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Abstract—We investigate the problem of optimal coordination
of Connected Vehicles under Automated Driving (CVAD) at
intersections. We aim for more driving flexibility for the CVAD,
with the possibility of fully utilizing the intersection space, while
strictly avoiding collisions. We propose the Intersection Trajecto-
ries Optimal control Problem (ITOP), in which an intersection is
a space without movement-related horizontal markings or struc-
tural restrictions, except for the intersection boundaries, which
we call a plaza. By using the Bézier curves and discretization, we
convert the ITOP to a Non-Linear Program (NLP) that generates
near-optimal collision-free trajectories. Numerical results demon-
strate that the proposed approach generates feasible trajectories
and is suitable for the solution of the ITOP.

Index Terms—intersection Plaza; Bézier curves; optimal control;
non-linear programming.

I. INTRODUCTION

In spite of the changes taking place in traffic systems due
to the emergence of Connected Vehicles under Automated
Driving (CVAD), the paradigm established decades ago for the
organization of road infrastructure remains roughly the same.
Most of the vehicle coordination strategies and intersection
models proposed in this new context [1] [2] rely on the concept
of vehicle movements, thus restricting the possible or allowed
paths within the intersection. This configures a waste of scarce
intersection space and a loss of efficiency.

The proposed approaches for modeling intersections can be
summarized in three categories [1] [3]:

o Cells: the intersection is divided into cells while time
windows in each cell are allocated to vehicles so that
there are no collisions (Fig. 1a). See, e.g., [4] [5].

o Paths: a limited set of paths are allocated to vehicles
in such a way that vehicles on conflicting paths do not
collide (Fig. 1b). See, e.g., [6].

o Conflicting regions/points: only the points or regions
where conflicts between paths occur are discretized and
time windows are allocated to vehicles to pass through
these points (Fig. 1c). See, e.g., [7]-[9].

Moreover, most of these strategies simplify the behavior within
the intersection to consider a constant speed and some even
preclude turning movements.
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In essence, these models deal with how to allocate time
windows of the scarce intersection space to different vehicles.
However, despite the higher capacity obtained by the elimina-
tion of the traffic light cycle and by the smaller headways
between vehicles enabled by CVAD, the capacity of the
intersection ends up limited by the relationship between paths
constrained to pre-established vehicular movements.

Better use of the infrastructure is possible if the vehicles
are allowed to make full use of the intersection space via
the definition of their trajectories for any possible path. The
research on this subject is limited. In [10], a cooperative
motion-planning method was proposed for Connected and
Automated Vehicles (CAVs) crossing an intersection. The
solution of a centralized optimal control problem provides
optimized trajectories offline based on pre-defined formations
to which the CAVs are guided online before entering the
intersection. The high-dimensionality and non-linearity of the
model called for the convexification of the collision-avoidance
constraints and an algorithm that provides suitable trajectories
as initial guesses for the problem to speed up the solution [11].
An approach relying on emergent behaviors modeled vehicle
behavior by a hierarchical set of rules, similar to the modeling
of flocks [12] [13]. The simplicity of the approach results
in low computation complexity but also in high sensitivity
to minor changes in the rules. Finally, [14] proposed formal
methods to model the behavior at intersections. The nature
of the formulation and the employed methods lead, however,
to combinatorial a explosion of the states even for small

|
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Fig. 1: Intersection modeling: (a) cells; (b) paths; and (c)
collision regions/points (red circles) (adapted from [1]).
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instances.

We consider an intersection as an empty space free of
movement-related horizontal markings or structural restric-
tions, except for its boundaries. We call this space a plaza
(see Fig. 2). The objective is to find the optimal trajectories,
without predefined paths, that vehicles should follow to min-
imize one or more criteria, such as intersection delay or fuel
consumption, while avoiding collisions. To this end, we state
an Intersection Trajectories Optimal control Problem (ITOP)
for CVAD. To solve the ITOP, we propose finding general
functions to describe the optimal trajectories of the vehicles
according to their positions and speeds, and plaza geometry.

In a previous work [15], we explored Finite Fourier Series
(FFS) for the generation of trajectories (see also [16]). In this
work, Bézier curves [17]-[19] are used along with discretiza-
tion notions to convert the ITOP into a Non-Linear Program
(NLP) with Bézier coefficients as the unknown parameters.
This paper is featured by: (i) the vehicles’ paths and speeds
are no longer fixed; and the intersection is signal-free and
movement-free. The main contributions of this paper are:

o The effective collision avoidance constraints;

o A method for the generation of the near-optimal trajec-
tories that utilizes Bézier curves; and

« A compact representation of the Bézier curve that reduces
the number of decision variables.

In Section II, the model details are provided and the ITOP
is stated. In Section III, the ITOP is formulated as a NLP
based on the Bézier curves representation of the states and
discretization of the problem. Numerical results are presented
in Section IV. Section V concludes the paper.

II. OPTIMAL CONTROL PROBLEM

In this section, the intersection plaza is modeled, the ve-
hicles’ state equations, the constraints, and the performance
criterion are presented, and the ITOP is stated.

A. Plaza Modeling

A plaza can have varied layouts with respect to the number
of intersecting roads and geometry. To introduce our concept,
we select a four-leg intersection (Fig. 2). The = and y axes
represent the central lines of the plaza on the Cartesian
Coordinate System (CCS). Vehicles can travel between any
two points of approaching and departing roads and their
trajectories, e.g., 77 and 75 in the figure, are not bound to
pre-specified paths or movements. We model this plaza by its
four Intersection Boundaries (IB) shown by the dashed lines in
Fig. 2. Each IBy, h = 1,...,4, is modeled by an exponential
function:

yn = fu(z(t)),

Fu(@(t)) = rop + 11 - er2n @O+

ey

with parameters 79, 71,5, 72,5, and 13y that shape the
function according to the intersection geometry.
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Fig. 2: A typical four-leg intersection as a plaza (colored area)
with approximated boundaries (dashed lines).

B. Vehicle’s Equations of Motion

There are various models to describe the vehicle’s dynamics,
from the simple unicycle model [20] to sophisticated car
models [21]. For simplicity, in this work we use Equations
of Motion (EoM) that model vehicles as point masses:

(1) = az, (1), @
G5 (t) = ay, (),
with a,; and a,, the acceleration of vehicle j in coordinates

z and y in the CCS, respectively, and ¢ the continuous time.
The total (absolute) acceleration of vehicle j is given by:

a;(t) = /a3, (t) + a3 (). 3)

The speed increment of the j-th vehicle is defined as:

T
Av; = / a;(t)dt, @
0

in which T stands for the completion time, i.e., the time taken
by the vehicles to cross the plaza. Then, given k vehicles at
the plaza, the total speed increment is computed as:

Av = Avy + ... + Avg. (5)

C. Constraints

1) Vehicle’s kinematic constraints: To guarantee that the
vehicles speeds and accelerations are within admissible range
the following constraints are defined:

a;(t) < amax; 0 <0(t) <Vmax, j=1,...,k,  (6)

with a; being the total acceleration of vehicle j, v; the
speed of vehicle j, and apax and vy,x the maximum total
acceleration and maximum speed, respectively.

2) Vehicle-to-vehicle collision avoidance constraints: The
distance, d;;(t), between every two vehicles ¢ and j must be
kept at or above a minimum safe distance, dg:

dij(t) >dg, i=1,....k, j=1,...k, i<j. @)
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3) Plaza boundaries constraints: Violation of the plaza
boundaries by the CVAD must be disallowed. Hence, the
intersection’s geometric constraints, based on (1), that ensure
there are no collisions of CVAD with the boundaries, are:

y;i(t) < fo(z;(t)), if h=1,2
y;(t) > fa(z;(t)), if h=3,4

with (x;(¢), y;(t)) being the position of vehicle j in the CCS.

=1k ®

D. Performance Index

We choose as the performance index a weighted sum of Av
and 7' that should be minimized:

J =wi -Av+wy-T, 9)

with wy > 0 and wy > 0 weighting parameters. Minimizing
Av and T are conflicting objectives that affect fuel consump-
tion and comfort (since speed increment is minimized) versus
speed and maneuver completion time.

E. Intersection trajectories optimal control problem

By considering the EoM, the constraints, and the perfor-
mance index, the ITOP can be formulated as:

minimize J = wy - Av + wy - T, (10)

subject to (6)—(8) with h =1,...,4,and 0 <t <T.

By appropriately writing the EoM in state-space represen-
tation, the ITOP formulation can be expressed as a non-linear
optimal control problem [11]. Since the detailed formulation is
not needed for the approach in the next section, it is omitted
here. We note, however, that the states are the position and
speed of each vehicle j in the CCS (z;(t), y;(t), vz, (t), and
vy, (t)), and the decision variables are a,,(t), ay,(t), and T

III. OPTIMIZATION PROBLEM

In this section, we propose the Bézier curve method [22] for
solving the ITOP for the CVAD at the plaza. In this method,
the state variables, i.e., positions and speeds, are interpolated,
and control variables, i.e., accelerations and completion time,
are considered in the objective function. Then, the Bézier rep-
resentation of state variables is imposed on the dynamics, and
the required accelerations to realize the resulting trajectories
are evaluated. Finally, the ITOP is reduced to a system of
algebraic equations in the Bézier coefficients and a collision-
free trajectory optimization problem is formulated.

A. Bézier Approximations

The Bézier curves have several properties for trajectory
optimization that are appropriate for the purpose of this work:
(1) the starting and ending points of the curve correspond to
the first and final Bézier coefficients, respectively; (ii) the
curve completely lies within the convex hull formed by all
Bézier coefficients; and (iii) the curves have the advantage of
simplicity and curvature continuity.
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In this part, a Bézier curve is employed to approximate each
position state variable of each vehicle j in each coordinate of
the CCS (x; and y;) as follows [22]:

Nz
2(7) = Bui(7) Py, (11
1=0
with z = [z;(7) y;(1)]T, 0 < 7 =t/T < lis the scaled time,
n, is the number of Bézier terms (order of the Bézier curve),
P, ; are the unknown Bézier coefficients to be determined,
and B, ;(7) are the Bernstein basis polynomials given by:
Ng

Bur) = ()= e 0 L) 2)

The speed state variables of each vehicle j in each coordi-
nate of the CCS (v, and vy;) are the first derivatives of (11)
with respect to the scaled time (7):

Nz
2(1) =Y B} (T)Pa, (13)
=0
with
—ng(1—7)%==1  if [ =0,
, e T
L) =4 DD D (14)
4 if 1€ [1,n, — 1],
Nyt L, if I =n,.

1) Boundary conditions: For each vehicle, we know the
Boundary Conditions (BCs), i.e., the initial and final positions
and speeds in the coordinate system. The BCs with respect to
the scaled time for each vehicle are:

Z(O) = Zi, Z(l) = Zf, Z/(()) = Tzh Z/<1) = TZf (15)

The labels ‘i’ and ‘f” refer to ‘initial’ and ‘final’, respectively,
the prime denotes the derivative with respect to the scaled time
and the dot the derivative with respect to the continuous time.
These relations are obtained through the chain rule [16].

2) Using the BCs for expressing some coefficients: By
manipulating algebraically (11)—(15), it is straightforward to
derive four Bézier coefficients of (11) as:

Tz
Pz,O:zia Pz,lzzi+n ;
T - (16)
Pz,nz—l = Zf — ’ PZJLZ = Zg,
Ny

reducing the number of unknown Bézier coefficients, thus
speeding up the optimization. Substituting these coefficients
in (11) and organizing the resulting expression gives:

Ng—2
2(7) = Fy+ »  Buu(7)Pay, (17)
=2
with
Fz = Bz,OPz,O + Bz,lpz,l + Bz,nzflpz,nzfl + Bz,nsz,nz'
(18)

The corresponding first and second derivatives with respect to
the scaled time, z’(7) and z”(7), can be readily obtained.
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3) Evaluation points: In order to solve for the unknown
Bézier coefficients, the EoM are evaluated at m points, called
Discretization Points (DPs). We consider m DPs with equal
time intervals within the scaled time (r; — 7,1 = 1/(m —
1),i=2,...,m):

7-1:O<7-2<"'<7—7n—1<7—m:1- (19)

The constraints in Section II-C are satisfied only at each DP.
Thus, to avoid violations in-between DPs, we must choose a
large enough safe distance and/or sufficiently dense DPs.

4) Compact matrix form representation: Since the EoM are
evaluated at the DPs, a compact matrix form representation
for the position state variables and its derivatives (speed
state variables and accelerations) already incorporating the
coefficients from the BCs can be used. We can write the
position state variables at the m DPs as vectors of its values:

[Z]mxl = [Bz}mx(nzf3) [XZ](Tszgo)Xl + [Fz]mxl> (20)

with [F,] being a constant vector depending on n, and on the
BCs obtained using (18), [B,] being a matrix of coefficients
given by:

[Bz}mx(nz—?)) = [BZ,Z Bz,3 o Bz,nz—Q]Ta

and [X,] being the vector of unknown Bézier coefficients:

[Xz}(nz—3)><1 = [PZ,2 Pz,B .

Matrices [B,] and [F,] are computed offline and [X,] results
from the optimization. The compact forms of the first and
second derivatives of (20) have a similar structure.

Then, the total acceleration of vehicle j along its trajectory
can be represented in a compact matrix form as well by
replacing (20) and its derivatives in (2) and (3):

2y

Pz,n272]T' (22)

[aj}mxl = Z[az]?nxl < [amax]me 23)

Vz

Note that a, = z, therefore, we need the relations between z
and z” via the chain rule (see Section ITI-A1).

B. Nonlinear Programming Formulation

Given the compact matrix form (20) and corresponding
derivatives, we can formulate a NLP with the unknown Bézier
coefficients [X,] and the completion time 7' as decision
variables:

(X, ]Va95,T
s.t.fa; ()] < [amax],
0 < [v;(1)] < [Umax], (24)
[di; (1)] > [ds],
[y; ()] < [fn(z;(2))], if h=1,2
[y; ()] = [fa(z;(2))], if h = 3,4,

witht=1,... k, j=1,...,k, and ¢ < j. We note that (20)
and its derivatives are embedded in formulation (24) through
the substitution in (2)—(4).
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TABLE I: SETTINGS FOR VEHICLES/ INTERSECTIONS

Parameter Description Value
k Number of CVAD 3
Amax Maximum acceleration (m/sz) 2
VUmax Maximum speed (m/s) 10
ds Safe distance (m) 1
Wioad Road width (m) 11
Lioad Road length (m) 90

C. Initialization of Decision Variables

The initialization of the unknown Bézier coefficients can be
expressed in a compact form as:

-1
Xelinyt = (Belnaxn=s))  ([Balnxs = [Felxa)
(25
with n, being the number of DPs for the approximation and
[z,] the approximated position state variables. A cubic Bézier
curve can be used to approximate [z,] using the BCs [16][19].
The initialization of the completion time 7, can be approx-
imated by arbitrarily selecting the time taken by a vehicle to
cross in a straight direction from its origin to its destination
with maximum total acceleration as:
T, = 25 ;

amax

(26)

where S is the distance between the origin and destination of
the selected vehicle.

I'V. NUMERICAL RESULTS

In this section, we evaluate the solution of the ITOP via
the Bézier curve method with MATLAB 2018b. The NLP is
solved using the fmincon solver of the optimization toolbox.
Each Av;(t) in (4) is computed by numerical integration of
the corresponding total acceleration over time 7' through the
built-in function trapz. Moreover, we compare the results
obtained with the Bézier method with the approach based on
the FFS [15].

A. Scenario setup

We investigate a scenario with three CVAD at the plaza.
The goal is to show that the proposed Bézier method is able
to generate near-optimal collision-free trajectories for these
three vehicles. CVAD, travels from north to east, CVAD,
travels from south to west, and CVAD; goes straight from
east to west. The center of the plaza is the origin of the CCS.
The initial positions (zi;,y;;) of the three CVAD are (—2, 40)
m, (2,—40) m, and (43,8) m, respectively, and the final
positions (x5, y¢;) are, respectively, (45, —4) m, (—45,1) m,
and (—45,8) m. The initial speeds (viy;, viy,) are (1,—5)
m/s, (—1,5) m/s, and (—7,0) m/s, respectively, and the final
speeds (vig,,vry,) are, respectively, (6, —2) m/s, (—6,2) m/s,
and (—8,0) m/s. The required parameters for the formulation
are reported in Tables I and II.

The results discussed next and summarized in Table III were
obtained by the solution of the NLP (24) with w; = 5, wy = 2,
m = 30 and n, = 8 for the Bézier method and with w; = 4,
we = 2, m = 30 and n, = 6 for the FFS method in [15].
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TABLE II: SCALING PARAMETERS

Parameter IB1 IB2 IB3 IB4
0 11 11 —11}| —11
1 1 1 —1 —1
9 —1 1 1 —1
r3 —11}| 11 11 —11

TABLE III: NUMERICAL RESULTS OF BEZIER AND FFS

Method Av (m/s) T (s) J T (s)
Bézier 14.1 11.5 93.5 4.3
FFS 18.2 12.3 97.4 7.9

B. Quantitative Results

As shown in Table III, the computation time (7¢) of the
Bézier method is lower than the one of the FFS method due
to the smaller number of decision variables in the first method.
Moreover, smaller total speed increment and completion time
were obtained with the Bézier method.

We experimented with different combinations of values for
m, wy, wy and n, that were considered by trial and error
(details not shown). Varying the values of w; and wsy had more
influence on the total speed increment than the completion
time. When the number of DPs (m) is increased, there is
an increase in computation time. Despite the corresponding
increase in total speed increment, completion times also in-
crease, suggesting that worse local minima are found for
higher values of m, i.e., trajectories in longer paths result.
Finally, increasing n, increases the computation time without
sensible improvements in the other measures. Small values
of m and n, may result in better values of Av, T, and
computation time. However, the trajectories might not be
smooth and may also lead to infeasible instances of the NLP
problem, as also observed with the FFS method [15].

C. Analysis of the Trajectories

The optimized trajectories generated by the solution of the
NLP based on the Bézier and FFS methods are illustrated in
Fig. 3. The colored disks corresponding to the cool colormap
indicate DPs and time of the Bézier method (7Ig), and the
colored disks corresponding to the warm colormap indicate
DPs and time of the FFS method (7). The gray squares are
the initial positions for each CVAD. The solid thick black
lines show the boundary of each IB whose approximations are
presented by black dashed lines. For this particular scenario,
the trajectories of both methods deviate from what would be
expected in a movement-based method and it is clear that the
CVAD follow free trajectories. Noteworthy, the followed paths
of the Bézier method seem to approach the paths of minimum
distance compared to the FFS method.

Fig. 4 shows the distances between every two CVAD
generated with the Bézier method. It can be observed that, at
all times, a minimum safe distance (d,) is maintained between
all CVAD. Accordingly, the vehicles distances remain above
ds by a large margin for this scenario. Similar results were
observed for the FFS case (not shown) [15].

Figs. 5(a), (c), and (e) show the total (absolute) acceleration
(aj;), and the acceleration (a;) for each of the three CVAD,
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Fig. 3: Trajectories of the CVAD using Bézier method (1)
and FFS method (1F).
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Fig. 4: Distance between every two CVAD using the Bézier
method and ds = 1 m.

with j = 1, 2, 3, for both Bézier and FFS methods. Figs. 5(b),
(d), and (f) show the speed (v;) for the same three vehicles.
The total acceleration and speed profiles of each vehicle are
far below the maximum total acceleration and maximum speed
values, respectively, satisfying the constraints. In addition, the
profiles of both methods are smooth, as expected due to the
minimization of Awvw. However, the acceleration and speed
profiles of the trajectories generated with the FFS method
exhibit more variation compared to the ones with the Bézier
method. Accordingly, we can conclude that the Bézier method
is capable of providing more comfortable vehicle movement
with less computation time.

To evaluate the efficacy of the collision avoidance con-
straint, we present in Fig. 6 the numerical results of three
CVAD based on a larger value of safe distance, ds = 7
m. We observe in Fig. 6a a slightly different behavior of
CVAD,, which keeps more distance from the corner of the
IB (compare to Fig. 3) due to the activation of collision
avoidance constraints. It can be seen in Fig. 6b that the
collision avoidance constraint avoids the collision between
CVAD; and CVAD; at around ¢t = 5 s, and subsequently,
the distance between the vehicles (green dashed line) does not
go below the safe distance line (solid purple line).

V. CONCLUSION

This paper introduced the ITOP with free use of the
intersection space, called a plaza, by CVAD. There are no
vehicle movement-related constraints except for the intersec-
tion boundaries, which were properly modeled. The Bézier
curve method and discretization were used to transform the

10
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speed profiles of j-th CVAD, with j = 1,2, 3.
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Fig. 6: (a) Trajectories of the CVAD using Bézier method; and
(b) distance between them with dg = 7 m.

ITOP into a nonlinear program problem. The method is able to
generate near-optimal collision-free trajectories for the CVAD
coordination at the plaza. Finally, the results of the proposed
method were compared to the FFS method, showing slightly
better results.

Future work should consider more elaborate vehicle dy-
namics, vehicle dimensions, different completion times for
the CVAD, and free final states. Other objectives should be
evaluated and additional constraints should be added, e.g.,
bounds on jerk values. The continuous arrival of vehicles
should be handled along with a comparison with movement-
based approaches based on typical traffic performance metrics,
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such as traffic delay and intersection capacity.
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