects a merging sequence that
brings the minimal value of an objective function during
on-ramp merging process. On-ramp merging processes with
different merging sequences are evaluated under optimal pla-
tooning control before an optimal merging sequence is chosen.
It is easy to understand the optimality of the established
optimal merging sequence. However, the process to establish
the optimal merging sequence may be time-consuming when
many vehicles are involved. An optimal merging sequence can
also be established during a merging process [24]. Reference
[24] utilizes a trajectory equation with uncertain parameters
as potential merging paths of an on-ramp vehicle and designs
on-ramp merging control based on MPC, optimizing uncertain
parameters in the potential merging paths together with the
vehicles’ longitudinal accelerations. Reference [18] calculates
safe vehicular speeds by considering several vehicles ahead
within a specified distance to represent CAVs’ movements.
Thus the nature arriving times of CAVs, where no merging
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exists, at a merging point can be estimated. Reference [18]
compares those estimated arriving times to obtain reasonable
merging sequences, within which the merging sequence that
incurs minimal merging delay is selected as an optimal one.
Reference [25] proposes a bi-level programming model for
autonomous intersection control. An upper-level controller
estimates the earliest and latest arrival time of CAVs into an
intersection and establishes an optimal passing sequence of
vehicles by minimizing the sum of arriving times of CAVs
on two different roads with safe minimal time intervals.
A lower-level controller uses Intelligent Driver Model (IDM)
to update vehicles’ speeds and locations, follows the allocated
arrival time of CAVs into the intersection and maximizes
entering speeds of CAVs into the intersection. Reference [26]
uses a car-following model to update vehicles’ accelerations,
assumes vehicles’ accelerations to be constant in divided time
intervals, and gives optimal merging sequences through a
genetic approach. Reference [27] proposes a model-based bi-
level control strategy for splitting a platoon of trucks near net-
work merges. A supervisory tactical strategy uses a first-order
Newell car-following model with bounded acceleration and
deceleration to describe the follower-the-leader behavior of
vehicles, projects vehicles’ position-time with the maximum
flow speed along a shock wave on two lanes to a shock wave
starting from a leader’s position to achieve natural ordered
sequence, and establishes an optimal ordering sequence that
makes the projections in a time-ordered set. The existing opti-
mal methods establishing merging sequences tend to arrange
passing times of vehicles over a merging point or repeat future
detailed merging process exhaustively with different merging
sequences to find an optimal one.

Both the rule-based methods and the optimal methods
establish merging sequences by using numerical criteria. The
numerical criteria employed by the rule-based methods are
based on values related to vehicles’ initial or estimated future
positions and/or speeds, without considering many possible
merging sequences. To this end, compared with other possible
merging sequences, merging sequences selected by utilizing
the rule-based methods do not have obvious advantages in
bringing benefits to traffic operations. Requiring accurate
vehicle dynamics models, utilizing detailed control processes
to regulate vehicular trajectories, and adopting the same time
steps used for trajectory planning, the optimal methods repeat
future detailed merging process exhaustively with different
merging sequences to have optimal ones. Compared with the
rule-based methods, the optimal methods evaluate all or some
merging sequences and adopt selected global or local per-
formance indicators relating to traffic operations to establish
optimal ones. The optimal methods to a great extent ensure an
improvement in traffic operations. However, the existing opti-
mal methods rely on accurate vehicle dynamics models and
detailed trajectory planning process, their flexibility is limited.
They are not suitable when mismatches exist. Besides, with
the existing optimal methods, on-ramp CAVs start to adapt
their speeds and positions to prepare merging into selected
gaps respectively when they enter into on-ramp lanes. That
neglects the possibilities of allowing on-ramp vehicles to drive
with their desired speeds for certain time periods respectively

R L
‘4—4; Mainstream lane

(;) (:) 3 ;) (:) (:)

7 - Centralized
{ Control Zone ﬁ‘. Controller.

e

~&-Acceleration lane

Fig. 1.

A typical on-ramp merging scenario.

to reduce their speed deviations to mainline vehicles’ or adjust
their position to have large inter-vehicle distances. Chances to
improve traffic operations may be ignored to some extent. This
paper proposes a novel hierarchical model-based optimization
control approach to plan vehicular trajectories for CAVs. It can
establish optimal merging sequences when mismatches exist
and allow on-ramp vehicles to travel with their desired speeds
for certain time periods respectively.

III. COOPERATIVE MERGING CONTROL ARCHITECTURE

Fig. 1 shows a typical on-ramp merging scenario consid-
ered in this paper. All vehicles are CAVs with SAE Level
4 Automation, and they are assumed to be automatically
controlled by the operational layer controller. On-ramp CAVs
need to merge into mainstream traffic before reaching the
end of an acceleration lane. Located near the start of the
acceleration lane, a roadside centralized controller, which acts
as the tactical layer controller, regularly collects vehicular
information provided by in-vehicle estimators through V2I
communication. The operational layer controller is located in
CAVs, regulating CAVs’ motions.

A hierarchical control architecture is designed to achieve
safe and efficient merging of the on-ramp CAVs, as shown
in Fig. 2. The tactical layer controller and operational layer
controller assume that the estimator equipped on each CAV
gives accurate vehicular information detected by sensors,
including position, speed, and actual acceleration of that
CAV. With Z'(0), the value of a state variable defined by
the tactical layer controller at time O s, the tactical layer
controller computes optimal future vehicle merging sequences
(or equivalently selects gaps for the on-ramp CAVs to merge
respectively) and speed-adaptation time instants for on-ramp
vehicles to maximize efficiency and comfort while respecting
safety and maneuver constraints in a time horizon 7'. A speed-
adaptation time instant is the time instant when an on-ramp
CAV starts to adapt its speed and position to prepare merging
into the target gap. The maximal efficiency and comfort are to
be achieved when the value of an objective function is min-
imal. The objective function is a weighted sum of deviations
of inter-vehicle gaps to desired gaps, relative speeds to their
direct predecessors, and actual accelerations of all the vehi-
cles, subject to constraints on velocities, actual accelerations,
and inter-vehicle gaps. To predict CAVs’ future dynamics in
the merging process, the tactical layer controller employs a
second-order multi-regime model with a car-following mode
and a cooperative merging mode. The transition of the two
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modes is separated by an on-ramp CAV’s speed-adaptation
time instant and a time instant when it accomplishes the lateral
maneuver. The tactical layer controller transmits the optimal
future vehicle merging sequence and speed-adaptation time
instants to the operational layer controller as a command with
a fixed frequency, 1/Af, if the command is accepted by the
tactical layer controller. If the command is rejected and a
request is made by the operational layer controller, a new
command is to be established by the tactical layer controller
before Af.

With the command received from the tactical layer con-
troller and Z°(zp), the value of the state variable defined
by the operational layer controller at the current time #y,
the operational layer controller rejects the command when
no feasible solution is found for an on-ramp vehicle. If the
on-ramp vehicle is far away from the end of the acceleration
lane, the operational layer controller then requests a new
command from the tactical layer controller. A request is
a trigger event for the tactical layer controller to establish
a new decision without waiting until Af. However, if the
on-ramp vehicle is close to the end of the acceleration lane,
the operational layer controller chooses the next slot after the
established target slot directly for the on-ramp vehicle.

When the tactical command is accepted, the operational
layer controller computes longitudinal desired acceleration
trajectories for CAVs and lane-changing initiation time instants
in a shorter time horizon T, < T by using MPC. A lane-
changing initiation time instant is the time instant when a
merging vehicle initiates the lane-changing execution. The
operational layer controller utilizes a third-order longitudinal
dynamics model as a state prediction model and minimizes
the same specification of the objective function as the tactical
layer controller. When an on-ramp vehicle has a sufficient
gap, it steers towards the main lane and executes merging.
The gap acceptance criterion for the on-ramp CAV is that its
current and predicted inter-vehicle time gaps to its future direct
predecessor and follower in the whole prediction horizon T),
are larger than a certain time gap, depending on the on-ramp
vehicle’s location on the acceleration lane. When the on-ramp
CAV’s lane-changing initiation time is given, its lateral motion
is modeled with a lateral trajectory equation [28], which is
elaborated in Appendix A. The operational layer controller
updates its commands with a fixed frequency 1/Az.

IV. MERGING CONTROL FORMULATION

This section elaborates on the design of the tactical layer
controller and operational layer controller. For clarity, only
one on-ramp vehicle r is considered to establish a merging
sequence and its speed-adaptation time instant. The process
applies to scenarios where multiple on-ramp vehicles exist as
well.

A. Tactical Layer Controller Establishing a Merging
Sequence and Speed-Adaptation Time Instant

For the tactical layer controller, the state variable is defined
as Z' = (x1,01,a1,X2,02,a2, ..., AN, Xr, Ur, ay) T, Where x;,
v;, and @; (i = 1,2,...,N), x,, v,, and a, denote mainline
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Fig. 2. Hierarchical architecture of the merging control system.

CAV i’s location, speed, and actual acceleration, on-ramp
CAV’s location, speed, and actual acceleration respectively.
For notation simplicity, the time argument is dropped when
no ambiguity exists. The decision variable is defined as Ut =

( fr,tp)T, where fr is a row vector denoting the merging
sequence and 77 stands for the speed-adaptation time instant
of the on-ramp CAV. When ¢ < t?, the size of f, is N, and
the value of f, is (1,2,...,N). After 7, the on-ramp vehicle
starts to adapt its speed and position to prepare merging into
the target gap and the size of f; is increased to N+1, and the
\Lalue of the vector is (1,2,.;.,k—1,r,k,...N), with f.(k) = r,
frtk = 1) = k—1, and f.(k + 1) = k. To this end, k
is the on-ramp CAV’s position in the mainline platoon after
accomplishing merging.

1) Closed Loop System Dynamics Model: A second-order
model with a feedback law is used to express the longitudinal
behavior of a CAV. The open-loop system dynamics for each
vehicle are described in (1). Because the second-order vehicle
dynamics model is used, no extra time is needed to reach a
new desired acceleration. Actual accelerations equal to desired
accelerations.

).Cizvi,bizai, i=1,2,...,N,r (1)

Considering cases when there is a conflict between the
merging vehicle and the mainline traffic during the on-ramp
merging process, vehicles’ motions are categorized into two
modes: car-following and cooperative merging. The coopera-
tive merging mode only applies to the on-ramp CAV and its
potential direct follower from 77 to the first time instant when
the on-ramp CAV is on the main lane.

The car-following operation is modeled by a Helly

car—following model, as shown in (2) [30].

(t) =Dy - Avf,(i)(t - Ai)
+ D2 (57,0 =

f()
Af) -

where, D1 and D, are parameters, Av i =

iy = Y-y TXRG T

—AD) (2

d AR AOE
lyen, and S];r() = ﬁ(i) - tq + S0
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are CAV fr (i)’s relative speed, inter-vehicle gap and desired
inter-vehicle gap to its (potential) direct predecessor. I,epn,
t4, and so denote vehicle length, desired time gap and the
minimum inter-vehicle gap at standstill respectively.

For the on-ramp vehicle, before 7, it travels to reach its
desired speed »'™® as shown in (3), a special car-following
mode. When multiple on-ramp vehicles exist, a following
on-ramp vehicle uses the vehicular information of its direct
preceding on-ramp vehicle in the car-following mode to gen-
erate its actual acceleration if its direct preceding vehicle is
close to it.

a, = Ds - (Dhmlts _

vr(t — A7) 3)

The cooperative merging mode works by adjusting the
inter-vehicle gaps between the on-ramp CAV (CAV f; (k)) and
its potential direct follower (CAV f;(k + 1)) and predecessor
(CAV f.(k — 1)) till these gaps are large enough for the
on-ramp CAV to execute merging. During the adjustment,
the on-ramp CAV and its potential follower accelerate or
decelerate comfortably to create suitable inter-vehicle gaps.
We utilize the same criterion of acceptable time gap for lane
changing in our previous work [31]. For lane changing, the on-
ramp vehicle tends to accept a smaller inter-vehicle time gap
to its potential direct predecessor and follower when it is
approaching the acceleration lane’s end as shown in (4) [31],
where xg, x., and t;‘i“ denote the start and end longitudinal
position of the acceleration lane, and the minimum acceptable
time gap respectively.

1o(1) = (xf,(k)(t) —acy) - (tglin —tg)/(ac. —acs) +tqg (4)

The cooperative merging operation is modeled by a piece-
wise function, as shown in (5). To ensure comfort, when a
vehicle is in the cooperative merging mode, its actual accelera-
tion is bounded within [d¢om,acom], standing for the acceptable
range of acceleration during the cooperative merging process.

cf

. . qu - >0
. mm(acom,mm(afé .),amax))’ a{}(j) - 5)
() maX(dcom, max(afr_(j)’ dmax)), af,fj) <0,

where, the value of j is k or kK + 1. amax and dmax denote
maximum positive and minimum negative acceleration of
vehicles respectively. dmax and dpax are assumed constant for
all CAVs simply, but they can be different for different CAVs
in the design.

2) Tactical Decision Problem Formulation: To improve
traffic efficiency and safety, the tactical layer controller aims
to make the following vehicles to have the same speed as the
first downstream vehicle, ensure inter-vehicle spacing s z 7o to

be as desired value s¢ e and reduce the effort of changing
vehicular states which 1s reflected by actual accelerations.
The formulation is as shown in (6) and (7). The time period

T is long enough for the on-ramp vehicle to merge in the

mainstream lane and relax to the equilibrium state.

0+T
min J (Z*, U') = min( / 1(Zt, UYdr)
Ut ut Jo

N+1
+eg - (Q Aoz, (0+T))%)
2
N+1
+os- (Z(As;,(i)<0+ 7))%) (6)
Z(Asf o)+ Z(Avf "
+c3 - Z(af (1)) (7
ool P
Asf(l) i) T 57y =2,3,...,M(@)

subject to:
e the system dynamics model shown in(1), car
— following mode shown in(2) and(3) and
cooperative merging mode shown in(5).
o the initial condition : Z!(0) = Z(0).
o speed constraints : 0 < v7 ;) < plimits
e gap constraints : 7.y = S0
e acceleration constraints : dmax <a 7.(i) < dmax-

®)

where, As 70 denotes vehicle fr(i)’s gap error, ci, €2, C3,
c4, and c5 are weight parameters, and M (¢) is the size of
f,(t). Before t?, M(t) = N and the on-ramp CAV is not
included. During ¢t < 7, the on-ramp CAV travels with its
desired speeds, generating zero value of the objective function.
While t > P, M(t) = N+1, including the on-ramp CAV
at t?. The on-ramp vehicle steers towards the main lane when
its lane changing conditions are first met. The lane changing

a< cf
conditions are: 1) deom < fr(k) af,(k+1) < deom, 2) on-

ramp CAV fr (k) is on the acceleration lane, and 3) on-ramp
CAV fr (k)’s inter-vehicle time gaps to its potential direct
predecessor and follower are larger than 7y, as shown in (4).
After a lane changing maneuver time #,,, the on-ramp CAV
accomplishes on-ramp merging process and is on the main
lane.

The tactical layer controller is formulated as a mixed-integer
quadratic programming problem. The on-ramp CAV needs
to change lane before reaching the end of the acceleration
lane. Thus, #” has an upper bound. Besides, we discretize
the possible values of #” to be multiples of the time step
Af. As the choices of k and ¢P are finite, the problem can
be solved iteratively by giving different values to k and 7.
The optimal U' is then transmitted to the operational layer
controller. To ensure safety, the tactical layer controller does
not give the on-ramp CAV’s lane-changing initiation time
instant as a command, because the tactical controller and
operational layer controller have mismatches regarding vehicle
dynamics model and vehicular motions. According to current
and predicted inter-vehicle time gaps, the operational layer
controller then decides lane-changing initiation time based on
a gap acceptance criterion [31].
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B. Operational Layer Controller Regulating Vehicular
Trajectory

1) Operational Layer Controller Formulation: Receiving
the optimal combination of the merging sequence f; and ¢? of
the on-ramp vehicle, the operational layer controller regulates
vehicles’ longitudinal desired accelerations and determines
the on-ramp CAV’s lane-changing initiation time instant ¢/
to reach efficient and safe traffic performance. Before ' is
determined, the evaluation frequency of the desired accelera-
tions and ¢! by the operational layer controller is a fixed 1/A¢.
After the on-ramp vehicle starts to steer towards the main
lane at ¢/, ¢ is not evaluated. The operational layer controller
is designed based on MPC. With the vehicular information at
time 7o, the operational layer controller generates the optimal
longitudinal desired accelerations and determines ' within
future T, time horizon, shorter than 7.

For the operational layer controller, the state vari-

. o ) 3 3
able is defined as Z° = (Sf,(l)’ Al’f,(l)’ Aafrgl)’ o,
Aaz (¥ where Aag ) = azq_y) - az is CAV

f, (i)’s relative actual acceleration to its (future) direct
predecessor. The control variable is defined as U® =
T Uy o HT, where Uz is the desired
acceleratlon of CAV fr (i) and ¢ is the lane-changing accept-
ability of the on-ramp vehicle fr (k). When lane-changing
conditions are not met, & (f) equals to 0. When the on-ramp
vehicle accepts the lane-changing conditions, & (¢) becomes 1,
the on-ramp vehicle starts to steer towards the main lane, and
the corresponding time instant is ¢/. The longitudinal vehicle
dynamics model used by the operational layer controller is
expressed with a third-order model, as shown in Egs. (9), (10)
and (11) [32]-[34]. An actuator lag 74 is the time duration
needed for a vehicle fr (i) to change its actual acceleration

ag to its given desired acceleration U7 (i) t4 of vehicles
herein are assumed constant, but there is no restriction on their
homogeneity in our design.

i) = AvE i =2.3,.., M() 9)
AOF ) = Adj (10)
- . —Aaz ..
_Mha-n TR RG JA0)
Adj i) = A an

When the on-ramp vehicle starts to change lane, i.e.
& (t) = 1, its lateral path during the lane changing process
is designed to follow a polynomial equation [28], as shown
in (21) and (22) in Appendix A.

We use a MPC method to formulate the control problem of
the operational layer controller [15], [16], as shown in (12).
The objective function specification is as shown in (13).

to+Tp
min ¢(Z°, U®) = min( w(Z°,U%)dr)
ue v,
M(t)

+cq - Z(Avﬁ(i)(t() + TP))2
2

M(t)

+ose D (Asy ) (io+Tp))? (12)
2
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=ci- D (Asi) +er- D (Av])

safety efficiency
oz > (W) i=2,3,..., M) (13)
_
control

The operational layer controller has the same specification
of an objective function as the tactical layer control. How-
ever, the operational layer controller generates the CAVs’
desired accelerations by minimizing the objective function.
Minimizing the first two items implies that vehicles tend
to reach equilibrium states, where the inter-vehicle gaps are
their desired values and relative speeds are zeros, safety and
efficiency being ensured. Penalizing large positive or small
negative accelerations saves control effort. The lane-changing
acceptability & is not controlled as the longitudinal acceler-
ations, but it is affected by the predicted inter-vehicle gaps
and speeds. For an open-loop control of the operational layer
controller, the lane-changing acceptability & is determined by
using (14). When the on-ramp vehicle is on the acceleration
lane and the inter-vehicle gaps between it, ordering k after
merging, and its future direct predecessor and follower are
larger enough within future time horizon 7, it changes lane.

to+Tp

¢ = H (sfr(k)(j) -0

J=to

Jito fe =502 0)

: (sfr(k+1)(j) U7 k+1) tg —s0>0) (14)
where, #, is calculated by using the position of the on-ramp
vehicle at 1y, x 7. (tp), when the on-ramp vehicle is on the
acceleration lane.

The control process is subject to below constraints:

o the system dynamics model shown in (9), (10) and (11).
» an initial state: Z°(t9) = Z°(ty)
o speed constraints: 0 < » 70 <o
e gap constraints: sz ;) > 0.

o acceleration constraints: dmax < u 700 < Amax-

limits

2) Solution to the Optimal Control Problem: The gener-
ation of optimal longitudinal desired accelerations for the
formulated MPC problem is achieved by using Pontryagin’s
Minimum Principle [27], [35].

X1 =G0y S (15)
X2 = (Ao s Bof )" (16)
X5 = (Aag ) osBag )" 17
= Gy SE ey (18)

We define X1, X5, X3, and 59 as shown in (15)-(18) and create
the corresponding Hamiltonian function of the optimization
problem as shown in (19). For the first mainline vehicle, its
relative speeds, relative actual accelerations and gap errors are
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zeros, if it travels with a constant speed.

_ LSV he X2 e ST 2
Ho=c- (=8 +a-Xi+e D ug,
I
+41-Xo+ 42 X3
UZ o oy — UZ X
fri=1) Sr (@) 3
+13-ZT—A—13-T—A (19)
1
. oH . oH oH
M= ——idp=—i 3= — (20)
0X1 0X» 0X3

where, 11, Ap, and A3 are co-state variables of X, X», and
X3 respectively. To have the optimal longitudinal desired
accelerations, (9), (10), (11) and (20) need to be solved. The
terminal conditions for (20) are A1 (to +Tp) = 2-c¢5- (X1(to +
Tp) — S%(to + Tp)), Aa(to + Tp) = 2 - ca - (Xa(to + Tp)), and
23(to + Tp) = 0. We are faced with a two-point boundary-
value problem which is solved by using an iterative algorithm
used in [29].

For the on-ramp CAYV, before 7, it runs with its desired
speeds until reaching the speed limits. It utilizes (12) to
generate its desired acceleration by making Av, = p!™mit — o,
and As, = 0. When multiple on-ramp vehicles exist, a fol-
lowing on-ramp vehicle utilizes its direct preceding vehicle’s
information to regulate its desired acceleration by (12) and the
generated value of the objective function is included in the
tactical layer controller and the operational layer controller to
calculate the total value of the objective function.

V. SIMULATION EXPERIMENTS DESIGN AND
PERFORMANCE INDICATORS

In this section, we describe numerical experiment settings to
test the designed hierarchical cooperative merging strategy and
give its detailed parameter settings. Performance indicators
used to show the traffic operations with the proposed strategy
are given.

A. Simulation Scenarios

To test the performance of the proposed hierarchical con-
trol approach, we design 135 scenarios with different initial
conditions, desired time gap settings, and different numbers of
on-ramp vehicles. The initial conditions include the on-ramp
CAVs’ initial speed and the initial relative position (RP) of
the first on-ramp CAV to the space between mainline CAV
3 and 4. For simplicity, we use percentages to represent RPs.
When the first on-ramp CAV and mainline CAV 3 enter into
the control zone, used in a benchmark control method, at the
same time, or CAV 4 as shown in Fig. 1, the RP is indicated
by 0% or 100% respectively. The RPs are set to be 0%,
20%, 40%, 60% and 80%. The desired time gap t; varies
among 0.6 s, 0.8 s, and 1 s. The on-ramp CAVs’ initial speed
changes among 15 m /s, 20 m /s, and 25 m/s. The acceleration
lane’s longitudinal start point is O meter (m), and its endpoint
is 300 m. The initial first on-ramp vehicle’s rear position
is —62 m.

There are five mainline CAVs, N = 5. Their initial speeds
are 25 m/s. Initially, for 90 scenarios, one on-ramp CAV

exists. Mainline vehicles start in equilibrium states for 45 sce-
narios and in non-equilibrium states for the other 45 scenarios
respectively. When vehicles start in non-equilibrium states,
the inter-vehicle distance between initial vehicle 1 and 2 is
0.5 times of the desired inter-vehicle distance of the vehicle
2 and other vehicles have desired inter-vehicle distances to
their direct preceding vehicles respectively. Another 45 scenar-
ios starting with two on-ramp CAVs are included as well. For
these 45 scenarios, all vehicles start from equilibrium states.

The first mainline CAV is set to travel with 25 m/s all
the time. Besides, a fixed feedback delavy 5 =0.2 s is also
considered: Zt(0) = Z'(0 — %) and Z°(19) = Z°(t9 — 7%),
during the experiments.

B. Benchmark Control Method for Comparison

To show the advantage of the designed hierarchical control
approach, we compare it with the benchmark control strat-
egy. The benchmark control strategy uses a first-in-first-out
method, a vehicle entering into a control zone earlier leaving
it earlier, to determine a merging sequence and implements the
same herein designed operational layer controller to generate
vehicular motions. The control zone is delimited, with a
distance L, as shown in Fig. 1. The distance L is within the
transmission ranges of Dedicated Short-Range Communica-
tion (DSRC). For the benchmark control strategy, 7 is O s.
The corresponding future mainline vehicle order for the first
on-ramp vehicle can be k = 4 for all scenarios and k = 3 or
4 when the on-ramp CAV and mainline CAV 3 enter into
the control zone at the same time. When k can be 3 or
4 and on-ramp vehicles’ initial speeds are 25 m/s, the future
vehicle order of the second on-ramp vehicle after merging can
be 5 or 6; otherwise, the future vehicle order of the second
on-ramp vehicle after merging is 6.

C. Parameter Settings

For our designed tactical and operational layer controller,
their common parameters use the same values respectively.
The parameter values representing vehicles’ maximum positive
and minimum negative accelerations, vehicles’ length, vehi-
cles’ desired time gap, etc., are collected through V2V or V2I
communication. We herein refer to parameter settings assumed
in others’ experiments to determine parameters’ values in our
experiments. The parameters are set as follows: L = 62 m,
T =505, T, = 6 s [29], o™ = 30 m/s, deom =
—4 m/sz’ Acom = 2 m/szv dpax = —4 m/52 [36], amax =
2 m/s? [36], " = 025 5 [31], At = 0.1 s, Al = 0.5 s,
xs = 0m, x, =300 m, lyey =4 m, D; = 0.2, D, = 0.7,
D3 =2,¢1=01,¢c =05,¢3 =05, ¢4 =0.1, ¢5 = 0.1,
tw =58, h = —-35,50 =2 m,and N = 5. The values of
weights c1, ¢2, ¢3, ca, and ¢5 were manually tuned to give
stable closed loop performance. Systematic tuning methods
of MPC can be found in [37]. 64-bit MATLAB R2018a on
windows 7 system conducts the experiments with different
initial settings. The third-order vehicle dynamic model is
chosen to represent the behavior of vehicles. The operational
layer controller regulates vehicular longitudinal accelerations
and the lane-changing initiation time instants for lane changers
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as shown in (12). When a lane changer steers towards the
main lane and executes merging, its lateral positions change
according to (21). For each experiment, the simulation time is
50 s, long enough for the on-ramp vehicle to merge into the
mainline traffic.

D. Performance Indicators

Selected performance indicators are related to the actual
vehicular trajectories in the simulation time and control objec-
tives, representing the overall traffic operations. We aim to
achieve efficient and safe merging of the on-ramp vehicle and
to generate smooth trajectories for ride comfort. To this end,
the selected performance indicators are the overall value of the
objective function calculated by using the weighted sum of the
actual gap errors, relative speeds, and the desired accelerations
of CAVs during the merging process and the occurrence of
collision. The weight parameters on gap errors, relative speeds,
and the desired accelerations are cq, ¢z, and c3 respectively.
Besides, the terminal inter-vehicle gap errors with a weight
parameter cs and relative speeds with a weight parameter ca
are also included in the objective function.

VI. SIMULATION RESULTS AND DISCUSSION

In this section, simulation results with two different on-ramp
merging control methods under the 135 experimental scenarios
are given and discussed.

A. Safe Performance

In all the 135 scenarios, no collision exists for the two
on-ramp merging control methods. One example of the evo-
lution of inter-vehicle gaps and the desired accelerations with
the proposed hierarchical control approach (HCA) under one
of the extremely challenging scenarios are as shown in Fig. 3.
In this scenario, only one on-ramp vehicle exists. The desired
time gap f7 is 1 s, the on-ramp vehicle’s initial speed v, (0)
is 15 m/s, and RP is 0%, the on-ramp CAV and mainline
CAV 3 entering into the control zone at the same time. With
the hierarchical control approach, the future on-ramp CAV’s
vehicle order after merging is k = 4, and #” is 2 s, as shown
in Table I. The dashed black line illustrates that the on-ramp
vehicle is still on the on-ramp or acceleration lane, while the
solid black line indicates it is on the main lane. Obviously,
the merging process does not have collisions; thus, it is safe.
At around 20 s, the inter-vehicle gaps and desired accelerations
relax to the equilibrium values.

B. Performance of the Proposed Hierarchical Control
Approach

1) One On-Ramp Vehicle: Mainline Vehicles Starting From
Equilibrium States: When one on-ramp vehicle exists and
mainline vehicles start from equilibrium states, for the possible
45 scenarios with different initial conditions and desired time
gap settings, experimental results show that the proposed hier-
archical control approach outperforms the benchmark control
method in 34 scenarios, and behaves as good as the benchmark
control method in 11 scenarios. When the on-ramp vehicle’s
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Fig. 3. Vehicular trajectories with the proposed hierarchical control approach
under a scenario where the on-ramp CAV and mainline CAV 3 enter into the

control zone at the same time.

TABLE I
EXPERIMENT RESULTS OF THE SCENARIOS WITH v,-(0) IS 15 m/s

tq (s); Objective function value k; Improvement
RP (% k=3, k=4, tP (s %
(%) — o HCA (s) (%)
0.6;0 8414.83  2023.63  778.90 5:4 90.74
& 61.51
0.6;20 2386.19  660.01 5:4 72.34
0.6;40 3092.92  728.09 54 76.46
0.6;60 417199  967.60 5;3 76.81
0.6;80 5652.86  1200.77  5:6.5 78.76
0.8;0 9690.12  2099.76  1625.89 457 §3.22
& 22.57
0.8;20 2344.72  1192.44 54 49.14
0.8;40 3098.95  957.02 5:4 69.12
0.8;60 4398.80  1004.74 5:4 57.15
0.8;80 6296.09  1247.11 5:2.5 59.76
1;0 11130.34 233790 1837.97 4;2 8349
& 21.38
1;20 2402.95 2044.39 4,8 14.92
1;40 3170.85  1519.02 54 52.09
1;60 4687.61  1275.86 54 72.78
1;80 7032.86  1366.88 5;3 80.56

initial speed v,(0) is 15 m/s, 0.6 times of the speed of the
mainline traffic 25 m/s, using HCA for on-ramp merging
control brings pronounced improvements in traffic operations
as shown in Table I. In Table I, the first column includes
different combinations of desired time gaps #; and RP. The
overall value of the objective function is calculated with the
weighted sum of the actual gap errors, relative speeds, and
the desired accelerations of CAVs during the merging process
with a given merging sequence and P generated by using
the first-in-first-out method or HCA are given in columns 2,
3, and 4. The established decisions from the HCA are pre-
sented in column 5. Column 6 indicates the improvement
in traffic operations by using the proposed HCA, all higher
than 14.92%. The improvement percentage is calculated by
dividing the objective function value caused by using the first-
in-first-out method into the deviation of the objective function
value caused by using the first-in-first-out method and the
HCA. Initially, the on-ramp CAV’s speed deviation to the
speed of the mainline traffic is large. Using the first-in-first-
out method to establish a merging sequence does not give
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TABLE II

EXPERIMENT RESULTS OF THE SCENARIOS WHERE THE ON-RAMP CAV
AND MAINLINE CAV 3 ENTER INTO THE CONTROL ZONE
AT THE SAME TIME

tq (s); Objective function value k; Improvement
= = P
vr(0) k=3, k=4, HCA tP (s) (%)
(m/s) tP=0 tP=0
0.74
0.6;15 8414.83 2023.63 778.90 5:4 o
& 61.51
0.8;15 9690.12 2099.76  1625.89 4,7 83.22
& 22.57
83.49
1;15 11130.34 233790 1837.97 4,2
& 21.38
0.6;20 2562.47 1106.06 741.53 4;2 71.06
& 32.96
65.33
0.8;20 3411.90 1579.01 1183.04 4;1.5
& 25.08
1;20 4396.84 213191  1691.02  4;1.5 61.54
& 20.68
0.6;25 1335.10 1335.10 112198  3;1.5 15.96
0.8;25 1985.48 1985.48  1058.95 3;2 46.67
1;25 2758.56 2758.56  1984.06 3;3 28.08

time for the on-ramp vehicle to increase its speed. Its potential
direct follower needs to brake strongly to facilitate on-ramp
CAV’s merging, causing large values of desired accelerations.
By contrast, HCA gives the on-ramp CAV several seconds #”
to accelerate to increase its speed; and then makes the on-ramp
vehicle to adapt its speed and position to its target gap. After
merging, the mainline vehicle order for the on-ramp CAV is
4 or 5.

With the on-ramp CAV’s initial speed v,(0) increases to
20 m/s or 25 m/s, the HCA still outperforms the benchmark
control method under scenarios where the on-ramp CAV and
mainline CAV 3 enter into the control zone at the same time,
RP being 0%, as shown in Table II. The improvements in
traffic operations by using the proposed HCA are all higher
than 15.96%. When the on-ramp CAV’s initial speed v,(0)
is 20 m/s, the HCA chooses 4 or 5 as the on-ramp CAV’s
future mainline vehicle order, and gives ¢” a positive value,
several seconds. It is noticeable that when RP is 0%, choosing
k = 3 or k = 4 by the benchmark control method for on-ramp
merging does matter when v,-(0) is not 25 m/s. The merging
sequences with k = 4 work better. When v, (0) is 25 m/s,
choosing k = 3 or k = 4 by the benchmark control method
achieves the same value of the objective function, and thus
makes no difference to the traffic operations.

When the on-ramp CAV’s initial speed v,(0) is 20 m/s,
compared with the benchmark control method, using HCA
brings at least 13.47% improvement in traffic operations where
RP is 20% or 80%. HCA tends to give the same merging
sequence as the benchmark control method when the on-ramp
CAV’s initial position is around the middle of the mainline
CAV 3 and 4, as shown in Table III. With the desired time
gap increases, the possibility of the HCA to give the same
merging sequence as the benchmark control method increases.

TABLE III

EXPERIMENT RESULTS OF THE SCENARIOS WITH v, (0)
Is 20 m/s AND RP IS NOT 0%

ty(s) RP (%) Objective function value k; Improvement
k=4,tP=0 HCA tP (s) (%)
0.6 20 873.77 700.84 4;2 19.79
0.6 40 871.97 848.00 4;2 2775
0.6 60 1127.47 1076.66 4;3.5 451
0.6 80 1657.77 942.28 52 43.16
0.8 20 1201.85 1014.07 4;1.5 15.62
0.8 40 1128.47 1123.15 4;1.5 0.47
0.8 60 4;0 0
0.8 80 2185.79 1594.65 5;L.5 27.05
1 20 1593.79 1379.06 41.5 13.47
1 40 1439.35 1438.58 41 0.5
1 60 4;0 0
1 80 2723.37 1981.38 4;5.5 27.25

—-— Giving the same decision
? —-—© Improving traffic operations

Relative Position (%)

15 06 1,6
vr(o) (m/s)

Fig. 4. The performance of the hierarchical control approach compared with
the benchmark control method.

When the on-ramp CAV’s initial speed is 25 m/s, the same
initial speed as the mainline traffic, the two control methods
behave the same when initial RP is within [20%,60%].

Compared with the benchmark control method, the perfor-
mance of the HCA under the 45 scenarios are marked in Fig. 4.
In Fig. 4, a circle means that using HCA brings improvement
in traffic operations; a star means that HCA gives the same
decision as the benchmark control method. By observing
Table I, Table II, Table III, and Fig. 4, we conclude that the
HCA outperforms the benchmark control method when the
on-ramp CAV’s initial speed is 15 m /s, when the desired time
gap is 0.6 s or when the on-ramp CAV’s relative position
to mainline CAV 3 and 4 is 0%, 20%, and 80%. When
the on-ramp CAV’s initial speed is 20 m/s, the HCA also
outperforms the benchmark control method when the on-ramp
CAV’s relative position to mainline CAV 3 and 4 is 40%.
Under the remaining scenarios, the HCA gives the same
decisions as the benchmark control method.

2) One On-Ramp Vehicle: Mainline Vehicles Starting From
Non-Equilibrium States: In Fig. 3, after the on-ramp vehicle
accomplishes lane changing, small inter-vehicle gaps exist.
To this end, the two control methods are further tested with
a small inter-vehicle gap existing in mainline traffic, checking
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Fig. 5. The performance of the hierarchical control approach compared with
the benchmark control method when a small gap exists.

their performance when a new on-ramp vehicle shows up after
the first on-ramp vehicle changes lane. For the 45 scenarios
with mainline vehicles starting from non-equilibrium states,
a small inter-vehicle distance 0.5-v5-#; is given to initial vehi-
cle 2 and other following mainline vehicles start from the equi-
librium states. Before ¢7, initially mainline CAV 2 decelerates
to have its desired inter-vehicle distance, reducing its speed.
Mainline CAV 3 decelerates to reduce relative speed to CAV
3. With these changes in vehicular states, the performance of
the HCA is as shown in Fig. 5.

By comparing with Fig. 4, the differences exist in 5 scenar-
ios. 3 of them are with v,(0) being 25 m/s, RP being 80%,
and 7 being 0.6 5, 0.8 s, or 1 5. The remaining 2 scenarios
are: (1) v,(0) = 20 m/s, RP = 60%, and t; = 0.6 s; (2)
v,(0) = 20 m/s, RP = 40%, and t; = 1 s. For these
5 scenarios, the HCA establishes the same decision as the first-
in-first-out method instead of outperforming in Fig. 4. As a
result, under 16 scenarios, the two control methods give the
same decision; under the remaining 29 scenarios, the HCA
outperforms the first-in-first-out method, averagely bringing
33.01% improvement in traffic operations.

When RP is 0%, for the first-in-first-out method using
k = 4 outperforms k = 3 when v,(0) <25 m/s. However,
when v,(0) is 25 m/s, choosing k = 4 or k = 3 leads to the
same value of the objective function. The finding is the same
as shown in Table II.

3) Two On-Ramp Vehicles: Mainline Vehicles Starting From
Equilibrium States: When two on-ramp vehicles exist on the
on-ramp lane and the second on-ramp vehicle has the desired
inter-vehicle distance to the first one, the second on-ramp
vehicle’s future vehicle order after merging is 6 or 5 decided by
the first-in-first-out method. Choosing 5 as the future vehicle
order of the second on-ramp vehicle is only possible when RP
is 0% and v,(0) is 25 m/s. For the HCA, the future vehicle
order of the second on-ramp vehicle is 6 under 42 scenarios.
For the remaining three scenarios where v,(0) is 25 m/s
and RP is 40%, the HCA gives 5 as the second on-ramp
vehicle’s future vehicle order and generates 5.5 s or 6 s
as its speed-adaptation time instant. Given the same initial
condition for the first on-ramp vehicle in Fig. 3, by adding
the second on-ramp vehicle, the HCA gives 2.5 s as the
speed-adaptation time instant for the two on-ramp vehicles
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Fig. 6. Vehicular trajectories with the hierarchical control approach under a
scenario where the on-ramp CAV and mainline CAV 3 enter into the control
zone at the same time.
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Fig. 7.  The performance of the proposed hierarchical control approach
compared with the benchmark control method under scenarios starting with
two on-ramp vehicles.

respectively. The desired acceleration trajectories of vehicles
are as shown in Fig. 6. The black or dashed blue line illustrates
that the first or second on-ramp vehicle is still on the on-ramp
or acceleration lane respectively, while the solid black or blue
line indicates the vehicle is on the main lane respectively. For
the first-in-first-out method, the on-ramp vehicles are on the
main lane at 8.7 s and 10.7 s respectively, bringing 5732.25 as
the objective function value.

In Fig. 6(b), the second on-ramp vehicle follows the first
on-ramp vehicle before 2.5 s, bringing 37.90 to the objective
function value. After 2.5 s, the two on-ramp vehicles’ trajec-
tories are regulated together with mainline vehicles. At 10.8 s
and 10.6 s, the two on-ramp vehicles are on the main lane
respectively. The merging process produces in total 3473,94 to
be the objective function value, making 39.40% improvement
compared with the first-in-first-out method.

The comparison results of the two control methods are as
shown in Fig. 7. An upward-pointing triangle shows that the
HCA deteriorates traffic operations compared with the first-
in-first-out method. By comparison, for 7 scenarios, the two
control methods generate the same decisions. For 4 scenarios,
the HCA deteriorates traffic operations, averagely binging
1.2% deterioration. However, for the remaining 34 scenarios,
the HCA makes an averagely 26.65% improvement. To this
end, the HCA still has superiority.

Under scenarios where two on-ramp vehicles exist and are
close to each other, when RP is 0% and v,(0) is 25 m/s,
choices of k = 3 or k = 4 for the first on-ramp or of using
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5 or 6 as the future vehicle order of the second on-ramp vehicle
by the first-in-first-out method work the same as scenarios
where only one on-ramp vehicle exist. When RP is 0% and
v,(0) is less than 25 m/s, using k = 4 and 6 as the future
vehicle order of the second on-ramp vehicle by the first-
in-first-out method brings improvement in traffic operations
compared with other choices.

C. Results of and Recommendations on Using the
first-in-first-out Method

Because the first-in-first-out method is a simple way to
determine a merging sequence, compared with the proposed
hierarchical control approach, we give recommendations on
when to use the first-in-first-out method reasonably and suit-
ably to traffic operators and researchers. For all the scenarios
where the first on-ramp CAV and the mainline CAV 3 enter
into the control zone at the same time, using the first-in-first-
out method to establish merging sequences lose quite some
traffic benefits, as shown in Table II, Fig. 4, Fig. 5, and Fig. 7,
with k = 4 having an overall better performance than with
k = 3 for the first-in-first-out method. To this end, priority
can be given to mainline traffic when a mainline vehicle and
an on-ramp vehicle enter into the control zone at the same
time. When the first on-ramp vehicle’s initial speed v,(0)
is 15 m/s, 0.6 times of the speed of the mainline traffic
25 m/s, the first-in-first-out method, does not reach a good
overall traffic performance as the proposed hierarchical control
approach, as shown in Table 1. To this end, using the first-in-
first-out to establish merging sequences is not suitable when
the initial speed of the first on-ramp vehicle is significantly
lower than the mainline traffic. When the first on-ramp CAV
enters into the control zone between two mainline CAVs,
with the on-ramp vehicle’s initial speed increasing to 20
m/s, the first-in-first-out method is possibly suitable as shown
in Table IIT and Fig. 4. The possibility is higher when CAV
2 has a small inter-vehicle gap compared to its desired value
as shown in Fig. 5. When the on-ramp vehicle’s initial speed
reaches 25 m/s, the possibility of using the first-in-first-out
method to have the same decision as the proposed hierarchical
control approach greatly increases, as shown in Fig. 4.

Compared with the optimal vehicle merging sequences and
the speed-adaptation time instants of on-ramp vehicles under
135 scenarios, determined by the proposed hierarchical control
approach, we recommend researchers or traffic operators to
use the first-in-first-out method when the initial speed of the
first on-ramp vehicle v,(0) is close to the mainline traffic
and its initial relative position to two mainline vehicles is
within [40%,60%]. When v, (0) is slower than the speed of
the mainline traffic, it is better for the on-ramp vehicle to
accelerate for several seconds to reach or slightly exceed the
speed of the mainline traffic before using the first-in-first-
out method to establish a merging sequence. The distance
of the control zone L is thus shrinking with the rear of the
on-ramp vehicle. If the on-ramp CAV has the same speed as
the mainline traffic and enters into the control zone at the same
time instant as a mainline CAV, the first-in-first-out method is
not recommended to be implemented immediately, as shown

in Table II; the on-ramp CAV is recommended to accelerate
for 1 or 2 s and to choose an anterior slot or gap for merging,
compared to initial option decided by first-in-first-out method.

D. Discussion

The proposed hierarchical control approach generates
a combination of an optimal merging sequence and
speed-adaptation time instants of the on-ramp merging vehi-
cles. Instead of making an on-ramp vehicle to adapt its speed
and position for merging immediately after it enters into an
on-ramp lane employed by existing methods, our tactical layer
controller allows an on-ramp vehicle to move with desired
speeds for a certain time period before it starts to adapt its
speed and position to prepare merging into the target gap. The
time period allows the on-ramp vehicle to increase its speed,
reducing speed deviation to the mainline traffic, and to adjust
its relative position to two mainline vehicles where the target
gap locates. As a result of the speed and position adaptation,
its direct follower does not need to brake strongly to facilitate
the merging maneuver, when the initial speed of the on-ramp
vehicle is significantly lower than the mainline traffic, or when
the on-ramp CAV and a mainline CAV enter into the control
zone at the same time.

The proposed hierarchical control approach overall works
better than the first-in-first-out method in improving traffic
operations. The experimental results show the superiority
of the proposed hierarchical control approach. To this end,
without repeating the detailed merging process exhaustively
with the operational layer controller, an optimal merging
sequence can also be established. Besides, considering a
speed-adaptation time instant for an on-ramp vehicle can bring
extra improvement in traffic operations even though the idea is
not explicitly addressed in other researches. Preparing on-ramp
vehicles to reach a merging or certain speed before establishing
a merging sequence implicitly supports the idea of considering
speed-adaptation time instant [19], [20].

The third-order vehicle dynamics model rests on a lin-
earization approach to create a linear representation of a
nonlinear longitudinal vehicle dynamics model [34]. The lin-
earized model captures driveline dynamics, finite bandwidth
of vehicle actuators, and time lag for the torque available
at the tires to achieve a desired acceleration. The third-order
vehicle dynamics model is preferred than the second-order
model because it is closer to real vehicle behavior and brings
reasonable control commands for real-world implementation
[34]. Besides, parameter uncertainties in the vehicle dynam-
ics model can be considered using the third-order vehicle
dynamics model [16]. The tactical layer controller usually
uses a large value, 0.5 s or 1 s, larger than the actuator lag,
as the time step to save computation time; thus, the third-order
vehicle dynamics model is not necessary and the second-order
vehicle dynamics model is employed. If for some automated
vehicles, actuator lags are quite large, a third-order vehicle
dynamics model can be used in the tactical layer controller
to reduce the mismatch in vehicle dynamics models. Besides,
a car-following mode and a cooperative merging mode are
utilized by the tactical layer controller to generated actual
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accelerations based on analytical models rather than numerical
optimization in the operational layer. These differences make
the computation time of the tactical layer controller tractable.
In all our experiments, these differences or mismatches do not
contradict the feasibility and applicability of the tactical layer
controller to generate optimal merging sequences. This finding
may support other researchers to explore simpler optimal
control methods to establish merging sequences under different
market penetrations of CAVs.

When one on-ramp vehicle exists and five mainline vehicles
exist, with a looking-ahead horizon 7 = 50 s, the computation
time of the tactical layer controller is 0.32 s. When the
number of on-ramp vehicles increases to two, the computa-
tion of the tactical layer controller becomes 4.8 s when all
the possible merging sequences and speed-adaptation time
instants are evaluated. The incremental computation time
is caused by the added numbers of possible combinations
and the selected solution method: enumeration algorithm.
If the merging sequences or speed-adaptation time instants
can be restricted to limited choices according to experimental
results, the computation time can be reduced. Besides, effi-
cient solutions for mixed-integer programming problems may
also reduce computation time, which is one of our future
research directions. It takes the operational layer controller
around 0.91 s to solve the problem of 6 vehicles with a
time horizon 6 s. The computation time of the operational
layer controller turns to be around 1.12 s when 7 vehicles
are involved. In practical usage, the computation time of the
operational layer controller should be considered when it is
large. The computation time of the operational layer controller
can be reduced with distributed model predictive control [38].

In our work, imperfect state observation/estimation is
already included with a small state delay in the tactical layer.
For our 135 experiments, a feedback delay is included, which
means the tactical layer controller uses previous vehicular
information to establish merging sequences and the merging
sequences are established at 0 s, without using the designed
feedback nature. The experimental results show that the estab-
lished merging sequences are feasible. Besides, with feedback
nature, the tactical layer controller has a self-correction mech-
anism already, though it may update at larger intervals, e.g.
5 to 10 s. To this end, small disturbances in vehicular infor-
mation do not likely change the feasibility of the established
merging sequences. However, we cannot prove that feasibility
is guaranteed with the finite number of experiments, especially
when the state observation deviates largely from the ground
truth. To this end, we add another mechanism in our control
architecture. The additional function allows the operational
layer controller to reject decisions from the tactical layer
controller if no feasible solution is found for an on-ramp
vehicle among Af. If no feasible solution can be found by
the operational controller under the current tactical command
and the on-ramp vehicle is far away from the end of the
acceleration lane, the operational layer controller then requests
a new command from the tactical layer controller. Triggered
by the rejection event, the tactical layer controller establishes
new decisions before A7. To address safety-critical situations
where no feasible solution exists and the on-ramp vehicle is
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close to the end of the acceleration lane, the operational layer
controller is given the autonomy to choose the next gap after
the previous target gap for the on-ramp vehicle directly to
accomplish merging.

In the tactical layer, the Helly car-following model is
employed to predict the future vehicular longitudinal accel-
erations of a CAV instead of using the operational layer
controller. At this stage, all vehicles are assumed to be
CAVs. However, our design can be extended to adapt to
mixed traffic where human-driven vehicles coexist with CAVs.
To include human-driven vehicles, reasonable car-following
and lane-changing models can be assumed to represent the
behaviors of human-driven vehicles for both the tactical and
operational controllers to predict the future development of
the surrounding traffic scene. Safety should be ensured at the
operational layer controller. To ensure safety, the current and
predicted inter-vehicle distances should be large enough for
a lane changer to change lane as shown in (14). Besides,
because the human-driven vehicles do not tend to cooperate
to facilitate a lane changing process and their behaviors can
not be perfectly modeled or predicted, a trade-off between
merging efficiency and the risk to collide can be considered
at the operational layer controller in the future.

Noise in actuators or sensors may deteriorate the per-
formance of the controllers to regulate vehicular motions.
Noise in detected measurements can be filtered out with data
fusion methods in the hierarchical architecture of the merging
control system if a filter is added to the estimator. When the
uncertainties in actuators cause actuator lag to vary in a small
range of values, the deterioration is small. However, when the
uncertainties bring a large range of values of the actuator lag,
a robust control method is needed to ensure the string stability
of the operational layer controller [16].

Because the first-in-first-out method is common and easy to
be implemented, we give recommendations for using the first-
in-first-out method to get the same or similar decisions as or to
the proposed hierarchical control approach. To improve traffic
operations, traffic operators and researchers can use those
recommendations when using the first-in-first-out method
to establish merging sequences. One point should not be
neglected that optimal merging sequences are established
based on a certain performance indicator. For different perfor-
mance indicators, different merging sequences may be optimal.

VII. CONCLUSIONS AND FUTURE RESEARCH

This paper puts forward a hierarchical control approach
for efficient and safe on-ramp merging of Connected Auto-
mated Vehicles (CAVs). A tactical layer controller uses a
car-following and a cooperative merging mode to represent the
regimes to generate vehicular trajectories during the merging
process and gives optimal tactical decisions that bring efficient
traffic operations. During the optimization, on-ramp vehicles
are allowed to drive with their desired speeds for certain
time periods respectively before they start to adapt their
speeds and positions to prepare merging into the target gaps
respectively. An operational layer controller is designed based
on model predictive control. It employs a third-order vehicle
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dynamics model, regulates desired accelerations of CAVs,
and gives commands on the lane-changing executions of the
on-ramp vehicles based on current and predicted inter-vehicle
time gaps. The performance of the proposed hierarchical
control approach and a benchmark control approach, using
the first-in-first-out method to determine merging sequences,
is tested under 135 scenarios with different initial conditions
and desired time gap settings. Experimental results show that
the proposed hierarchical control approach outperforms the
benchmark control method and the superiority is kept when
multiple on-ramp vehicles exist.

We conclude that different settings of initial conditions and
the desired time gap do affect an optimal combination of
a merging sequence and time instants when on-ramp CAVs
start to adapt their speeds and positions to prepare merging
into the target gaps respectively. The proposed hierarchical
control approach brings pronounced improvements in traffic
operations when the initial speed of the on-ramp vehicle is
significantly lower than the mainline traffic, when the desired
time gap is small, such as 0.6 s, or when an on-ramp CAV and
a mainline CAV enter into the control zone at the same time.
Allowing on-ramp vehicles to travel with their desired speeds
for certain time periods respectively can bring improvements
in traffic operations.

After comparing the simulation results of the proposed
hierarchical control approach and the benchmark on-ramp
merging method, we give recommendations to use the first-
in-first-out method to establish merging sequences. The main
idea of the recommendations is to adapt the initial speed
and position of the on-ramp CAV to meet conditions where
the first-in-first-out method probably gives the same decision
as the tactical controller of the proposed hierarchical control
approach.

The future research will dive into merging with multi-
ple main lanes. The cooperative merging strategy should be
extended to allow CAVs on the outermost main lane to perform
courtesy lane change. The future research will also focus
on on-ramp merging under mixed traffic by extending the
proposed hierarchical control approach. Macroscopic charac-
teristics of traffic flow will be analyzed to evaluate the benefits
of our design on traffic operations.

APPENDIX A
A POLYNOMIAL EQUATION FOR A VEHICLE’S LATERAL
MOTION DURING THE LANE CHANGING MANEUVER

yr(to) t <t &) =0
yr(t) = 1 f(0) f<t<t'+t,,60)=1 2D
(o) +h t>t 41,
—6h 15h
FO) = — (=10 + =~ 1)’
-1
P ) + ) (2)

where, i denotes maximum lateral position variation whose
absolute value equals to lane width. For changing lane to the
left side of the road, & is a negative value.
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