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Abstract

Curvature constraint is an essential constraint for smooth turning because of the physical limi-
tation of vehicles on lateral acceleration during turning. In this research, we present three practical
curvature-constrained smooth turning scenarios for autonomous vehicle maneuvering scenarios: ordi-
nary turn, lane change on straight road, and lane change in roundabout. For each scenario, instead
of using concatenated path segments of lower-order curves, like cubic Bézier curves, we use the equiv-
alent 7'"-degree Bézier curves of simplified 7°-splines to design smooth uni-directional turning paths.
The scenarios serve well to illustrate that various curvature-constrained turning paths of 7*"-degree
Bézier form can be generated successfully through flexible selections of suitable parameter values by
the user or an iterative-search-and-verify process to explore the feasible parameter set in a more intu-
itive and computationally simpler manner. Mathematical inductions and examples are given in each
scenario, and the plots of the relationship between maximum curvature and the assigned parameter
show how our methods work.
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1 Introduction

Safety benefits expected by the automated driving systems are supported by fast and efficient online trajectory
planning. A simple smooth trajectory generation method is therefore a desirable feature. To attain efficiency and
flexibility of path planning, the a priori chosen path primitives that meet boundary conditions and smoothness
requirements can be employed to allow easy adaptation to complex environments and unexpected events.

These requirements therefore constitute certain type of path planning problem where curvature constraint is
more important to be taken into account. Though, there are various algorithms and types of path primitives that
take curvature profile into consideration, however, some of them are not kinematically feasible like visibility graphs.
For problems with tougher requirements such as lane change between two parallel lanes or within roundabout,
curvature affects directly the shape of the path, allowable velocity and normal acceleration, and lets the velocity
should be slower on path segments with larger curvature than with small curvature. Therefore, an appropriate
path for tracking and control should be considered with smaller variation of curvature. For generating smooth,
kinematically feasible and safe trajectory which is taken by the vehicle on the road with as low computation (fast)
as possible, we demand it by real-time safe operation of practical scenarios such as autonomous vehicles, and
urban driving in complex section of the route. With these conditions, spline interpolation is often a preferred
option of parametrized polynomial trajectory primitives since the boundary conditions and smoothness that are
consistent with the vehicle dynamics are encoded in the splines. Since G? continuous paths can result in jerky
vehicle motion, to ensure driving comfort, G® continuity of the path to be followed by the vehicle is required.
With all these conditions met above, curves, with curve parametrization ranging from splines, to cubic or quintic
polynomials, to cubic spirals, and clothoids are popular to applications to perform the trajectory generation.

Trajectories based on parametrized polynomials with the closed-form path representation can shorten the
planning time and need very little memory to meet real-time requirements. The reason is that the derivatives of
parametric polynomials are also polynomials whose coefficients depend linearly on the coefficients of the trajec-
tory so that the trajectory generation based on parametric polynomials can be reduced to the determination or
optimization of finite parameters to enhance the performance.

Among the parametric polynomial curves used in practical scenarios such as urban driving, Bézier curves
are one of the most well-known, popular, and extensively used parametric curves which have pleasant properties
such as smoothness and convex hull. Since in complex section of the route, the trajectory is required to be light
and fast computing, the Bézier curve which is based on polynomials and interpolated by its control points thus
requires low computation time and very little memory for real-time trajectory generation and is the best choice.
By enforcing the convex hull of the chosen control points not intersect obstacles, the Bézier path constructed from



the control points will be inside the convex hull and therefore collision-free. The smoothness of Bézier curves
guarantees that the path equation is continuous, including its first and second-order derivatives. Therefore, we
can just easily assign the control points to generate a smooth curve. In trajectory planning, some papers use
Bézier curves to design the path in the scenario of lane change [1][2][3] and in roundabout path planning [4][5].
Path planning algorithms, like RRT, use Bézier curves to smooth the jagged path [6][7][8]. However, the curvature
and curvature derivative of Bézier curves are nonlinear functions of control points and their derivatives. It is hard
to design high-order Bézier curves complying with curvature and curvature derivative constraints.

Note, depending on the smoothness requirement, trajectory generation with curve parametrization (path prim-
itives ) using different types of curves, ranging from splines, to cubic, quartic, quintic polynomials, to curvature-
defining curves such as clothoids and cubic spirals. are proposed. To attain efficiency and flexibility of path or
trajectory planning, the a priori chosen path primitives that meet boundary conditions and smoothness require-
ments are particularly useful. For further path computational efficiency, it is desirable to reduce the DoFs of a
path primitive whenever possible. A common approach to trajectory planning is polynomial due to its design
simplicity. Trajectory based on polynomials needs low computation time and very little memory , thus suited
well for real-time applications. However, high order (more than 5) polynomial also has more coefficients to be
determined, and complicated curvature expression , thus more computationally expensive . It has not yet been
extensively studied in trajectory planning with some exceptions [16][8].

For smoothing sharp corner, curvature—continuous and bounded curvature path is generated based on concate-
nation of two cubic degree Bézier curves [22]. Quartic Bézier curve was proposed to generate a G? (continuous-
curvature) trajectory with curvature and velocity constraints [17]. Only 3 free parameters are required to deter-
mine the 5 control points defining the quartic Bézier curve.

A continuous-curvature curvature-constrained path computed by CC-steer is composed by tangential line
segments, circular arcs and clothoid arcs with closed -form curvature expression [18]. However, lack of closed-
form path expression of cc-steer makes the path computation and following can be achieved only approximately.
A single interpolating polynomial path, called 73-spline, was proposed for a path with continuous-curvature
derivative [18].

A flexible approach was the concatenation of multiple path segments, which may be different, connected
with smoothness requirement. Bi-elementary path based on clothoid in combination with arc was proposed for
lane change on curved road with small curvature [19]. This leads to additional computational effort for joining
the different segments. This work [20] proposed a cubic B-spline based continuous curvature (G?) curvature-
constrained forward-backward path generation method, with small curvature derivative discontinuity.

Piazzi et al.[9] invented a kind of 7t _order curve called n®-splines. n°-splines help us design paths easily as we
only need to assign the boundary conditions, i.e. the position, direction, curvature, and derivative of curvature of
endpoints and a vector called n vector which contains 6 path-defining parameters to adjust the path. Since the
configurability of the curve is very flexible but results in a huge search space and causes unacceptable executing
time, we can reduce the DOFs to 2 to save the computation time. n®-splines of that kind are called simplified
n3-splines. In our previous research[10], we found the relation between simplified n3-splines and 7t _order Bézier
curves. With this relation, simplified 7°-splines can be transformed into Bézier curves. As a result, a simplified
n3-spline can be seen as a curve that combines both the benefits of n®-splines and Bézier curves, i.e. the simplicity
of design from 7°-splines and the collision-free detection method by finding convex hull from Bézier curves. We
also presented some applications for the conversion method in our previous works[10][11].

In the practical aspect, curves need to fulfill the physical limits of vehicles, such as velocity, acceleration, and
curvature limit. Many authors discuss how to constraint curvature with all kinds of curves. Choi et al. [12] gave
the explicit solution for maximum curvature of a 3"%-order Bézier curve. Cimurs et al. [13] assigned a circle with
the minimum radius and made the curve fit the circle by adjusting control points of a 3"*-order Bézier curve. Li
et al.[14] set up a multi-objective function to consider the boundary conditions including maximum curvature for
a 5"-order Bézier curve.

The higher the order is, the more we can control the curve by adding more boundary constraints, such as
curvature and derivative of curvature of endpoints. For example, the derivative of curvature at the endpoints in a
5'"_order Bézier curve cannot be 0, but a 7*"-order Bézier curve can. However, high-order polynomial functions
have more coefficients to be determined and thus cause complicated curvature expression. Most papers focus on
implementing 7*"-order Bézier curves instead of discussing how to constraint maximum curvature. For example,
Neto et al.[8] used 7*"-order Bézier curves to let the endpoints curvature be 0 so that it is simpler to implement
RRT algorithm.

To account for arbitrary nonzero curvature and arbitrary curvature derivative at either one or both ends of
the curve such as entering the roundabout or curved road, our previous work [10] proposed a transformation
that brings a family of 2-parameter n°-splines into equivalent 7""-degree Bézier curves as the simplest single
directional smooth maneuver from the start to the goal. In this paper, focusing specifically on turning on
the road in a wide range of driving scenarios, lane change in particular, a forward uni-directional trajectory
based on simplified n*-splines, which have flexibility to take safety and comfort(limited lateral acceleration or
curvature) into account, is generated. A feasible trajectory can be found by iteratively searching the trajectory
parameters 71 and 72 of simplified n®-splines for determining the control points of its natural equivalent 7¢"-
degree Bézier curve and trajectory duration 7" until all obstacles are avoided in the environment, while curvature



constraints are not violated and other kinodynamic requirements are met. These results can be applied in many
applications and autonomous driving for example as a G® conitnuity solution to specific curvature constrained
turning maneuver problems is required. The convenience of this computationally simpler approach can be extended
to multiple maneuvers, for example to steer the tractor-trailer [10]. The determination of the number and location
of waypoints for multiple maneuvers based on simplified 1> splines, is proposed a variable length genetic algorithm
in combination with bidirectional RRT™ in our early work [15].

The main contributions in this research are listed as the followings.

1. We discuss how to constrain curvature on 7‘"-order Bézier curves instead of lower-order curves. The
restriction of zero curvature at both ends of the path such as required in driving on straight roads is
alleviated by the use of 7Tth degree Bézier curve for driving on curved roads.

2. We solve the curvature constraint problem case by case since it is hard to get the general form of curvature
equation for 7*"-order Bézier curves.

3. we discover the simplicity and flexibility of path design which relies on only two parameters at most for
planning the control points intuitively and iteratively.

4. We provide other numerical simulation data for designed paths of 7*"-order Bézier curves by considering
maximum curvature.

And the benefits of our path design can be organized as below.

1. A dynamically feasible trajectory is a trajectory complying with the constraints (boundary conditions,
kinodynamic constraints etc.). The feasibility set is representative of the dynamic as well as operational
constraints for checking the validity of kinematic geometric path. The feasible space of the path-defining
parameters of a simplified i3-spline is reduced to a box (a parametric interval for each parameter), allowing
path optimization treated as easier parameter optimization with computational efficiency for online path
generation.

2. Since G* continuity (third-order geometric continuity) ensures continuous jerk, while G? doesn’t. It allows
path optimization of the paths with respect to a cost function such as jerk or consumed energy to minimize
the curvature derivative.

3. An advantage of using the 7'h degree Bézier form is we can generate various paths through selection
of suitable parameter values in a more intuitive manner. Specifying nonzero boundary curvature and
incorporating collision avoidance at the same time can be achieved more easily and intuitively to some extent
via the Bézier form, and its closed-form provides a low complexity of trajectory computation. Therefore, we
will use the Bézier form of simplified 77® spline to simplify the manipulation of the curve by manipulating the
convex hull confining the spatial extent of the curve: If the convex hull for the chosen control points doesn’t
intersect the obstacles, then the Bézier path constructed from the control points will be collision-free.

The rest of this paper is organized as the following. Section 2 gives a brief introduction of Bézier curve,
n3-spline, and the relation between Bézier curve and n°-spline. Section 3 illustrates the design method in three
road scenarios with examples. Section 4 gives the conclusion and future work.

2 Bézier curve and n3-spline

2.1 Bézier Curve

Bézier Curves are curves using control points to shape outlines as shown in FIGURE 1. To implement, we have
to assign n+ 1 control points Py, Pi,...,P, to interpolate curves with Bernstein polynomial functions. The curve
function is shown in (1).

Ct)=>_ Bin(t)P; (1)
=0

B;.n(t) in (1) is Bernstein polynomials. The definition is defined as (2) and (3),

Bin = (’Z) 1 -t i=0,1,...n, (2)

(3) = w6 g

The term n in (1), (2), and (3) is the order of Bézier curve. For an n'" order Bézier curve, n+ 1 control points
are needed. The parameter ¢, ranging from 0 to 1, is the input domain of Bernstein polynomial functions.

A pleasant property of Bézier curve is that the curve lies inside the convex hull, which means curves would
never stretch over the edges of the smallest convex polygon formed by control points. When t = 0 or t = 1,
the result of (1) is Py or P, respectively. Therefore, the first and the last control points of a Bézier curve are
coincident with end points respectively. FIGURE 1 shows an example of Bézier curve and its convex hull.



Figure 1: A 7*"-order Bézier curve with control points Py to P;. The convex hull of the control points is
shown as the polygon with blue edges. [10]

2.2 1n-spline
An n-spline is a 7" order curve with given boundary conditions to define it[9]. The boundary conditions are
Qa=[za,ya,04,k4,64]", (4)
and
QOp = [mB7yB,95,f<aB7/£}3]T, (5)

where z and y are the Cartesian coordinates, and 0, x and & respectively denotes the direction that defines the
unit tangent along the curve [cos 8, sin 6], curvature and derivative of curvature of the given point.
The equation of an n3-spline is defined as the following:

C(t) = [a(t) BH)]" (6)
at) = ap + art + aot? + ast® + ast* + ast® + at® + art” (7)
B(t) = Bo + But + Bat® + Bst” + Bat” + Bst” + Bet® + Brt’ (8)

where t is the same variable that defines Bézier curve, ranging from 0 to 1. The coefficients «; and (; for
1=0,1,...,7in (7) and (8) are defined as

Qo =2A 9)
a1 =mnicosfa (10)
g = %773 cosf4 — %7]125,4 sin 04 (11)
1 1 . .
as = g cosfa — 6(1713/<;A + 3mnzka)sinfa (12)
2 2 5. .
oas = 35(xp —xa)— (20m + 513 + gns)cos{% + (5m1%ka + 57713/@; + 2mnzka)sinfa
(13)
— (15 —§ —|—1 )COSQB—(§ 253—1 3%}3—1 KkB)sinfp
2 27]4 6776 2772 6772 2772774
as = —84(xp — xa) + (451 + 1003 + 15) cos 04 — (10012 ka + 1 °Ka + 3mim3ka) sin 64
1 2 1 3. 3 . (14)
+ (3912 — Tna + 5776) cosOp + (T2"kB — 5772 KB — 5172774/$B)sm9}3
15 2 15 2 . .
ag= T0(xp —xa) — (361m1 + —n3 + =ns) cosOa + (—m’ka + =m>Ka + 2min3k.4) sin 64
2 3 2 3 (15)
— (34 _ —‘,—1 ) cos @ —(E ’k 1 3 _3 kB)sinf
2 B T4 2776 B 2 2 KB 2"72 B 27727]4 B B
1 1 . 1 .
a7 = —20(xp —xa) + (10 + 213 + 6775) cosOa — (2m°ka + gmgm + 577”73“) sin 64
(16)
1 1 . 1 .
+ (10m2 — 2ma + 6776) cosOp + (27722/£B — 67723/13 - 5772774/£B)sm0}3
Bo =ya (17)
61 =m sin 0,4 (18)
1 1
B2 = 50 sinfa + 57712HA cosfa (19)

1 . 1 .
B3 = g5 sin 04+ 6(7713/@4 + 3mmnska)cosfa (20)



2 . 2 .
Bas= 35(ys —ya)— (20m1 + 5m3 + gﬂs) sinfa — (5m°ka + 57713'-6,4 + 2mm3ka)cosa

— (15 -3 -Q—l )sin 6 —l—(? ’k 1 K _1 kB)cosl ey
2 = 5Tt e B+ (gm ke = gM"KB — SNk B
Bs = —84(yp — ya) + (45m + 10ns + n5) sin 4 + (107]12/<;A + 7713:“&'/1 + 3mnska) cos fa
I 1 5. 3 (22)
+ (392 — Tna + 5776)811193 — (77722KB — 57723;-@3 — 57]2774&5)(:%93
15 2 . 15 o 2 3.
B = T0(ys —ya) — (36m + —n3+ =ns)sinfa — (=m " Kka + zm°Ka + 2mnzka)cosba
341 13 1 . 13 5 1 5. 3
— (34n2 — = na+ sne)sinbfp + (S n2 kB — N2 KB — SM2M4kB) cOsOp
2 2 2 2 2
1 . 1 . 1
7= YB — YA 1 M3 + =75)sSIbA M KA+ =11 KA+ z1M173KkA)cosba
B 20( )+ (1071 + 205 + C71s) sin0a + (2m°ka + o ”Kia + 5 ) cos @
(24)
1 . 1 . 1
+ (10m2 — 24 + 6776)511193 — (27722/<cB — 67723,‘-@3 — 5772774&5)(:0593
The coefficients «; in (9)-(16) and §; in (17)-(24) for ¢ = 0,1,...,7 in (7) and (8) depend on the 7 vector,
n=[m m m m s 76l (25)

The 7 vector makes 77°-spline has 6 degrees of freedom. For further path computational efficiency, it is desirable
to reduce the DoFs of n3-spline by setting 13 = 74 = 15 = 176 = 0. Therefore, the degree of freedom reduces to 2,
and the resulting family of parametrized curves with parameters 11, 72 is called simplified 7°-spline.

Note, the lateral acceleration is restricted to account for curvature constraint. And both longitudinal and
lateral accelerations can be adjusted by free parameters (control points) to uniformly accelerate from 71 to 72 so
as to turn gently at a lower speed without a sharp spike to comply with the curvature limit. Increasing the start
speed and end speed over all feasible trajectories can be effective to reduce the maneuver time (duration of the
trajectory).

2.3 The conversion method between Bézier curve and 73-spline

As shown in [10], since simplified 7°-spline is 7" order curve, we consider a 7" order Bézier curve. Assign n as
7, equation (1) will be

Ct)= Po(1—1t)" +7Pit(1 —t)° 4+ 21Pot*(1 — t)° + 35Pst> (1 — t)*

= 26
+35P,t" (1 — t)® + 21Pst° (1 — t)* + TPst®(1 — t) + Prt” (26)
P; is a vector containing 2 components P,; and Py; which indicate the x and y coordinates of P;.
Expand (26) and match the coefficients of simplified n*-splines in (9)-(24), we find
Poo=xa (27)
1
P =xa+ ?m cosfa (28)
2 1 5 .
Ppo=xa+ =mcosfa — —m kasinfy (29)
7 42
Pis= = +§ cos @ 1 2kasind L 3kasing (30)
3 A+ Zm AT M kA A~ g rA A
Pou= =z _3 cos @ -1 2kpsinf —|—i 3kpsinb (31)
w4 B~ 272 B = kB B+ g kB B
Pys = x5 — %172 cosfp — %ngzn}g sinfp (32)
1
Py =z — ?772 cosfp (33)
P1;7 =B (34)
Pyo =ya (35)
1 .
Py =ya+ ?771 sin 0 4 (36)
2 1
Pya :yA—i—?m sm@A—&—Em Kacos0a (37)
P,3 = yA—f—§ sinﬁA—i—i 2,'<;A(:056?A—|—i 3kacosfa (38)
v3 7m umn 210"

3 . 1 2 1 3 .
— [ — 39
Py4 = YB 72 sinfp + 1 N2 kKB cosfp 1 N2 KB cosfp ( )



2 . 1
Pys =yp — 7172 sinfp + E?’]22KB cosfp (40)

1 .
Py =y — 772 sin 0B (41)

Pyr =yB (42)

Via the transformation, we are able to use the Bézier form to simplify the manipulation of the simplified
n3-spline curve satisfying the boundary conditions by manipulating the control points of the equivalent natural
7th degree Bézier curve, while the convex hull of the control points provides outline of the curve for collision
check. In this path design approach, the starting velocity 71 and the ending velocity 72 of the forward trajectory
(single-directional maneuver) are the two path design parameters.

Our logic of choosing 71, 12 is to propose an appropriate eta value to make the trajectory natural and human-
like, i.e. a suitable maneuver time and the velocity should be slower for path segments with larger curvature than
those with small curvature, verified by a few trial simulations. The initial and final speed needs to be large enough
to account for the time optimality, and small enough to meet the constraints without causing large acceleration
or angular velocity (change).

Note, let r(¢) be the path. |r'(0)|, |r'(1)| are directly proportional to 71, n2 parameters. Since the given end
' (0)
77 (0)]

(closer to PoP1) while too small 7; will introduce excessively large curvature at the beginning of the path. Similar
reasoning holds for the other end ¢ = 1 for the parameter 7,.

Since n represents the end speed, its value should obey the speed limits set by the vehicle or traffic rules.
Most work on continuous-curvature lane change curve design assume the curvature at the ends are zero, which
is valid for straight road. From empirical evaluation, symmetric quintic Bézier curve with control points set in a
symmetric way is excellent in minimizing lane change time. The travel time T is estimated as %, where L is the

curvature k4 is related to Therefore, too large m1 will very likely make the path near ¢ = 0 straighter

path length. Thus, an initial guess of eta we may try is the chord length of Py Ps.

In the following driving scenarios we discuss, we use n>-spline as single directional maneuver (smooth path
without directional change), instead of bidirectional maneuver with forward and backward motions and a sequence
of small local maneuvers to fulfill the boundary conditions, which require additional computational effort for
joining the different path segments meeting the smoothness constraints.

3 Path Design for curvature-constrained turning

We present three curvature-constrained turning scenarios by using simplified n®-spline. All the paths are non-stop,
smooth, forward, and single maneuver trajectory solutions. Besides, we normalize the solutions so all of them can
be used on every different case. The three scenarios are used to highlight the ease of design of forward curvature-
constrained path continuous in configuration (position heading/tangent), curvature and curvature derivative to
satisfy the maximum curvature constraint using 7th degree Bezier curves with two design parameters (the starting
velocity and the ending velocity of the forward trajectory).

3.1 Ordinary turn

The first case we want to study is ordinary turn which every vehicle must encounter. For the definition of ordinary
turn, it means that the vehicle goes straight at first, turns counterclockwise toward direction €, and then backs
to go straight. Turning the definition into boundary conditions configurations (4) and (5), they become

Qa = [24,y4,04,0,0]" (43)

and
Qp = [z5,y5,05,0,0)" (44)

Without loss of generality, we set 4 = 0° and 0p = 0. Therefore, the control points equation (27)-(42) can be
expressed as

Pro=xa (45)

Py =xa+ %771 (46)
Pro =24+ %7]1 47)
Py =14 + %771 (48)
Ppa=2xp — gnz cosfp (49)
Pis =xp — %772 cosfp (50)

1
Py =25 — ?7]2 cosfp (51)
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Figure 2: two examples of the design of symmetric 7% order curve in ordinary turn. In each subfigure,
the blue curve is the path of Bézier curve and the black points are the control points. (a) is the case with
smaller distance between P; and Py while larger in (b).

Py =xp
Py =ya
Pyl =YyaA
Py =ya
Pys =ya

3 .
Pys =y — —m2sinfp

7
2 .
Pys =yp — ?772 sinfp
1 .
Pys = yp — 7172 sinfp
Py =ys

(60)

Observe the results above, we can find that if 71 = n2 = 7, except P3 and P4, all distances between P; and
Piy1 are the same. Therefore, the curve is symmetric with respect to the line that passes through the midpoint
of P; and Pr_;, for ¢ = 0,1,2,3, like FIGURE 2a and 2b. Moreover, it is reasonable to figure out the vehicle
behaviors, such as velocity, curvature, and derivative of curvature, would be symmetric with respect to half of
the time, that is ¢ = 0.5. With this property, it is ideal for us to constrain the maximum curvature happens at

t=0.5.

Given 7 and 6, the only variables are the end points locations which change the distance between P; and Pj.
From FIGURE 2a, we can imagine that the closer P3 and Py are, the more curved the path is at the midpoint.
On the other hand, the farther Ps and P4 are, the flatter the path is at the midpoint, like FIGURE 2b. That
is, the path has maximum curvature closer to ¢ = 0.5 when P; and P, are closer. We find that the maximum

curvature will happen at ¢ = 0.5 if P3 and Py are the same point. The following is the induction.

Without loss of generality, we set Ps = Py = (0,0). Given n and 6, from the equation of Ps and Py, (48), (49),
(56) and (57) become

we can get

3
PxSZCKA‘f'?'O:O

Poy=2z5 — %170059:0
Pys=ya=0

Pys =y — %nsin@ =0,

3
TA = 7?77 = -3A4

TB = %ncos@ =3Acosf
ya =0

Yy = %nsin@ = 3Asiné,



where A = 2 for simplification. Consequently, the control points equations (45)-(60) become

Py =-34 (61)
P = —2A (62)
Puy = —A (63)
P3=0 (64)
P.a=0 (65)
Pys = Acos? (66)
Py =2Acos6 (67)
P,7 = 3Acosf (68)
Py =0 (69)
Py =0 (70)
Pp=0 (71)
Py3=0 (72)
Py =0 (73)
Pys = Asinf (74)
Pys = 2Asin0 (75)
P,; = 3Asin6 (76)

With these defined control points, we can rewrite the path equation (26) into

B.(t) = — 3A(1 — t)" — 14At(1 — t)® — 21 A% (1 — t)°
+ 0404 21AcosOt°(1 —t)? (77)
+ 14Acos 0t°(1 — t) + 3A cos Ot”

and
By(t)= 0+0+0+0+0+21Asin0t>(1 —t)*

+ 14Asin 0t°(1 — t) + 3Asin 0t”

which respectively represent the x part and y part of curve. The two parts first order derivative of the curve are

(78)

B.(t) = TA[(1—-t)°+6t(1—1t)° +15t°(1 —t)*

+15cos 0t (1 — t)® 4+ 6 cos Ot° (1 — ) (79)
+ cos 6t°)
and ]
By(t) = TAsin 0[15t* (1 — ) + 6t°(1 — t) + t°)] (80)
The two parts of the second derivative of the curve are
B.(t) = 420A[—t*(1 — t)* + t*(1 — t)* cos 0] (81)
and )
B, (t) = 420Asin 0t*(1 — t)° (82)

Then we can write the curvature equation as

o Bsz(t) — Bz(t)By(tS) _ num (83)
(Bo(t)? + (By(1)?)z  den

It is obvious that the equation of the derivative of curvature is too complex to analyze. Consequently, we will
show that the local maximum of num and local minimum of den both occur at ¢ = 0.5.
The numerator of the curvature equation, num, is

num = 2940A%sin 0[t*(1 — t)® + 6t*(1 — t)”
+156°(1 — ) + 15t°(1 — £)° + 6¢" (1 — t)* (84)
+ %1 —t)%).
Let N(t) be
N@t)= 1 —t)°+6t"(1—t)" +15t°(1 —t)°

6 5 7 4 8 3 (85)
+15t°5(1 — 1)° + 67 (1 — ) + £5(1 — t)°.



The derivative of N(t) is
N(t) = 3t°(1—t)® +16t>(1 —t)" 4 33t*(1 — t)° (86)
—33t°(1 — )" —16t"(1 —t)® — 3t3(1 — t)%.

From (86), we can find the extreme value of the numerator of curvature by finding the roots of N (t) which are

£=0,0,0,1,1, % %[5 +1/5(9 + 2iv/26)].

Now we know there is a local extreme value at t=0.5. Next, we want to show that the local extreme value is local
maximum. Rewrite (86) as
N@t)= 3[°(1—1)°—t31 1)

+16[t°(1 — )" —t"(1 — t)°] (87)

+33[t" (1 —1)° — t°(1 — )"
when

0<t<0.5,
05<(1—-¢t) <1
Thus, for
a<p,
t*(1—1)" > (1 —t)”

Since all the tree terms in N (t) conform the condition a < 8, N(t) > 0 for 0 < t < 0.5. N(t) <0 for 0.5 < t < 1,
vice and versa. For the conditions above, N(t) has an extreme value at ¢ = 0.5 and concaves upward. As a result,

N(t) has a local maximum value at ¢t = 0.5.
As for the denominator of curvature equation, den, is

[N

den = (B (t)* + By(t)*)2. (88)
To find the extreme value of den, It is equal to calculate the derivative of B, (t)2 + B, (t). Let us define D(t) as
D(t) = B.(t)* + By(t)>. (89)

The derivative of D(t) is

2B, (t) B, (t) + 2B, (t) By (t)

= 5880A%[t°(1 —t)? —6t°(1 — t)°

—15t'(1 — )" — 15cos 0t°(1 — t)°

—6cosOt” (1 —t)* — cosOt*(1 — t)? (90)
+ cos 0t (1 — t)® + 6 cos Ot* (1 — )7

+15cos0t°(1 —t)® +15¢7 (1 —t)*

+6t5(1 —)> +£°(1 — 1))

o
=
~
=
[

Rewrite it as the same form in N (t), it becomes:

D(t) = 5880A%{[—t*(1 — )" +t°(1 — t)?]
+6[—t°(1—t)* +t3(1 — 1))
+15[—t* (1 =) + 7 (1 — )"
4+ 15cos O[—t°(1 — )° + t°(1 — 1)°)
+6cosO]—t"(1—t)* +t*(1 —1)7]
+cosO[—t3(1 — ) + 17 (1 — 1)®]}.

(91)

So, when ¢t = 0.5, )
D(0.5) = 5880A%{[—0.5"1 4+ 0.5"1] + 6[—0.5"1 + 0.5"1]

+15[-0.5"1 4+ 0.5"1] + 15cos 0[—0.5'1 + 0.5'1]
+ 6cos0]—0.5"1 +0.5"1]
+ cosf[—0.5"1 +0.5'1]} = 0.

Therefore, D(t) has an extreme value at t = 0.5. We can find that the first three terms of D(t) confirm the
condition

a<p.
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Consequently, the first three terms are negative when 0 < ¢t < 0.5. However, the last three terms, which contain
cos 0 respectively, don’t follow the form. As a result, we have to find whether the sum of the first three terms and
last three terms is nonnegative. Since cosf < 1,

D(0.5) < 5880A*{[—t*(1 — )" +¢°(1 — )]

+6[—t7(1 =) + 7 (1 = )]

+ 15[t (1 =) + 17 (1 - 1)

+15[—°(1 = 1)° +1°(1 —1)°]

+6[—t (L= t)" + ' (1 - )]

+ -1 -0+ 20 -0}

= 5880A%{[*(1 —1)*(1 —)® +¢°)(2t — 1)]

+6[E3 (1 = 6)* (1 =) + 1) (2t — 1))

+ 15[t (1 = ) (1 - t)> + %) (2t — 1)]}.
Only the term (2¢ — 1) can decide D(t) is positive or not as the other terms are all positive. The term (2t — 1) is
negative when 0 < ¢ < 0.5, so D(¢) < 0 whatever the value 6 is. Similarly, when 0.5 < ¢ < 1, D(¢) > 0. Therefore,
D(t) concaves upward and has a local minimum at ¢ = 0.5. With the above conditions, we can conclude that the
curvature x has maximum when ¢ = 0.5. However, the explicit equation of curvature is too complex because of
the term sin6 and cos¢ in B, (t) and By(t). Fortunately, we know that the numerator of curvature, num, has

coefficient A? since it is the product of B.(t)B,(t) and B, (t)B,(t), and the denominator, num, has coefficient A®
since B, (t)? + By (t)? o< A%. Therefore, the curvature can be expressed as

num  A? _1

T den ST A

For designing path, we define normalized curvature Ky as
kN = Ak (92)

We can calculate the relation between xkx and 6, and multiply A to get true k. The result is shown in FIGURE
3.

Now, we give an example of our method by setting A = 10 and § = 20°. FIGURE 4 shows the result, including
path outline and curvature profile. We can see that the curvature has its maximum value at t = 0.5. In FIGURE
3, we can know when 6 = 20°, kx = 0.2029. Divide this value by A, and we can get x = 0.02029 which is the
maximum value of curvature in FIGURE 4.

3.2 Lane change on straight road for 7 order curve

Another case vehicle must encounter is lane change. Lane-change trajectory is a generic turn for vehicle maneuver.
For the definition of lane change on straight road, it means that the vehicle goes straight at first, turns to another
lane, and then goes straight with the original direction. The boundary conditions configurations (4) and (5)
become

Q4 = [z4,y4,0,0,0]" (93)
and

QB = [:EB,yB,e,O,O}T (94)
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Figure 4: an example path of our method applied in the case of ordinary turn with symmetric curvature.
In the left subfigure, the blue curve is the path of Bézier curve and the black points are the control points.

Without loss of generality, we set # = 0°. Therefore, the control points equation (27)-(42) can be expressed as

Pro=1za (95)
Po=za+ %771 (96)
P =za+ om (97)
Pas=wa+ om (98)
Poy=1xp — %172 (99)
Pu,s =xp — %772 (100)
P.s =xB — %7]2 101

Py =z 102

(

(
Pyo =ya (
Py1 =ya (
Pyo =ya (105
Py3s =ya (
Pys =yp (
Pys = ys (
Pye = yB (
Pyr =ys (
FIGURE 5 are examples of this case with control points we show above.

From FIGURE 5a, the vehicle starts from Py, turns left, turns right when it is close to the near lane, and
then goes straight after the direction of its head backs to 0°. The vehicle behavior is symmetric if 71 = 72 = 7
and therefore the inital and final speed will be the same. However, since the direction of vehicle must change 1
time, the maximum of curvature can’t occur at t = 0.5.

Similar to the case of ordinary turn, fixed the offset of y coordinate, yg, the distance between Ps; and Pi
determines when the maximum curvature occurs. It is thinkable that the time that the maximum curvature
occurs is close to t = 0 if the distance is too far. On the other hand, if the distance is negative, that is, Py is
at the left-hand side of Ps, the maximum curvature will occur closer to ¢ = 0.5, like what shows in FIGURE 5b.
Nonetheless, the path will be too curved as we can see in FIGURE 5b. After some simulations, we decide to let
the x coordinate of Ps and P; be the same to make the behavior of vehicle more ideal.

Next, what we are interested in is how the value of 7 affects the path with given y offset. Without loss of
generality, we set ya = 0 and Py3 = Py4 = 0. To reduce the degree of freedom, we set

%n:ryB =rB (111)
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Figure 5: two examples of the design of 7*" order curve in lane change on straight road. In each subfigure,
the blue curve is the path of Bézier curve and the black points are the control points. (a) is the case with
non-overlapped segment along the x-axis while overlapped in (b).

where B = yp for simplicity and r is a constant. The equations of control points would become

Py =-3rB (112)
Py = —2rB (113)
Pro =—rB (114)
Pr3=0 (115)
Pra=0 (116)
Pys =rB (117)
P.¢ =2rB (118)
P,7 =3rB (119)
Py =0 (120)
Py, =0 (121)
Py =0 (122)
Pys =0 (123)
P, =B (124)
Pys =B (125)
Py =B (126)
Py;=B (127)
The = part and y part of path equation from (26) become
B.(t) = —3rB(1 —t)" — 14rBt(1 — t)°
2 5
—21rBt°(1 ; 1) + (2) (128)
+0+21rBt°(1—1t)
+ 14rBt°(1 — t) + 3rBt”
and
By(t)= 040+0+0+35Bt"(1—1) (126)
+21Bt°(1 —t)> + 7Bt°(1 — t) 4+ Bt".
The two parts first order derivative of the curve are
5 6 5 2 4
B.(t)= TrB[(1—1t)" +6t(1—1t)"+15t"(1 —¢) (130)

+15t5(1 —t)* + 6t°(1 — t) +1°)]

and )
B, (t) = 140Bt*(1 — t)°. (131)
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Figure 6: the time that the maximum curvature happens with respect to r

The two parts of the second derivative of the curve are

B.(t) = 420rB[—t>(1 — t)* + t*(1 — t)?] (132)
and )
B, (t) = —420Bt*(1 — t)*(2t — 1). (133)
The third order of derivative of the two parts are
B, (t) = 840r B[—t(1 — 1) + 3t>(1 — t)* — £3(1 — t)] (134)
and
B, (t) = —840Bt(1 — t)[—5t° 4 5t — 1]. (135)

The curvature of path can be expressed as the same equation of (83),

Bu(t)By(t) — Bo(t)By(t) _ num
(Bo(t)2 + By(t)?)?

den

The numerator is
num = —2940r B*(—1 + t)*t* (=1 4 2t), (136)

which has local extreme values no matter what the value r is. Nevertheless, r is not the common coefficient of
B.(t)? + By(t)? in the denominator. That means r affects the time that the maximum curvature occurs.

To solve the problem, we use numerical software to calculate the time that the maximum curvature occurs by
solving the roots of the derivative of curvature. The derivative of curvature can be expressed as

num

f= (T (137)

den

Where the numerator is ) ) ) )
(Ba(t)By () = Ba(£)By (1)) (Ba(t)” + By(t)°)
— 3(Ba() B, (t) — Bu(t)By(0) (B () Ba (1) (138)

+ By () By (t)).

~—

And the denominator is
(Bu(t)® + B, (1)*)3. (139)
Find the roots of the numerator and we can get the time, t,,q, , that the maximum curvature happens. It is
noticeable that we only need to find the root that is in [0, 0.5] since the curvature profile is symmetric. The result
is shown in FIGURE 6.
Like the case of ordinary turn, the curvature is also proportional to % because the numerator, num, which is
calculated in (135) has coefficient B and B (t)? + B, (t)? in the denominator has coefficient B%. As a result,

num B? 1

den “B T B

Therefore, normalized curvature, xn, in (92) can be used in this case. With ¢4 we calculated in FIGURE 6,
we can find the relation of maximum normalized curvature and r, which is shown in FIGURE 7.

Finally, we give an example of this method. We set B = 5 and r = 2. FIGURE 8 shows the result, including
path outline and curvature profile. From FIGURE 6, when r = 2, the curvature has its maximum value at
t = 0.34, consistent with the result in FIGURE 8. In FIGURE 7, we can know when B = 5, KN ,maz = 0.07215.
Divide this value by B, and we can get x = 0.01443 which is the maximum value of curvature in FIGURE 8.



Fpmax V'S T

0.3

02

01

Figure 7: the relation normalized maximum curvature and r

th : .
30+ 7" Bezier Curver:2 0015 curvature
25
0.01
20
0.005
151
101 0
5 o
-0.005
0
-0.01
S5t
-10 t ! -0.015
30 20 10 0 10 20 30 0 0.2 0.4 0.6 0.8 1

Figure 8: example of our method in the case of lane change on straight road. In the left subfigure, the
blue curve is the path of Bézier curve and the black points are the control points.

3.3 Curvature constraint method of lane change in roundabout for 7" order
curve

In modern city, roundabout is ubiquitous for its ability to reduce traffic jam. What is common for vehicles in
roundabout is lane change when vehicles want to turn into fast speed lane or want to exit roundabout. For the
definition of lane change in roundabout, it means that the vehicle drives along a lane, lanea, at first, turns to a
new lane, lanep, and then goes along the new lane. The boundary conditions configurations (4) and (5) become

Qa = [r4,y4,04,54,0]" (140)

and
Q5 = [¢5,y5,05, 55,0 (141)

The start or terminal state of lane-change in roundabout scenario is located on the lane of roundabout to align
with the start or terminal lane tangent, so that the tangent angle, curvature of the start or terminal state in this
scenario is determined. Without loss of generality, we set §4 = 0° and 05 = ¢. Thus, as shown in FIGURE 9,
¢ indicates the degree that vehicle passes with respect to the center of roundabout. The positions of end points,
(ra,ya) and (zB,yB), must be located with respect to the center of roundabout. ka and kp is the reciprocal
of ra and rp, the radius of lanes and lanep. That is, heading at the beginning and end should be tangent to
lane in the roundabout. Therefore, we can express (xa,ya) and (zp,ys) with ¢, k4 and kp. Without loss of
generality, we set (z4,y4) = (0,0). As a result, the center of roundabout is (0, i) and (zB,yp) becomes

1 . 1 1
(zB,yB) = (E sin ¢, P cos ¢). (142)
And the configurations of (140) and (141) become
Q4 =1[0,0,0°k4,0]" (143)
and
1.1 1 T
Qp =[—sing, — — —cos ¢, ¢, k5, 0] (144)

KB KA KB
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Figure 9: example of 7" order path design in roundabout lane change. The blue curve is the path of
Bézier curve and the black points are the control points.

In this case, it is easier to do induction from 73-spline aspect. There are lots of variables in the coefficients
of a(t) and B(t) in (7) and (8) and we mainly focus on how the curvature changes with different end points.
Therefore, we define a parameter r’ as the ratio of :—’j., and set m =12 = n = % to reduce the degrees of
freedom, where h is another constant. The coefficients a; and 3; in (7) and (8) become

o =7T4A (145)
ay = A cos 0° (146)
RA
2
s = LA sin 0° (147)
2KA
as =0 (148)
s 2
ay = 35’"Zi<’5 - 20/{i cos0° + 5:— sin 0°
A A A
149
h 5 h? | (149)
—15—cos¢ — = sin ¢
KA 27r'kA
! h o h2 o
as = — 847:& +45-" cos0° — 10 sin0
A A A
150
h I (150)
+39—cos¢ +T7——sing
KA KA
/o 1 2
ag = 70ﬂ — 36i cos0° + 15 h” sin 0°
KA KA 2 KA (151)
h 13 A%
—34—cos¢p — — sin ¢
KA 2 r'ka
! h R h2 o
ar =— 20TZ;“5 +10-" cos0° — 2. sin0
A A A
152
h R (152)
+10—cos¢p +2——sing
KA kA
Bo =ya (153)
B1 = —sin0° (154)
RA
1h? R
B2 = L7 os0 (155)
2 KA

Bz =0 (156)



2

1-— ! o o
Byi= 351270 90 Gnoo — 57 coso
h N 5 th " (157)
— 15— sin¢ + = cos ¢
KA 21r'kA
_ 2
By = — 84177 s P Gn0° 4107 cos0°
. KA » KA KA (158)
+39—sin¢g —7——cos ¢
KA N
_ 2
Bs = 70& - 36i sin 0° — %h—cosoo
h " 13 hI;A " (159)
—34—singp + — cos ¢
KA Ay
1 — ' cos 2
By =— 2027“’” + 10Ni sin 0° + 2:— cos0°
\ A , A A (160)
+10—sin¢ —2—— cos ¢
KA KA

We can see that except for ap and (o, the other coefficients have the common coefficient i , and the curvature
equation is

_ af-ap
TR "
where
d(t) = o1+ 200t + 30(3t2 —+ 4Oé4t3 (162)
+ 5ast® 4+ 6agt® + Tart®,
a(t) = 200 + 6ast + 12a4t” (163)
+ 20ast® + 30ast® + 420717,
B(t) = P1+2Bat +3Pst” + 4Bat’ (164)
+ 5B5t" + 686t + 7B7t°,
and .. 9
B(t) = 282+ 683t + 1204t (165)
+ 2085t + 3086t" + 428,t°
Consequently, the curvature equation is
. . 1
N - X num
aB 9/6'3 = ra = poq U (166)
(a2 + 32)2 — Xden den
A

where num and den are polynomials without k4. That is, the value of k4 is not important since it is just a
scaling coefficient. What important is the value of r’ which can directly change the profile of curvature.

The derivative of 2™ determines the local extreme points of curvature. By finding the roots of (%“2), we
can get the time, tmqe, that the maximum curvature, Kmqs, happens and get the ratio between Kmqee and ka.
However, the curve equation is too complex to calculate. Therefore, we turn into numerical simulation based on
the change of r’.

By experimental simulation, we choose n = %(i + é)(b = %(%)qﬁ which is close to the total length the
path moves. That is,

num

h= %(r’ +1)¢. (167)
There are two kinds of curve in the case of roundabout lane change which are shown in the FIGURE 10. The
main difference between these two curves is that the direction changes in the left figure, however it doesn’t in the
right figure. We think the path in the right figure is more ideal in roundabout lane change. The main variable
that controls this scenario is ¢. Therefore, we find the minimum degree, ¢min, that lets the direction of path
doesn’t change and the result is shown in FIGURE 11.
The derivative of curvature in this case can be expressed as

(@ — Gp)(&® + B°) — 3(ap — ab)(ad + B)

(62 + )2
With ¢min, we can calculate the relation between t,,.. and k numerically by solving the roots of the numerator
in (168), and the outcome is shown as FIGURE 12. For ¢ > ¢min the maximum curvature would be smaller.

Consequently, the largest curvature of the path without changing direction is at ¢ = ¢min. It is reasonable since
with larger ¢, the vehicle would go through longer path, and the path is of course smoother.

(168)
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Figure 10: two kinds of 7t curve design for roundabout lane change. In each subfigure, the blue curve is
the path of Bézier curve and the black points are the control points. The left one with smaller deflection
angle (20°) has more curved path while the right one with the larger deflection angle (130°) does not.
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The following is the example. In this example, we choose ' = 0.8. According to FIGURE 11, we get
Omin,r=0.8 = 69 and based on FIGURE 12, we have % = 2.4190. In FIGURE 13, k4 = %. The maximum

curvature is 2.4190k 4 = 2.4190 - % = 0.484 which is marked in FIGURE 13.

4 Conclusion

Since simplified n3-spline is a complex curve with high degree of freedom, the curvature equation is hard to
analyze. In this paper, we seek a forward(uni-directional) trajectory based on simplified n3-spline, which has G*
smoothness and flexibility to take the comfort (small curvature derivative) into account and reduce the degree of
freedom via the transformation to Bézier form with two free parameters restricted in a box constraint. We also
illustrate the simplicity and flexibility of the efficient convex path parameters computation procedure by leveraging
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Figure 13: example of our method in the case of roundabout lane change. In the left subfigure, the blue
curve is the path of Bézier curve and the black points are the control points.

the nice geometric properties of Bézier curves via three practical curvature-constrained turning maneuver cases
that admits simplified 73-spline trajectory solutions. In the simplest case, ordinary turn, it has explicit solution.
However, the other two cases, lane change on straight road and roundabout lane change may have to turn into
numerical calculation instead of explicit solution. With our method, flexibility for design of turning maneuvers
with physical constraints such as the maximum curvature and steering angle constraint is considered in this paper.
Nonetheless, there are still many cases we have not discussed yet, like entering roundabout and U turn. Therefore,
our future work is to keep finding the method to design path with more different cases. Another work in our to-do
list is to implement our method on path searching algorithms to compare the searching time with and without
our method.
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