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Ergonomic Path Planning for Autonomous Vehicles
- An investigation on the effect of transition curves

on motion sickness
Muhammad Rehan Siddiqi, Sina Milani, Reza N.Jazar, Hormoz Marzbani

Abstract—Motion sickness in self-driving cars is a key human
factor that aggravates the passengers’ health in autonomous
vehicles and is investigated in the following pages. As drivers
turn into passengers and passengers dwell into other activities,
the probability of car sickness is inevitable in self-driving cars.
Path planning could serve an important role in reducing sickness.
The present study establishes thresholds that contribute to motion
sickness from a vehicle’s dynamic point of view to generate at
first the most susceptible reference track to motion sickness,
then redesigned using B-spline, Bezier, and Hermite curves to
investigate the thresholds. Trajectory tracking of an eight degree
of freedom vehicle model within the Autodriver algorithm is then
studied using curvature dependent and curvature independent
controllers to draw a comparison. Results are then compared and
evaluated to find the optimal transition curve to minimize motion
sickness probability. Furthermore, the findings are applied to
lane changing maneuvers using various transition curves. Results
indicate that four out of five of the motion sickness thresholds
were successfully addressed in this investigation. Further research
is recommended to address the fifth motion sickness threshold
by utilizing the transition curve’s key characteristics like local
control and non-uniformity.

Index Terms— Autonomous Vehicles, Transition curves, Path
Planning, Motion Sickness, Autodriver Algorithm, Ergonomic
path planning, motion planning and Road Design.

LIST OF SYMBOLS

vx,y Longitudinal and lateral velocities in vehicle
body frame

β Vehicle side-slip angle
ψ Yaw (heading) angle
r Yaw rate
φ Roll angle
p Roll rate
s Path-tracking error
κ Curvature
ρ Radius of curvature
m Vehicle mass
a1,2 Distance from mass center fo front and rear axles
Cαf,r Tire cornering stiffness at front and rear
CTf,r Roll torque coefficient at front and rear
Cβf,r Wheel-slip coefficient at front and rear
Cδφf,r Roll-steer coefficient at front and rear
Cφf,r Camber thrust coefficient at front and rear
cφ, kφ Roll damping and roll stiffness coefficients
Ix,z Roll and yaw mass moments of inertia

δ Steering angle
Fx Longitudinal force
X,Y Global coordinates of the mass center
Cr,p,β,φ,δ Force system coefficients of lateral equation
Dr,p,β,φ,δ Force system coefficients of yaw equation
Er,p,β,φ,δ Force system coefficients of roll equation
Sκ, Sβ , Sr Steady-state curvature, side-slip and

yaw-rate responses
Gr Vector ~r expressed in frame G
T Wheel torque
Rw Wheel radius
R Road radius of curvature

I. INTRODUCTION

A few automation levels have already been introduced to
vehicles, such as forward collision warning, adaptive cruise
control, and lane-keeping to fully automated driving. The
Society of Automotive Engineers have classified automation
into 6 distinctive levels; level zero indicates the absence of
automation; level one indicates a single task being automated;
level two has at least two or more tasks automated; level
three is where the vehicle handles dynamic driving tasks; level
four where cars are officially driverless and level 5 vehicles
are entirely autonomous,[1] with self-driving cars having the
potential to lead to significant benefits, such as increased
comfort and productivity.

The introduction of such systems has raised several classic
human factor issues, [2]. Of-particular immediate concerns
are the questions that arise at automation level 3 known as
Conditional Automation. The driver is expected to resume
vehicle control with a sufficiently comfortable transition time
in case the system reaches its performance limits; or because
the driver desires to return to manual drive. The safe and
comfortable transitioning between in-the-loop and out-of-the-
loop behaviours raises several questions, [2]. In a more general
sense, the fact that the passengers of such vehicles face a loss
of control has also raised more human factor questions such
as loss of control-ability [3], [4].

However, the integral point of discussion in this study
is the fact that most of the envisaged scenarios lead to an
increased risk of motion sickness [5]. This can negatively
affect user acceptance, uptake, and, in turn, limit the potential
socioeconomic benefits that this emerging technology may
provide. Hence, the present study provides a practical solution
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to resolve the problem of motion sickness in autonomous
vehicles because of self-driving technology.

The remaining structure of the paper is as follows: In
section 2, a review of the previous work done for passenger
comfort with more emphasis on the background of motion
sickness theories, its impacts on passenger cars and their
measuring techniques are mentioned. In section 3, the problem
is defined and the methodology used in the study is discussed.
In section 4, the details of the architecture of the path tracking
controller are explained. In section 5, the simulation strategy
and tools for investigating the problem are introduced. In
section 6, analysis of transition curves and their thresholds are
shown for a particular point selection. In section 7, mid-point
optimization is illustrated to limit motion sickness and finally
the conclusion and discussions for future work are presented
in section 8.

II. RELATED WORKS

Passenger comfort in ground transportation is determined
by the changes in the motion felt in all directions [3].
Studies that focused on the comfort levels in the longitudinal
direction are limited to acceleration or jerk motion while
ignoring lateral motion [6]. Bellem investigated comfort in
autonomous driving by studying different driving scenarios
[7]. Authors in [8] introduced definition for human-comfort in
autonomous driving for passenger vehicle navigation based on
electric wheelchair experimentation. Human comfort in terms
of enhancing the controller was discussed and optimized in
[9]. A cost function was developed based on five factors and
investigated by root mean square (RMS) and Fast Fourier
Transforms (FFT). The cost function was then used to optimize
the controller to follow a clothoid path. However, one human
factor was never addressed until Diels [5] raised the issue that
vehicle automation can increase the likelihood and severity of
motion-sickness. The reason is that scenarios envisaged for
self-driving cars create conditions that promote the incidence
and severity of motion sickness. Generally speaking, incon-
gruities between what is felt versus seen typically aggravates
symptoms, whereas looking at the earth-fixed horizon, even
when it is presented artificially, may be beneficial [10][11][12].
Other researches proved that in-vehicle entertainment systems
can increase the incidence and severity of carsickness and
decrease situation awareness [13][14].

To define the problem, the next few sections elaborate the
most well known theories of motion sickness, followed by an
in-depth understanding of the impact it has on passenger cars,
with lastly over viewing the techniques used for measuring
motion sickness.

A. Motion Sickness Theories

The most common hypothesis of motion sickness is the
Treisman poison theory that defines motion sickness as a
defense mechanism against neurotoxins [15]. The brain con-
cludes that if motion is perceived and not visualized, or vice
versa, this discordance is believed to be a poison ingested
into the control system, resulting in inducing the action of
vomiting.

A more definitive theory addressed by Reason and Brand
in [16], called the ”motion sickness theory” states that motion
sickness is an occurrence between the conflict of senses and
stored patterns of motion reference. The theory served as the
basis of understanding how the three responsible sensors for
balance and control (vestibular system, vision and somatosen-
sory system) interact with our central nervous system.

Although the theory holds for most of the scenarios but
Riccio and Stoffregen supported by their investigation in [17],
stated the theory of motion sickness was more hypothetical
than reality. They introduced the ”postural instability theory”,
which states that postural instability is a necessary and suf-
ficient condition preceding motion sickness. However, this
theory was discredited by Bos in [18] stating instances where
motion sickness existed and postural instability did not and
vice versa. The study supported for the theory presented by
Kennedy and Stanney [19], which states that both motion
sickness, and postural instability are second order effects with
a common centre.

B. Motion Sickness in Passenger Cars
In [20], Griffin delivered extensive research to investigate

the factors causing motion sickness in ground transportation,
considering motion in all directions. In [21], roll and pitch
oscillations are extensively investigated. Motion sickness by
combined lateral and roll oscillation [22] is also investigated
by studying the effect of varying phase relationships. In [23],
the effect of driver, route, and vehicle type on the causation of
motion sickness are studied. Further support of work is pre-
sented in [20], where four different experiments were utilized
to interpret vehicle motion’s effect on motion sickness. All
results showed conclusive evidence of low-frequency lateral
and longitudinal acceleration as the dominant cause of motion
sickness in passenger cars. The primary factor influencing
these vehicle forces was the driver. The driver’s ability to take
smoother turns and gradual acceleration and deceleration lead
to lower motion sickness in passengers.

In [24], motion sickness was investigated in a test track with
equal turns and braking events, under moderate and low accel-
erations. At the same time passengers were engaged once; in a
task and once without a task. Motion sickness ratings of pas-
sengers were based on a motion sickness questionnaire ranging
from a scale of zero to ten, where a rating of ten constitutes
the highest level of sickness. Moderate acceleration, together
with a task being performed by passengers, caused the highest
level of motion sickness rating in passengers. The Influence
of lateral, roll and motion gains on the driving performance of
an advanced dynamic simulator on a slalom track was studied
in [25]. All-inclusive, the level of motion sickness was highest
when the advanced simulator had the highest lateral motion
gain associated with the dynamic simulator.

According to the studies in [26], [27], [28], the level of
comfort corresponded to a threshold value of comfort at
1.8m/s2, while medium comfort and discomfort levels were
evaluated at 3.6m/s2 and 5m/s2, respectively. The lateral
acceleration of cars was measured on Chinese highways in
[29] and a smaller radius of turning was reported as the
primary reason for higher discomfort levels.
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Over all the above works mentioned, indicate a very
strong correlation of motion sickness with high magnitude
low-frequency roll and lateral accelerations. Additionally, the
above mentioned studies have adopted variant tools to measure
motion sickness in their studies, some of which have been
mentioned in the following section.

C. Modes of Measuring Motion Sickness

One of the earliest questionnaires used was the Pensacola
Motion Sickness Questionnaire (MSQ) [30], which allowed
subjects to identify their symptoms during experimentation.
Another well-known questionnaire used for simulator experi-
ments is the Simulator Sickness Questionnaire (SSQ), which
allowed simulator participants to identify sickness symptoms
they felt during simulations [31], [32], [33], [34], [35].

Other techniques to quantify motion sickness have been de-
fined in British standard 6841 [36] and International Standard
2631 [37], such as the use of Motion Sickness Dosage Value
(MSDV), which is the frequency weighted acceleration of the
vehicle utilized in many studies for measuring motion sickness
[20], [38], [39], [40], [41]. Many clinical studies utilize
Electroencephalography (EEG) [42], [43], [44], [45], which is
the measurement of cerebral changes when a participant un-
dergoes motion sickness stimulus, showing which parts of the
human brain become the most active during motion sickness.
Currently, mathematical models have been successfully used
to identify key aspects of motion sickness. Subjective Vertical
Conflict (SVC) was used to identify the Motion Sickness
Incidence (MSI) in a driver, and the passenger of a car due to
the changes in their head tilt angles [46].

The present study conducts extensive research for finding
the motion sickness thresholds, which are then utilized to
design a reference track based on straight lines and circular
arcs, labelled as the ”Worst path”. The Worst path is then
manipulated with three transition curves, namely the Her-
mite, Bezier, and B-spline, to undergo various scenarios for
simulation using the Autodriver algorithm, combined with
Sliding Mode Controller (SMC) and Model Predictive Con-
troller (MPC) as trajectory tracking mechanisms. The resultant
vehicle motions are then discussed and compared with respect
to the defined motion sickness thresholds identified in this
study. The sections to follow, define the problem addressed
in this study, followed by a detail look into the path track-
ing mechanisms and motion planning simulations utilized to
resolve this problem.

III. PROBLEM STATEMENT

The mentioned studies indicate a broad knowledge of mo-
tion sickness contributing factors, but none of the studies
present a solution or strategy to solve the problems faced
by passengers due to motion sickness. Additionally, most of
the modes of measuring are either subjective or generic. Our
study analyzes the problem of motion sickness in passengers of
Autonomous Vehicles by individually addressing key vehicle-
driven parameters contributing to motion sickness in passen-
gers. These five key parameters have been labelled as ”Motion
Sickness Thresholds”, and are summarized below:

• A track which produces abrupt lateral acceleration over
the range of discomfort as defined in [26], [27], [28].

• A track producing high-magnitude low-frequency lateral
accelerations during cornering maneuvers, as mentioned
in [20], [23] . The peak of sickness probability occurs at
0.16Hz, while frequencies above 1Hz cause no sickness
[5]. Thus, the range of frequency to evaluate the motion
sickness in a path is in the range of 0.1Hz − 0.2Hz.

• A track during which the lateral acceleration and roll
oscillations are in phase, [22].

• Abrupt changes in velocity and steering input during the
travel [47], [48], [49].

• A track produces successive turns in opposing directions
[50].

In the following sections, through critical analysis of these
thresholds, we will present the best possible path to limit,
avoid, or minimize motion sickness in passengers.

IV. PATH-TRACKING CONTROL

To enable the study of path-planning methodologies on
motion sickness, a path-tracking platform is needed in order
to keep the ego vehicle as close as possible to the designed
target path. No controller can guarantee exact path-tracking;
however, we may initiate a systematic comparison on the path-
planning methodologies by adopting a standard path-tracking
approach to act as the benchmark for this analysis. The sliding
mode controller works based on Autodriver algorithm as a
feedforward structure, which is explained first; the model-
predictive controller is considered as well, due to its popularity
and proven performance in path-tracking applications. Com-
paring these two approaches provides us with more generic
conclusions on the resulted motion sickness.

A. Autodriver algorithm

Employing the concept of center and radius of curvature
of the road, and the dynamic rotation center of the vehicle,
[51] introduced a method for calculating the required steer
angle to keep the vehicle on the given road . This is done by
coinciding the center of curvature of the vehicle and the road.
The algorithm was later developed to use simpler methods for
calculating steering angles where close-to-dynamically-precise
steering angles could be produced using simple kinematic
equations [52]. The algorithm was farther equipped with
control mechanisms to assure a practical approach [53].

To apply the Autodriver algorithm as a trajectory tracking
mechanism, the desired path of motion given as a mathemat-
ical equation is needed.

v̇x =
Fx
m

+ rvy, (1)

v̇y =

(
Cr
m
− vx

)
+
Cp
m
p+

Cβ
m

vy
vx

+
Cφ
m
φ+

Cδ
m
δ, (2)

ṗ =
1

Ix

(
Err + Epp+ Eβ

vy
vx

+ Eφφ+ Eδδ

)
, (3)

ṙ =
1

Iz

(
Drr +Dpp+Dβ

vy
vx

+Dφφ+Dδδ

)
. (4)
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Fig. 1. Bicycle-Roll Vehicle Model

in which Cr,p,β,φ,δ, Dr,p,β,φ,δ, Er,p,β,φ,δ are the force system
coefficients, introduced to simplify the equations. These coef-
ficients are functions of the vehicle parameters listed in Table
II, and they relate the external forces and moments to the
kinematic variables of the vehicle. The complete list of these
coefficients are found in [54].

The input to the system is steering angle δ. Forward
velocity is assumed to be a parameter for a third-order system
constructed by Equations (2-4). The tire forces are assumed
to be proportional to the side-slip angles. Also, a single-track
layout is assumed, which considers the effect of the left and
right tires by using a single equivalent tire in the middle of
the axle.

Later a technique called steady-state dynamic steering was
introduced, which is based on the use of the steady-state
responses of the vehicle [52], [55]. The steady-state curvature,
yaw rate, and side-slip responses are used to formulate the
Autodriver algorithm using the bicycle-roll model.

Sκ =
κ

δ
=

1

ρδ
, (5)

Sr =
r

δ
=
κ

δ
vx, (6)

Sβ =
β

δ
=

vy
vxδ

, (7)

Full expressions of the steady-state responses may be found
in [56]. The Autodriver algorithm uses the fact that a vehicle
on the road must always rotate about the center of curvature
of that road to coincide with the center of rotation of the
vehicle. Knowing the mathematical equation of any road as
a spatial curve (~r = ~r(X,Y, Z, ψ)) enables the calculation
of the path of curvature center in the osculation plane, in
global and vehicle body coordinate frames, [54]. Assuming
there is no initial position error between the vehicle and the
road, if the location of the road curvature center coincides with
the vehicles rotation center at every instance, the vehicle will
remain on the road. To compensate for transient errors and
any uncertainties in modeling, corrective input steering δ, and
vx are selected.

The turning radius of the vehicle is mainly determined by
the steering angle. Although the velocity does contribute to the
location of Instantaneous Center of Rotation (ICR), it is less
effective in determining the turning radius, especially at small
side-slip angles [57]. Hence, the main factor determining the
radius of rotation of the vehicle is assumed to be the steering
angle. Thus, the aim is to set the steering angle to eliminate
the position error between the ICR and the road curvature
center laterally. The desired velocity is normally given by the
high-level path planner as a velocity profile for different road
sections.

B. Control Strategy

The path-tracking is realized by two different control
strategies, namely a feedforward-feedback control with the
aid of the Autodriver algorithm together with Sliding-Mode
Control (SMC) technique, and a Model Predictive Controller
(MPC). These strategies are chosen as they have been proven
effective both in terms of control performance and real-time
applicability [53], [56]. Although the controller design is not
the main focus of this paper, a brief discussion on the control
strategies is given in this section to elaborate on the path-
tracking strategy; further details on the Autodriver algorithm
and the controller design could be found in [53] and [56].

1) Longitudinal closed-loop control: The longitudinal con-
trol in both methods is performed using a Proportional-
Derivative (PD) controller that eliminates the longitudinal
position errors. The control input to the system in this direction
is the longitudinal force Fx. Integral control is not considered
here, because the controlled variable has a dimension of
length (position), which inherently integrates the velocity as
the manipulated variable. The calculated longitudinal force is
converted to a torque input to the driving wheels with the
simplified relationship:

T = FxRw. (8)

2) Lateral control using SMC: The first strategy used for
steering the vehicle onto the desired track (lateral control)
is based on a feedforward-feedback strategy which uses the
Autodriver algorithm as the feedforward section; this provides
the main portion of the required steering angle when the
vehicle enters a turn. However, the Autodriver algorithm is
based on the steady-state vehicle dynamics which may lead to
transient tracking errors. To eliminate such an error, a SMC
feedback loop is added. The lateral tracking error dynamics is
modelled based on an augmented bicycle model [58] which
incorporates the lateral tracking error and its rate as state
variables. The control law is derived as [56]:

δfb = δeq − k.sat(
s

Φ
) (9)

where,

δeq = −Cαf + Cαr
Cαfvx

vy + (
−a1Cαf + a2Cαr

Cαfvx
)r + λė, (10)

sat(u) = f(x) =

{
u, |u| ≤ 1.

sgn(u), |u| > 1.
(11)
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Fig. 2. Block-diagram of the control system: (a) SMC, (b) MPC

The vehicle is assumed to be working in normal driving
conditions a low tire slip and tire forces well-below their
saturation threshold. Controller parameters λ, k,Φ were ini-
tially tuned based on Figure 1 and lane-change scenarios using
clothoids as transition curves, and they have been selected
such that the controller satisfies the sliding condition for
tire parameter uncertainties of up to 10%; the corresponding
controller is referred to as ”SMC” in this text. Another tuning
was later performed for a more aggressive controller based on
a wider set of transition curves. The corresponding controller
is referred to as ”SMC-Modified”. These two variants are
used here with differently tuned parameters to observe the
difference in the motion-sickness thresholds.

3) Lateral control using MPC: To compare the effect
of transition curves on control performance and passenger
comfort, a Model-Predictive Controller (MPC) is built as the
internal model. The implementation is performed in MATLAB
Simulink using the ”MPsee” toolbox [59], which utilizes the
Generalized Minimum Residual Method (GMRES) as the
optimization tool. A prediction horizon of 10 with a sampling
time of 0.1s is considered for the MPC. A summation with
counter k from 1 to 10 is needed over ek and δk. The cost
function and constraints are considered as [56]:

J = w1e
2
k + w2δ

2
k, (12)

−δm ≤ δ ≤ δm. (13)

Figures 2(a) and 2(b) show the block-diagram of the con-
trollers and a list of all control parameters is given in Table I.

TABLE I
CONTROLLER PARAMETERS

Controller Parameters
SMC λ = 1, k = 0.15,Φ = 0.15

SMC-Modified λ = 1, k = 0.3,Φ = 5
MPC w1 = 1, w2 = 8, δm = π/6

V. SIMULATIONS

A. Vehicle and tire model

For simulations, a more realistic nonlinear eight degree of
freedom vehicle model [56] is constructed. The model consid-
ers the longitudinal, lateral, roll, and yaw motions as well as
rotations of all four wheels. A combined-slip tire force model
called ”The elliptic tire model” [60] calculates tire forces
based on the longitudinal and the side-slip under each tire.
The simulation model and the controllers are implemented in
MATLAB Simulink for evaluation and comparison of different
transition curves.

The parameters are summarized in Table II. The parame-
ters of the four-wheel model, including the elliptic tire, are
matched to the bicycle and bicycle-roll models described in
this document.

TABLE II
VEHICLE PARAMETERS

Parameter Value [Unit] Parameter Value [Unit]
m 845.5 [kg] Cδφf 0.01
Ix 350 [kg.m2] Cδφr 0.01
Iz 1490 [kg.m2] Cφf -3200 [N/rad]
Cαf 52000 [N/rad] Cφr 0 [N/rad]
Cαr 64000 [N/rad] Rwi 0.35 [m]
CTf 0.4 [m] cφ 1700 [Nm.s/rad]
CTr 0.4 [m] kφ 26612 [Nm/rad]
Cβf -0.4 [s] a1 0.909 [m]
Cβr -0.1 [s] a2 1.436 [m]

B. Reference Track

Based on the defined thresholds and the paths studied in
[50] and [61], a reference track was designed using circular
arcs to engulf the effects of motion sickness. The minimum
radius (Rmin) was 43m, calculated based on a passenger car
(Chevrolet Corvette) traveling at 60 km/h(V) with a base(b)-to-
height(h) ratio of 0.6584 using the overturning ratio Equation
(14) [62]:

V 2

gRmin
≤ (b/2)

h
. (14)

x = Rcos(t), (15)

y = Rsin(t), (16)

R2 = (x− h)2 + (y − k)2. (17)

Using Equations (14, 15, 16 and 17), the reference track
was originated, as illustrated in Figure 3. The results shown
in Figure 4 verify the reference track as the ”worst path”. As it
acts in accordance with the five thresholds, summarised below:

• Reference track produces disruptive and abrupt lateral
accelerations in excess of the discomfort range of 5m/s2.
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Fig. 3. Reference track generated using [15][16][17]

• The frequency spectrum produces high-magnitude low-
frequency lateral accelerations. Based on frequency re-
sponse in Figure 4, the power spectral density (PSD)
value was the highest at frequencies below 1Hz (60 −
70dB/Hz), about 40dB/Hz higher than PSD values at
frequencies greater than 1Hz. Frequency can be further
evaluated by zooming into the critical frequency range
of 0.1Hz − 0.2Hz. A Fast Fourier Transform (FFT) of
lateral acceleration has its highest magnitude at frequency
0.16Hz clocking a magnitude of 1.8m/s2, which is
regarded as the peak frequency of sickness [5], making
motion sickness in this path inevitable.

• Lateral acceleration and roll oscillations are in phase at
all times.

• Abrupt and discontinuous changes in velocity and steer-
ing input are observed.

• The Path has 10 turns in alternating directions.

C. Transition Curves

Clothoids have been regularly used for road design or path
planning [63]. However, Clothoids proved inefficient due to
not having a closed-form representation [61], making them
to be computationally slower than required. The need for
computationally efficient curves led to designing paths using
parametric curves such as vector-valued parametric splines for
efficient planning used on differential robots [48], [64], [65],
[66], [67] and [68]. Another form of parametric curve exten-
sively used for path planning or path smoothing [50] and [69]
are Bezier curves utilized in semi-structured environments.
Research using Bezier has also been extended to trajectory
generation in urban environments [70]. Later on, [71] pro-
posed using B-spline curves compared to Bezier, suggesting
that B-spline curves produced more realistic velocities and
accelerations for physical systems. In a more recent study [61],
the proposed continuous path smoothing algorithm for a car-
like robot utilized B-spline curves. It was shown that steering
behaviour produced by the algorithm mimicked the steering
behaviour of a human very precisely. Parametric curves are

Fig. 4. Reference track results for lateral acceleration(m/s2), roll oscilla-
tions, steering angle(degrees), PSD(dB/Hz) and FFT(m/s2).

utilized in the present study to investigate the impact on motion
sickness as these curves are currently the most used path
planning tools available.

• Parametric Cubic (Hermite) Curves are defined by four
blending functions shown below:

F1 = 2u3 − 3u2 + 1, (18)

F2 = −2u3 + 3u2, (19)

F3 = u3 − 2u2 + u, (20)

F4 = u3 − u2. (21)

The Blending functions (18), (19), (20) and (21) are
defined using a parameter u which ranges from 0 to 1 over
the whole curve. where P(0) and P(1) are the starting and
ending points of the curves respectively. The complete
parametric curve equation is given as follows:

C(u) = P (0)F1 +P (1)F2 + Ṗ (0)F3 + Ṗ (1)F4. (22)

• Bezier Curves are defined using the nth order based on
the Equation (23):

C(u) =

n∑
i=0

Bn,i(u)Pi, (23)

The blending functions are defined using the Binomial
expansion given by the Equation (24):

Bn,i(u) =
n!

i!(n− i)!
ui(1− u)n−i. (24)

The advantage of using Bezier curves is that arbitrary
points can be selected to define the path, but at the cost of
increasing the order of the curve, making the equation of
the curve more complex whilst having only global control
over the track/path.
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Fig. 5. Point selection Scheme for all topologies used in simulating
ergonomic paths.

• B-Spline curves define a large Curve into smaller seg-
ments by using a knot vector ti, and the blending
functions are defined using the Basis function defined in
Equation (25):

Ni,k(u) =
[u− ti]

[ti+k−1 − ti]
Ni,k−1(u)

+
[ti+k − u]

ti+k − ti+1
Ni+1,k−1(u),

(25)

To simplify the Basis function calculation Cox-de Boor
algorithms are used [72], which are either equal to a 1 or 0
depending upon their existence in the concerned segment,
as shown below:

Ni,0

{
= 1 if ti ≤ u ≤ ti+1

= 0 elsewhere,

To complete the Basis function, the values of k and i
need to be defined where k is the order of the curve.
For continuity purposes, k is taken as 3 or 4 since a B-
spline’s continuity is defined by the property Ck−2. As
for i it takes the range from 0 to n, where n = p−1 and
p is the number of control points defined on the path, so
the overall B-spline function is simplified and shown in
Equation (26):

C(u) =

n∑
i=0

Ni,k(u)Pi. (26)

D. Point Selection Scheme and Algorithm

For comparison purposes identifying a general point selec-
tion scheme is important for each of the three topologies (3-
pt, 4-pt and 5-pt) used in simulating the ergonomic paths.
When selecting the co-ordinates the key element was to ensure
symmetry between starting and ending points, which is why
the following scheme illustrated in Figure 5 was adopted. If
(x0, y0) and (x1, y1) are starting (P0) and ending (P1) points
of a curve respectively, then extending two imaginary lines
from each point along the axis at which the points exist (L1
and L2 in Figure 5) a perpendicular intersection is formed
which is defined as the mid-point of the 3-pt topology (Pm).

For the 4-pt topology, the minimum radius calculated (43m)
is divided by 2 as shown in Equation (27) to find the respective
shift (∆∗) to formulate the 4-pt topology;

∆∗ = Rmin/2 (27)

x∗m = xm ∓∆∗ (28)

y∗m = ym ±∆∗ (29)

Thereafter, the mid-point is shifted along x and y axis equally
by ∆∗ to break down Pm into two distinct points either side
of the mid-point as shown in Equations (28) and (29), and
are labelled as P0∗ (x∗m, ym) and P1∗ (xm, y∗m) in Figure 5.
Therefore, the 4-pt topology is generated based on the points:
P0, P0∗, P1∗ and P1. Subsequently, for 5-pt topology the
points used are P0, P0∗, Pm, P1∗ and P1. This point selection
scheme is used as a benchmark for all simulations.

For calculating the radius of a turn; firstly, the co-ordinates
of the center of the circle are calculated using Equations (30)
and (31) (Xc, Yc) and then the Radius (R) for each curve is
computed using Equation (32) [54].

Xc = X − Ẏ (Ẋ2 + Ẏ 2)/(Ÿ Ẋ − ẌẎ ) (30)

Yc = Y + Ẋ(Ẋ2 + Ẏ 2)/(Ÿ Ẋ − ẌẎ ) (31)

R =
√

(x− xc)2 + (y − yc)2 (32)

The points and equations are then employed to calculate the
path for each curve with its respective topologies, a general
form of the path planning pseudo-code for the curves is seen
on the next page. In the following section, the curves influence
on motion sickness thresholds is compared, based on path
characteristics and the controller[s].

Pseudo-code: Ergonomic path planning for all topologies
Input:P0, P1, Pm, P

∗
0 and P ∗

1

Output:X, Y, XC , YC and R
Procedure:

1. Selection of Curve
2. Selection of Topology
3. Calculation of Curve functions
4. Compute X, Y, XC , YC and R

End Procedure

VI. DISCUSSION

The results of the simulation are analyzed in this section.
• Curvature: To reduce the impact of motion sickness,

curvature needs to be smooth (not abrupt) and above
the minimum radius of rotation of 43m. The only curve
able to match these two conditions is the 3-pt B-spline
curve, as seen in Figure 6. 3-pt Bezier and Hermite curves
produce abrupt changes in the curvature and exceed the
minimum radius limits in many turns of the path.

• Lateral acceleration magnitude: A path that produces
lateral acceleration in the comfort range [29], whilst
producing low amount of abrupt changes, produces a
path with the lowest sickness. Ideal curve results shown
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Fig. 6. Variation of curvature for 3-point defined transition curves, with
Hermite(top), B-spline(bottom) and Bezier(middle) responses.

Fig. 7. Ideal lateral acceleration responses for the 3-point defined transition
curves based on 2 different speeds (Black color graphs indicate vehicle speed
equal to 40 km/h and red color graph indicates vehicle speed equal to 60
km/h.) .

in Figure 7 illustrate the only curve to produce such a
response is the 3-pt B-spline curve (at only 40 km/h),
with 3-pt B-spline at 60 km/h going marginally into the
medium comfort zone. Moreover, when curves are passed
through the controllers, 3-pt B-spline produces the least
amount of abrupt changes and stays within the medium
comfort range of lateral acceleration, as seen in Figure 8.

• Steering angle (controller[s]): The objective was analyzed
by calculating the Root Mean Square Error (RMSE) of
the lateral direction. A low RMSE signifies how well the
controller follows the path, results in Table III show that
SMC follows distinct features of curves, with 3-pt B-

Fig. 8. Comparing three different curves used for defining a 3-point curve
using curvature dependent controllers, with Hermite (top), Bezier (middle)
and B-spline (bottom) responses.

TABLE III
RMSE VALUES OF LATERAL ERROR OF 3-PT CURVES AT 60KM/H

Controller type ”Worst Path” Hermite Bezier B-spline
Curvature dependent (SMC) n/a 17.11 17.13 1.126

Curvature independent (MPC) 0.435 0.254 0.254 0.254

splines producing the lowest lateral error as compared to
other curves. On the contrary, MPC responds equally to
all curves whilst showing a certain steering improvement
from the worst path to transition curves under investiga-
tion.
Furthermore, Table IV indicates that the performance of
MPC slightly deteriorates for a 4-pt Bezier curve by
increasing RMSE by 7.5% only. As for 4-pt B-spline
the performance deteriorates massively by increasing the
RMSE by 95%.
In the case of SMC; RMSE values for 4-pt B-spline
curves are higher by 88% as compared to 3-pt B-splines
curves. On the contrary, a 4-pt Bezier curve simulated
with SMC produced a RMSE value lower by 91% as
compared to a 3-pt Bezier curve. Indicating that at higher
orders Bezier curves perform better than B-splines for
both sets of controllers.
Based on RMSE, it is recommended to use SMC only
with 3-pt B-spline curves, while for MPC it does not
matter which curve to use, as all curves produce identical
results. However, it is recommended to use 3-pt topology
for all curves, as they perform overall better than 4 or
5-pt curve topologies.

TABLE IV
RMSE VALUES OF LATERAL ERROR OF 4-PT CURVES AT 60KM/H

Controller type Hermite Bezier B-spline
Curvature dependent (SMC) n/a 1.397 9.744

Curvature independent (MPC) n/a 0.273 5.32
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Fig. 9. Comparing lateral acceleration frequency response of a 3-point B-
spline(top) against a 3-point Bezier(middle) and Hermite(bottom) curve using
a curvature dependent controller.

• Frequency spectrum of lateral acceleration magnitude: To
eliminate motion sickness the main task is to minimize
the magnitude of lateral acceleration at the peak sickness
frequency of 0.16Hz. All of the studied curves are able
to successfully suppress that particular magnitude in their
frequency spectrum analysis, as seen in Figure 9.
Further, the Root Mean Square (RMS) values of each
curve were compared in the frequency range of 0− 1Hz
[73], as illustrated in Table V.

TABLE V
RMS VALUES OF FFT (LATERAL ACCELERATION) AT 6O KM/H

”Worst Path” Hermite Bezier B-spline
3pt 0.0913 0.0216 0.0203 0.0201
4pt n/a n/a 0.021 0.0257

The results in Table V indicate how all transition curves
perform better than the ”Worst path” by decreasing the
magnitude by a massive 76%. Moreover, 3-pt B-spline
produces the lowest magnitudes as compared to 3 or 4-pt
Bezier and Hermite curves. Indicating 3-pt B-spline not
only suppresses the peak sickness frequency magnitude
but also produces overall lower magnitudes of lateral
acceleration in the motion sickness frequency range.

• Phase: No phase difference between the roll and lateral
acceleration is observed using different transition curves
under various scenarios. Hence, the phase threshold was
compromised in this study with regards to motion sick-
ness.
However, when the curves were tested for a lane-changing
manoeuvre, it was noticed that a phase difference of
29 degrees existed, as seen in Figure 10. This indicates
that lane changing manoeuvre as compared to a turning
manoeuvre is a path which is less susceptible to motion
sickness mainly due to two reasons; 1) lower exposure

time means lower motion sickness dosage values (MSDV)
as suggested in [20], [21], and 2) the presence of a phase
difference between roll and lateral accelerations [22].

Fig. 10. Response of the lane changing manoeuvre due to our proposed
B-spline curve using the controller.

Overall, 3-pt B-spline responses prove to be the best transi-
tion curve to address motion sickness thresholds as compared
to Bezier (3/4/5-pt) or Hermite curves, based on the point
selection scheme described earlier.

VII. FURTHER DISCUSSION

It is possible to constraint the lateral acceleration below the
comfort range of 3.6m/s2 by defining the Rmin to greater
than or equal to 77m, calculated using Equation (33) at V =
60 Km/h, which can be obtained by optimizing the mid-point
as shown in the algorithm below:

Algorithm: Mid-point optimization (3-pt B-splines)
Input: P0, P1, and Pm
Output: OP −Xm, OP − Ym and Rmin
C(u) =

∑2
i=0Ni,k(u)Pi, Rmin = 0

WHILE Rmin ≤ 77
Calculate X, Y, XC , YC and R
Rmin= R
Xm= Xm − 1 and Ym= Ym + 1

END WHILE
OP −Xm= Xm and OP − Ym= Ym

V 2/3.6 = Maximum R(min). (33)

Since, 3-pt B-splines are symmetrical, that means the exact
same shift of the mid-point would apply to all the curves. It is
important not to go higher than the maximum Rmin found, as
this increases the probability of lowering the overall variation
in curvature, causing the curves to become too straight to
be counted as a realistic turning manoeuvre. The comparison
of results between a 3-pt B-spline (BS-06) and an optimized
3-pt B-spline (BS-06-OP) is shown in Table VI. Although,
the path tracking error RMSE is higher for BS-06-OP as
compared to BS-06, but in all other aspects of the thresholds
it does far better, by reducing the average steering by 6.6%.
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TABLE VI
COMPARISON BETWEEN A 3-PT B-SPLINE CURVE AND A 3-PT B-SPLINE

OPTIMISED MID-POINT CURVE.

Thresholds BS-06 BS-06-OP
RMSE 1.1261 1.8992

FFTayRMS 0.0201 0.0191
δRMS(degrees◦) 2.2656 2.1160

ay RMS 2.9641 2.7642
ay Peak 4.1980 3.7937

Fig. 11. Shows the lateral acceleration and roll for the BS-06-OP curve,
when the vehicle is subjected to the reference track.

Also, producing lower magnitudes of lateral acceleration in
the critical range of frequency of 0.1 Hz - 0.5 Hz by 5% and
most importantly, reducing the lateral acceleration average and
peak by 6.7% and 9.6% respectively.

However, BS-06-OP has a small trade-off (higher RMSE
than BS-06), as it produces abrupt changes whenever two
consecutive turns in the same direction are made (signifying a
U-turn manoeuvre) as seen in Figure 11. It is recommended to
further investigate this trade-off by using features like; 1)local
control and 2) non-uniformity of B-splines, normally classified
as NURBS (Non-Uniform Rational B-splines).

VIII. CONCLUSION

In summary, motion sickness thresholds in terms of vehicle
dynamics were defined which were then used to design a worst
path. Ergonomic paths were then studied by investigating the
impact of using B-spline, Bezier, and Hermite as transition
curves on motion sickness.
Results show that the transition curves utilized in this study
reduce all of motion-sickness causing measures, except for the
phase relationship between Roll and lateral acceleration.
Paths designed by 3-point B-spline curves proved to be the
most effective in reducing motion sickness as compared to 4
or 5-point curves. Such curves produce continuity and allow
subtle changes in lateral acceleration, curvature, turning radius,
and steering angles, which in-turn allows gradual transition of
a vehicle during the cornering manoeuvre. However, Bezier
curves show improvement in the generated path when a higher
order of the curve is used, but still as compared to a 3-pt
B-spline curve they are not capable of producing lateral ac-
celeration, roll and steering angles below the motion sickness
thresholds. Hence, they are not suitable for the purpose of this
study.

All transition curves successfully suppressed the lateral ac-
celeration magnitude at peak sickness frequency of 0.16Hz.
Furthermore, 3-pt B-splines produced the lowest RMS values
in the low-frequency range (0−1Hz), indicating that transition
curves like B-spline, Bezier, and Hermite effectively reduce
the impact of low frequency on motion sickness in passengers.
SMC produced the best responses for a 3-point B-spline curve
in terms of producing smooth, continuous, subtle changes
in lateral acceleration and steering angles as the speed of
the vehicle was increased from 40 km/h to 60 km/h. On
the other hand, MPC does not present distinct features of
the curves in the responses. Therefore, they produce almost
identical results for all three transition curves in terms of
lateral acceleration. Moreover, resulting in sharper turns and
higher lateral accelerations than SMC.
The phase relationship between roll and lateral accelerations
could not be altered using the studied transition curves. Further
investigation into non-uniform rational B-spline (NURBS)
curves is recommended to address the phase threshold of mo-
tion sickness. However, it was observed that a lane-changing
manoeuvre produces a phase shift between the roll and lateral
acceleration of 29 degrees, indicating that a lane-changing
manoeuvre is less susceptible to motion sickness as compared
to a cornering manoeuvre.
Transition curves used in this study are open uniform and
do not address two key characteristics of a B-spline curve;
which are (1) local control and (2) non-uniformity. These two
are of much interest to the investigation of further optimizing
the thresholds of motion sickness defined in this study. In
conclusion, this investigation determines that a 3-pt B-spline
is the most promising curve to minimize motion sickness by
addressing the defined thresholds and can be tracked with high
accuracy by either MPC or SMC.
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