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ABSTRACT This paper presents a parametric B-spline-based path planning approach for roundabout exit
traverse planners to handle successively generated trajectories. A roundabout is a complex driving scene
because of its large curvature and the varying intersection leg angles. A few studies focus on the relationship
between roundabout intersection leg angle and path performance. This paper discusses B-spline advantages
to curve road conditions and the impact of roundabout geometry elements on path planning performance.
Knot vectors are defined, and control points are calculated to meet the requirements for generating paths that
fit in different roundabout direction maneuvers. Four countries’ roundabout design standards are summarized
with their unique geometry elements. Additionally, the Stanley tracking controller was used to calculate the
steering behavior. The impacts of maneuver directions and intersection angles are discussed. It is explained
stepwise how the maneuver system framework was built and what notable impacts the geometric structure

of the roundabout has on the paths.

INDEX TERMS Roundabout, geometry elements, path planning, B-spline.

I. INTRODUCTION

Over the decades, there have been many breakthroughs
in autonomous vehicle (AV) mobility and safety work.
This noteworthy progress of self-driving vehicles is well-
developed; however, many achievements still need to be
accomplished by governments and industries to exploit intel-
ligent systems dealing with different driving scenarios [1].
Advanced driver assistance systems can now better manage
some traffic scenario cases than human behavior [2]. Because
of the limited sensor range and map accuracy, navigation in
a driving environment can be a challenge for autonomous
vehicles [3].

Path planning is essential for navigation processes among
all navigational tasks. Because all AVs need to move from
the starting point to the destination no matter what the
mission is. Path planning technique has been discussed
since the 1970s [4]: global and local path planning have
been addressed, depending on the environment and the
information of obstacles. Path planning techniques are dif-
ferentiated based upon the environment type, i.e. well-known
environment and partially-known environment.
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Developing intelligent path planning algorithms is one of
the most critical issues when designing maneuver architec-
tures under different road conditions. Roundabouts are a chal-
lenging scenario in urban environments. Although automated
planning on the highway scenario is maturing, the roundabout
scenario condition has been argued thoroughly since 2013.
Roundabouts still represent an unsolved challenge for devel-
oping a robust autonomous system among all the test scenes.
Gonzalez et al. summarized the path generation methods,
listed the motion planning techniques in automated driving
scenarios [5], and applied a proper parametric-based path
planner based on a French roundabout type [6]. The authors
generated the path to each exit with a Bézier curve. Chen et al.
conducted lane change path with a piecewise Bézier curve in
the XY plane, planning the vehicle trajectory on the ego path
and the speed profile according to the cubic Bézier approach.
The ego car velocity is calculated by dividing the setting
function in the Z axis [6]. Driving behaviors in roundabouts
were introduced in [7] and [8], and an Model Predictive
Control (MPC) planner fitting in mini-roundabout conditions
was built in [9].

This paper aims to solve the path planning and path track-
ing problem related to road geometry elements, i.e., consid-
ering roundabout design aspects at single-lane roundabouts.

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.
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The proposed framework is based on the parametric B-spline
method, and the path is generated via predefined waypoints.
Knot vectors and control polygons show the feature of path
shape, fitting in different country standards. The simulation
experiment results lead in two directions that simulate dif-
ferent path movements as maneuver directions. Then entry
angle, entry radius, exit radius, and circle diameter are con-
sidered as variables to illustrate the relationship between
intersection angle and path performance.

The main contributions of this study are proposed as:

e Generate path according to roundabout road condition,
use uniform B-spline interpolating the first and last point
of the path, govern the continuity and smoothness of
connection points.

e Integration of road structure data features for single-lane
roundabouts in different countries, route constraints and
waypoints selection can be carried out uniformly and
efficiently.

e Test the relationship between the roundabout intersec-
tion angle and path performance.

The rest structure of the paper is as follows. Section 2
reviews the advantages of the spline-based path planning
method and path following technique in the Stanley con-
trol strategy. Section 3 introduces the basic function of the
B-spline method; relevant mathematical functions will also
be illustrated there. The problem and solution for sys-
tem planner architecture will be presented in Section 4.
Section 5 represents the system planning method and the
tracking controller strategy. The discussion on driving behav-
ioral planning and results are presented in Section 6. Finally,
Section 7 delivers the concluding remarks.

A. RELATED WORK

1) PATH PLANNING IN B-SPLINES

Recently, path planning techniques mainly include four
methods [10]: graph-search-based, sampling-based, inter-
polating curve-based, and numerical optimization. Graph
Search Based Planners solve the path problem by visit vary
space grids. For example, Dijkstra Algorithm is used to
find the single-source shortest path in the graph [11] and
A* algorithm solves the problem via searching the fast
node. Sampling-based planner mainly includes RRT algo-
rithm, some researchers applied the RRT solution in the
roundabout scenario [12], [13], provided a fast and random
search through navigation space, and have been used to solve
the path planning problem. However, less consideration was
given to distinguishing structural differences between differ-
ent sections of the roundabout road condition, such as the path
constraints that the exit radius is larger than the radius of the
entry area. Using the interpolation method can avoid this kind
of road structure definition error. The interpolation method
solves the problem with road waypoints selection, which is
determined by the road structure and boundary constraints.
The advantage of the global interpolation planning method is
that it can be used in the case of a lack of scene information
from onboard sensors and communication network systems.
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To present the curve path, implicit, explicit, and parametric
expressions are allowed. The most common methods for the
interpolation curve method are B-spline, Bézier, and rational
Bézier curves [14]. Compared to Bézier curves, B-splines
are more complex, and the main difference between them
is the complexity of their mathematical definition. Bézier
curves allow fast computation and fast manipulation [14].
Han et al. present the right-turn Bézier curve in the intersec-
tion and illustrates the use of k-th order initial path and cut
path to find the shortest curve path. Some research presents
anti-collision work with the 4th-order of Bézier curve, meet-
ing the computation and manipulation requirements [15].

For parametric curves, two main problems can be
addressed. Firstly, the autonomous vehicle’s initial trajectory
definitions vary; secondly, the proposed path should fit the
obstacle in real-time to adapt to the dynamic environment.

B-spline curves were developed to overcome the limita-
tions of Bézier curves: the need for local control of the curve,
the difficulty in imposing C2 continuity, and the fact that
control points of a Bézier curve determine its degree [16].

The B-spline algorithm uses segmented continuous multi-
segment generation and consists of piece by piece curves.
Gloderer et al. used Akerman’s vehicle motion model to
create spline paths. A set of waypoints was given, minimizing
the transverse time to create an appropriate trajectory. The
authors also presented scenario cases to validate the algorithm
and showed the optimization results [17]. Connors et al.
set the path planner using the basis splines technique
(B-spline) via limited control point sets to reach the pre-
defined maneuver [18].

Meanwhile, Berglund er al. present eight cases validat-
ing that the geometrically designed paths are smooth and
fast to traverse. The paper considered fourth-degree, uni-
form B-spline methods to smooth the path and implement
obstacle avoidance proposals [19]. Additionally, Ahmed et al.
proposed a framework using the Genetic Algorithm (GA)
to ensure path smoothness requirements. Both segmented
polynomial and B-spline approaches have been used in the
main contributions to reach the optimization goal of path
length and safety. They use path potential field approach
to adjust the environment complexity. To eliminate the
collision probability, the researchers minimize the sum of
obstacles and maximize the entire path spotting area [20].
Kano et al. planned spline trajectories satisfying the smooth
requirements and giving an upper overcome bound on the
curvature [21]. Mercy et al. exploited spline properties to
minimize nonlinear optimization results and guarantee con-
straint satisfaction [22]. Maekawa et al’s algorithm can
deal with opposite direction path data and reach collision
avoidance [23]. The authors obtain the vehicle’s obstacle
information, states, headings, and the transverse area’s
boundary. They accomplish path planning through cubic
B-spline curve to interpolate the initial and end positions data.
However, there will be slight slope curvature discontinuity
at path knots. Ghilardelli et al. proposed a parameterized
curve method for heavy trucks, introducing n* splines by
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calculating eight parameters to define the path condition or
change the path direction. A parking case path generation was
illustrated as well [24].

The B-spline method maintains the Bézier curve advan-
tages and overcomes the disadvantage of lack of local
properties because of the integral representation. Moreover,
B-spline solves the connection problem when running com-
plex shapes.

B. PATH FOLLOWING ADVANTAGES IN STANLEY CONTROL
The most common techniques for AVs path following are
Pure Pursuit method, Stanley method, and MPC track-
ing model. These techniques play an essential role in the
autonomous navigation field and apply to different environ-
ments and road conditions. Ji et al. focused on the sliding cor-
ner case [25]. Daoud et al. applied both lane and double-lane
change maneuvers to execute the numerical solution for the
path following problems [26]. Liu et al. fixed the path fol-
lowing issue considering circular bends under four different
quadrants [27].

Researchers focus on integrated path planning and path
tracking methods as well. Model predictive method is used
more frequently in integrated path planning and tracking
tasks because of their numerical optimization characteris-
tic. The constraints are manually set as a range in most of
the work. Li er al. supposed a novel integrated framework
based kinematically-feasible path to deal with spatial path
planning problems. The actuators’ dynamics constraints are
implemented by restricted steering angle range. The model
uncertainty took part in combined feedforward and feedback
lateral control strategy [28]. Huang et al. used nonlinear
Model Predictive algorithm to optimize the dynamic con-
straints, i.e., the front wheel angle and brake torque, to reach
the single lane change maneuver [29]. Cao et al. proposed
a Model predictive function to optimize roundabout road
constraints and vehicle stability [30]. Constraints have flex-
ible and multiple ways to handle in the integrated frame-
work. Receding horizon optimization (RHO) was used to
solve the wheel torque and steering input constraints [31].
Ellenrieder et al. proposed a speed and path-following con-
troller that solved the dynamics constraints with equivalent
control. The control input was combined and mixed in the
model, introduced human cognition with a novel storage
function, and used super-twisting second-order sliding mode
to implement human-machine shared control on the path
following [32]. These methods concentrate more on vehi-
cle ego constraints, with few mentions of the scenario road
constraints.

Both Pure Pursuit controller and Stanley controller belong
to the geometric path tracking method. Geometric methods
are less impressionable to path smoothness, the shortage of
waypoints, and positioning errors [33]. Unlike Pure Pursuit
measures the distance from the rear axis, the Stanley con-
troller uses the central point of the front axis. Furthermore,
the Stanley controller features a correction for yaw difference
and a corresponding correction for the path tracking by cross-
track error.
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The Pure Pursuit method needs a careful choice of the
look-ahead distance [34] among geometric path-following
methods. However, the Stanley control can avoid the disad-
vantage and allow instant vehicle speed. Dominguez et al.
maintain good tracking precision at a low speed [35].
AbdElmoniem et al. used a modified Stanley controller to test
six different maneuver roads, such as hook road, S curve road,
curve Highway road, lane change road, multiple lane change
road, and straight road [34].

In most of the above work, the proposed solutions handle
path planning and path tracking issues with specific curve
roads or continuous curvature roads. The planner in this paper
deals with path curves at different angles within the range of
the roundabout standards[36] permits, including large curva-
ture roads and non-continuous curves.

Il. FUNDAMENTAL THEORY OF B-SPLINE CURVE
This section introduces the essential functions of the B-spline
curve related to the topic.

A. NONUNIFORM B-SPLINES
The de-Boor-cox recursive algorithm is the most popular
method for deriving the B-spline basis functions [37], [38].
The non-uniform B-splines (NURBS) function’s zero-degree
general expression provides good model shaping, which is
accurate and flexible [39]-[45].

I, tjp1 <t<tjiq
0, otherwise

Bjo (1) = { J=z1 ey
Building with non-decreasing order knots vectors, NURBS
express the piecewise basis of splines as follows,

t—1t litnt1 — 1
B = (5 Yo (220
lin — 1 litn+1 = Ljit+1
X Bj-‘rl,n—l ) 2)

After a linear combination of basis functions and weighting
factors, the control points or de Boer points are obtained and
calculated as,

FO=Y"" PO ) )

B. UNIFORM B-splineS

Uniform B-spline function consists of uniformly and equidis-
tantly distributed knots along the parameter axes. A charac-
teristic of a uniform B-spline is its equal distance between
two nearby knots. The integrated expression of uniform
B-splines is

n+1
n
Bja(t) = - ;;w,»,n (t—t)" (t—1)=0,--- ,m—n—1
@
where
n+1 1
o= [T —
j=oj#i T
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For a uniform B-spline curve, the matrix expression of its
equation takes the form

di—
di—k+1
Cy=[1r M| . 3)
d;
where the coefficients are My (k = 1, 2, 3) are
- 1 10
M| = (1)(1)i|,M2= -2 2 0,
L 1 -21
1 4 10
-30 30
Mi=13 630
| -1 3 =31
Their expression in matrix form is
1 4 107
1 -3 0 30|+
f(t)_g[POvPlvP27P3] 3 —6 3 O ¢ (6)
-1 3 =31 1

To match the first and last points of the curve to the first and

latest data points, respectively, we need to make sure the first

and last points p+1 conditions and their calculations, i.e.,
0=up=u = =uUp SUpy1 < - S lUm—p

= Um—p+1 = Un = 1

u0=M1="'=up
uj:uj_l+m+2pg=p+1,...,m—p+l) 7
Mm_p:um—p+1:"':um

Ill. PROBLEM STATEMENT

Travelling through the roundabout requires the vehicle to
generate path smoothly, considering geometrical elements
and fitting in the realistic road condition. A roundabout has its
characteristics because of the unique road geometry. Several
particular parameters distinct from the highway can affect the
driving behavior, such as the number of entrances and exits,
path calibration, traffic rules, geometric frame setting, or lane
number [27]. As for the geometric-based path planning and
control point generation, we propose that the roundabout
driving condition identify three stages, i.e., entrance, circu-
latory roadway, and exit, as Figure 1 shows.

The entry angle, shown in Figure 2, is the angle of conflict
between entering traffic and circulating traffic. In general,
too low an entry angle produces poor viewing angles in the
turning direction, causing drivers to look over their shoulders,
which is complex, and may encourage merging behavior
similar to freeway ramps. At the same time, too high an
entrance angle may not provide sufficient positive alignment
to deter staggered traffic, reduce capacity, and may produce
excessive entrance excursions that can lead to sharp braking at
the entrance with rear-end collisions [36]. Therefore, national
traffic road design standards are an essential indicator for
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entry radius
exit radius

splitter island

FIGURE 2. Roundabout geometry elements and vehicle path constraint.

planning vehicle behavior. The needs of road conditions make
vehicle behavior vary from country to country. The exit radius
is slightly larger than the entrance radius, allowing vehicles
to exit the roundabout more smoothly, except for the different
entrance angles.

A roundabout setting is used to reduce the traffic junction,
and the primary purpose is to let the vehicle go through the
intersection safely. In this case, the primary goal for path
planning is to let the vehicle transverse the roundabout com-
fortably and smoothly. Algorithm 1 shows the main phases
of vehicle driving behavior when passing through the round-
about. This setting differs from other road conditions, and it
is crucial to check vehicle driving conditions in circulating
roads when approaching the roundabout merging zone. When
the ego car finds itself in the safety phase, the global planner
starts to plan the maneuver based on the exit going decision.

Due to the actual vehicle structure and the road geometry
characteristics, the system needs to satisfy the following con-
straints as the data in Table 1. We summarize the geometric
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Algorithm 1 Roundabout Maneuver System Planner

Initialization: while the ego car approaches the roundabout
The ego car decides on the mission
repeat
Select appropriate lane before entering the roundabout;
Yield to pedestrians in the crosswalk;
Drive on the global planner path;
Confirm the roundabout geometry parameters;
Select waypoints based on the entry radius and entrance angle phi
Start B-spine generator and tracking controller
until Update state function and travels through the roundabout successfully

Output: The vehicle completes the mission and passes through the roundabout

parameters of single-lane roundabouts in different countries.
The waypoints and road constraints are defined according
to the entry and exit allowed by each country’s standards and
the roundabout’s structural characteristics.

TABLE 1. Geometry parameters of single-lane roundabout.

Geometry Standard area Single-lane roundabout
parameters
UK 20°-40°
Entry angle Swiss 45°-90°
German -
Us 20°-60°
UK <100 m
Entry Swiss -
radius German >14m<18m
[N >15m<30m
UK -
Swiss -
Exit radius German >16m< 18 m
uUs > 15 m, with values of 30 to 60 m
being more common
UK >28m<36m
Circle Swiss >27m<40m
Diameter German >30m<50m
UsS >27m<54m

Considering the safety and comfort of vehicle driving, the
lateral acceleration constraint of the vehicle is as follows

—1m/s? < Vi< 1m/s* (8)

To protect vehicles from moving off the road, set the
value of the feasible domain boundary in the road coordinate
system to be a half-car width away from the edge of the road

W, W
SLmin+7 gsg SLmax_T (9)

As shown in Figure 2, SLyax /SLmin are the limit position
offsets of the right/left road boundary, respectively, and W,
represents the vehicle width.

IV. SYSTEM PLANNER GENERATION

A. MANEUVER PLANNING DEFINITION

There are two main mathematical methods used in trajec-
tory planning. One is the polynomial interpolation method,
including Lagrangian interpolation and Newton’s interpola-
tion; the other is the spline curve interpolation method.
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FIGURE 3. Cubic B spline curve piecewise segment connection points
correspond to control polygons.

Spline interpolation was originally used for function
fitting. In contrast to the cubic polynomial interpolation
method, it is more realistic that the curve is fitted by the spline
interpolation method in the roundabout. The useful properties
of B-spline based interpolation algorithm can be listed as
follows, which also present the B-spline curve advantages:

e Continuity and smoothness of the spline curve is assured
at the connection point.

e The first and second-order derivatives of the cubic spline
are continuous.

e A single knot does not affect the whole interpolation line
due to the local supportive property. It is much more
convenient for a vehicle to modify the path point datasets
and control points during driving.

Control points determine the weight of each part function
in the spline shaping. The relationship between control points
and knot vectors for each spline segment is represented as (3).

We were given a set of data points P = po, ...,pn € Ry.
The first and last data points py and p, are used as the first
and last points of the cubic B-spline interpolation curve.
The internal data points py, p2, - - - , py—1 can be seen as the
piecewise segment connection points of the cubic B-spline
interpolation curves in turn, then the curves are in n segments.
This section needs to select the appropriate parameterization
method to back-calculate the control points according to the
distribution of data points.

The knot vectors of the cubic B-spline segment can be
obtained respectively. The B-spline path is a piecewise vec-
tor function, and due to the local support property of the
B-spline, a cubic B-spline path is affected by only four control
points. Assume that segment connection points of the spline
curve correspond to the control polygon’s remaining control
points, except for each segment’s position. Expanding and
normalizing them, the knots vector formulation is

7 — [01070’0’ ll+lz,ll+lz+l3
L L

h+b+- 41,
1+h+ +nz’171’171}

g e ey

7 (10)

In the roundabout scenario, the data points are col-
lected mainly from the middle point of the yield line and
the midpoint of each of the circulatory roadway’s eighths.
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FIGURE 4. The same roundabout entrance to three different exits
selected data points (circle) and their control polygons (blue line).

As Figure 4 shows, the black circles are the data points
collected from the roundabout model. Each data point is
also the connection point of adjacent sections. In this way,
the B-spline curve can be calculated piece by piece in the
scenario. Select different data points selection will change the
curve shape. As Figure 5 illustrates, the last control point has
good performance on parameterization method interpolation.
When the number of data points changes, the control points
affect the spline curve shape, but three curves constructed by
different knot vectors pass through the data points collected
from the roundabout model.

We align the first and last points of the curve with the first
and last data points, respectively. The first and last control
points of a curve with a knot vector can be described as

T= fO,fl, ’tkflstk’tk+ls ’tnflvt}’lvtrH»l’ ’thrk

k equalknots

(11)

B. PATH CONTROL POINTS SOLVING BASED ON KNOTS
VECTOR

In this study, the cubic B-spline interpolation algorithm is
used to generate the path and the control points b;,i =

kequalknots n—k+linternalknots

50 2
a0t 0 two piecewise generation curve
(blue line)
_p 1=
@

30 .

-4. . .

three pipcewise generation curve 3

5 (green line) .
207 four piecewise generatfo

-8 1

&)
10
-10
oL N8 16 14 12 -10
@ i
=
10 =2
20 i i i i
-50 -40 -30 -20 -10 0 10 20

FIGURE 5. Different pieces curves generation.

(ui+3) represents the parameter value of the initial point,
i € [0,m — 4]. From (12), m — 3 piecewise section, initial
knots can be obtained. The control point calculation matrix
can be expressed as follows

Po=Vy
Pi(ui+3) =
Vi
Vit1
B; (uiy3) Biv1 (4i13) Biy2 (uiy3) Big3 (uiy3)
2
Vit

Pyp1=Vu-1
13)

The equation has m unknowns, and two additional end-
point conditions are needed to solve the equation. The linear
equation transfer to the matrix is as follows. Equation (14),
as shown at the bottom of the previous page.

1,2,---,n—3. The initial control point can be expressed by
Pi(ui+3) C. B-spline BASED PATH GENERATION
Vi The selection of the actual data points depends on the change
Vit of the preset path driving decision, and the fixing of the
= B; (Ui+3) Bi+1 (4ix3) Biys Wi+3) Bit3 (4iy3) V. selection points completes the section of data points for the
i+2 whole driving route.
Vits As shown in Figure 6(a), (b), (c), the whole route map of
(12) five kinds of roundabout exit cases are shown, respectively.
Bi,3 (u3) B33 (u3) Bo,3 (u3) Vi q0
Bi,3 (us) B33 (u3) B33 (u3) V2 q1
e e =1 ... (14)
: Bn43W3) Bp33W3) Bpo3ws) || Va3 Gn—4
Bn—1,3 (u3) Bn33W3) Bp23u3) | [ Vasa qn-3
VOLUME 10, 2022 81439
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FIGURE 6. (a) The paths connect the entrance, circulating roadway, and
different angle exits smoothly. (b) Piecewise B-spline path planning
through the circulating way to a new exit, this case is an example for
driving miss out the second leg, and driving back through the circulatory
roadway. (c) Path generates a U-turn entrance-exit maneuver.
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The maneuver to the second exit leg is symmetric. We defined
the second data point as the starting point of the merging
zone, the third and fourth points making the decision dif-
ference from other exit reference paths, as shown in the
Figure 6(a) zoomed picture. After the fourth data point, the
vehicle makes the execution to join the first exit leg, and
a yellow path means the vehicle has already traversed the
roundabout. The path generation to the third leg and fourth leg
has a common period in circulating, which means the knots
vectors setting on the circulating way should be the same.

The common denominator between the U-turn and driving
miss-out to the first leg cases path generation is waypoints
on the circulatory roadway. Since the two cases, as shown in
Figures 6(b) and (c), are mainly composed of a roundabout
inner circle and a merging zone path. The knot vectors should
be set according to their driving decision orientation; the
merging points of the entrance and exit section are the middle
point of the circulating circle’s yield line and the octant point.
The paths are generated piece by piece after solving the
control point calculation.

D. TRACKING CONTROL LAWS

The Stanley controller is based on the concept of cross-
track error. Calculating the cross-track error: e, the orthogonal
length make from the middle point of the front axle on path
point (sx, sy), set a nonlinear function and achieve conver-
gence of the cross-track error exponent to 0. §(t) represents
the control variables, controlling the steering wheel angle that
can be obtained intuitively from the relative geometry of the
vehicle attitude and the given path, which include the cross-
track error e and the heading deviation 6, in (15)

8 (1) = 8e (1) + e (1) 15)

The lateral tracking error represents the stabilization of the
vehicle. The prospective trajectory of the ego vehicle make
out the distance d (), the tangent of the nearest point on
the given path from the front wheels. The following function
illustrates the relationship clearly,

e(t) ke (1)
——= arctan

d (1) v (1)
where d (¢) is connected with the vehicle speed and expressed
in terms of the vehicle speed v (¢) involving the gain param-
eter k. The arctan function shows a front-wheel deviation
that faces the desired path, and the vehicle speed limits the
convergence v (7). The steering control law can be shown as,

ke (1)
v (t

d¢ () = arctan (16)

8e (t) = 6, () H+arctan

a7

and the derivative of the cross-track error is
e(t) = v(t)sin(0(t)—358(1)) (18)

In this work, the circle diameter is set to be 32 m. Each
run sets the initial point and endpoint and chooses different
knot vectors to reach global planning. In this section, recurve
path cases are presented as well. Case studies (c), (d), and
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FIGURE 7. The implementation of five study cases of the vehicle at the
roundabout. The blue line is path planning results; the red dots line is the
tracking route of each study case.

(e) represent special cases in driving scenarios, as the planner
needs to switch into the back points as the vehicle makes the
decision to travel to different legs.

V. EXPERIMENTAL RESULTS AND DISCUSSION

In the results presented in this section, the piecewise B-spline
method generates roundabout entrance, circulating road, and
different exit direction paths and connects them smoothly; the
Stanley tracking controller verifies the continuity and comfort
of paths. Sections 5.1 and 5.2 build the model based on two
circle diameter limits.

As shown in Figure 8, the roundabout test framework
illustrates the main procedure of the whole test. For differ-
ent driving directions, segmentation of the route and their
waypoints selection will be introduced more specifically in
Table2. The algorithm and simulation were implemented in
MATLAB 2021b. The commands settings are as follows: the
wheelbase of the vehicle is 2.6m, the simulation step is 0.01s,
the system planner and solution are using MATLAB Function
to build, and the path data are stored and loaded via mat. file
in MATLAB.
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System planner
Select the mission

Segmentation of the rout.

waypoints selection

Five case studies on | Different route |
different driving directions intersection angle test
PID control

FIGURE 8. Roundabout test framework.

A. FIVE CASE STUDIES ON DIFFERENT DRIVING
DIRECTIONS

As shown in Figure 7, the geometric result has been illustrated
by the path planning phase. In this section, we mainly discuss
the path tracking results of the five case studies.

Figure 9(a) to Figure 9(e) correspond to the five global
planning study cases; all the cases were tested on the yaw,
the velocity, and the cross track error parameters.

Figure 9(a) shows the maneuver that goes directly to the
second exit, and the cross-track error was changing a bit
rapidly at the curve generation part. In this study case, the
gain parameter was set to k = 0.01. Figure 9(b) is the
vehicle that travels through the third exit, with the same
parameter settings as the previous study case. We simulated
the cross-track error and yaw value. It can be noted that the
cross-track error changes more significantly when the path
curvature is more extensive.

In Figures 9(c), (d), and (e), the paths all travel through
the majority of the circulating way, which means the last
index of the route cannot be the length of the reference path
x-axis vector. The paths all have different degrees of recurve,
and the cross-track error changes based on their path recurve
character. It is clear that in Figures 9(c) and (d), the
paths are recurved once, Figure 9(e) has a recurved period
twice.

The longitudinal controller was set as a PI controller to
manage the speed profile and choose the target speed of
30 km/h. From the figures above, the velocity is maintained
in a stable section.

B. MANEUVER GENERATION BASED ON INTERSECTION
ANGLES

In this section, the system planner test in thirteen groups. The
Table 2 demonstrates each group’s specific test parameters,
i.e., the roundabout outer radius, entry radius, exit radius, and
intersection angle of roundabout legs. Waypoints selection
follows the rule in the system planner, segment the route into
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TABLE 2. Path elements data in intersection angles ranged from 60 to 120°, with a 5° increment.

DETERMINED WAYPOINTS COORDINATES
o ENTRY ENTRY
G R;};Ez FILLET FILLET INTERSECTION
ROUP 0 RADIUS ( RADIUS ( ANGLE (°)
%) %)
APPROACHING ZONE INNER CIRCLE ZONE EXIT ZONE
-24.73,-6.06,0;
-68.68,-1.57,0; ~0.06,0; 21.13,-33.70,0:
1 25 60 65 60 iy -19.61,-12.71,0; ; s
-38.68,-1.86,0; T2 0; -35.97,-59.77,0
24.26,-6.27.0;
-68.68,-1.57.0; -19.36,-11.82,0; -18.11,-35.53,0;
2 25 60 65 65 38.42, -1.86,0; -15.08,-24.10,0; -30.51,-62.74,0
-16.67,-32.50,0;
-24.51,-6.63,0;
-68.68,-1.57,0; ~0.63.0; -14.01,-33.95,0;
3 25 60 65 70 e -19.57,-11.07,0; ; s
-37.68, -1.86,0; 143418830 24.57,-65.27,0
-24.63,-5.98,0;
-68.68,-1.57,0; 90,0 -10.18,-32.84,0;
4 25 60 65 75 U -18.34,-12.53,0; ; s
-38.68, -1.86,0; 135319370, -18.27,-65.05,0
-24.79,-5.71,0;
-68.68,-1.92,0; o110 -8.19,-38.41,0;
5 25 60 65 80 el -18.34,-12.53,0; ; o
-38.68, -1.86,0; 135319370 -13.68,-67.42,0
25.20,-5.35,0;
-68.68,-1.92,0; -18.26,-12.32,0; 4.91,-35.09,0;
6 25 60 65 8 -38.68, -1.86,0; -13.05,-17.48.0; -7.03,-67.75,0
-8.33,-21.99,0;
24.84.-5.64,0;
-68.68,-1.98,0; -19.20,-10.75,0; -1.98,-36.37,0;
7 2 60 63 %0 -38.17,-1.93,0; -13.52,-17.10,0; -1.98,-69.24,0
-7.65,-22.80,0;
24.84,-5.64,0;
-68.68,-1.98,0; -16.75,-13.78,0: 1.55,36.56,0:
8 2 60 65 % -38.17,-1.93,0; -9.47,-20.13,0; 5.27,-69.21,0
-2.56,-26.73,0;
-26.13,-5.41,0;
-68.68,-1.98,0; AL 4.91,-36.77,0;
9 25 60 65 100 1950 -18.88,-11.37,0; ; s
-38.17,-1.93,0; 6.87.2085.0: 11.90,-69.66,0
-26.13,-5.41,0;
-68.68,-1.98,0; AL 7.73,-35.84,0;
10 25 60 65 105 R -18.88,-11.37,0; ; 0
-38.17,-1.93,0; 5,09.21.30.0: 17.42,-68.04,0
-25.35,-5.54,0;
-68.68,-1.98,0; 70 10.81,-34.50,0;
11 25 60 65 110 1980 -17.75,-12.73,0; ; s
38.17,-1.93,0; 469.21.65.0: 23.30,-66.15,0
-24.79,-5.71,0;
-68.68,-1.98,0; 710 14.39,-36.03,0;
12 25 60 65 115 19805 -18.34,-12.73,0; ; s
-38.17,-1.93,0; 6.20.20.93.0: 27.35,-63.78,0
-24.50,-6.89,0;
-68.68,-1.98,0; 20.89.0; 16.74,33.21,0;
13 25 60 65 120 200 -18.55,-13.15,0; 232105
-38.17,-1.93,0; 239,21 540: 32.75,-61.36,0
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0 0 2 0 El

FIGURE 10. Path illustration in intersection angles ranged from
60 to 120°, with a 5° increment.

the roundabout approaching zone, inner circle zone, and exit
zone.

As shown in Figure 10, the path was generated successfully
on intersection angles ranging from 60° to 120° by deter-
mined waypoints. The waypoints in Table 2 determine the
structure of the path polygon, satisfy the road constraints,
and the uniform B-spline method takes advantage of path
smoothing. The circle diameter is set to 50 m. The entry
fillet radius is set as 60 percentage of the outer radius. The
exit fillet radius sets larger than the entry radius because
of the roundabout design standard [36]. As the intersection
angle increases, the path elements via the circulatory roadway
generate more waypoints.

Figures 11 (a), (b), (c) were the chosen to be the val-
idation tests from group intersection angle 60° to 120°.
The vehicle heading changes significantly when intersection
angle becomes larger. The curvature calculations are based
on the real time x and y values, and the cross track error is
distributed dispersedly when curvature data approach back
to 0.

VI. CONCLUSION

Applying the basic traffic rules and normal vehicle behaviors
at roundabouts, this paper presents autonomous vehicle path
planning methods taking different exits, and combines the
geometric design elements of the road with the maneuver-
ability of the vehicle path design. The defined waypoints
take an important role on path structure and driving direction.
In the case of a right turn, the vehicle has the smallest path
radius and is expected to develop a lower speed than the
other possible travel directions. In the case of a straight-
through traffic circle or left turn, the path radius and vehicle
speed information are proven to be greatest. One of the
limitations of this study is that in the modeled case, the
longitudinal slope of the intersection leg is approximately
horizontal.

After data set building, the piecewise uniform B-spline
interpolation method was employed to schedule the knot
vectors path. The planner meets the path smooth require-
ment, especially in the continuous large curvature road con-
dition. Our work is based on the special geometric structure
of the roundabout, calculates the control points from knot
vectors, and solves the planner with the piecewise uniform
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FIGURE 11. (a) Path elements data on intersection angle 70°. (b) Path
elements data on intersection angle 90°. (c) Path elements data on
intersection angle 110°.

B-spline basis function. Simulation results illustrate that the
presented method could generate a trajectory that meets the
required constraints and meets the roundabout recurve path
condition. Moreover, the speed profile satisfies vehicle sta-
bility requirements, road constraints, and necessary comfort
conditions.
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