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Abstract—In the development of advanced driver-assist systems
(ADAS) for lane-keeping or cornering, one important design objec-
tive is to appropriately share the steering control with the driver.
The steering behavior of the driver must therefore be well char-
acterized for the design of a high-performance ADAS controller.
This paper adopts the well-known two-point visual driver model
to characterize the steering behavior of the driver, and conducts
a series of field tests to identify the model parameters and vali-
date this model in real-world scenarios. An extended Kalman filter
and an unscented Kalman filter are implemented for estimating
the driver parameters using either a joint-state estimation algo-
rithm or a dual estimation algorithm. The estimated parameters
for different types of drivers are analyzed and compared. The re-
sults show that the two-point visual driver model captures realistic
driving behavior with time-varying, but not necessarily constant,
parameters. A wavelet analysis of the driver steering command
shows that distinct driver classes can be identified by analyzing the
smoothness of the driver command using the Lipschitz exponents
of the recorded signals.

Index Terms—Extended Kalman filter (EKF), field test,
parameter estimation, two-point visual driver model, unscented
Kalman filter (UKF), wavelet signal analysis.

1. INTRODUCTION

ORE than six million motor vehicle crashes occurred in
M the U.S. in 2014 alone, of which 27% resulted in injury
or death [1]. From 2014 to 2015, the total number of vehicle
crashes increased by 3.8%, and the number of fatal crashes in-
creased by 7% [2]. Another study, sponsored by National High-
way Traffic Safety Administration, investigated 723 crashes and
showed that driver behavioral error caused or contributed to
99% of these crashes [3]. Given the increased sophistication of
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automotive active safety systems, these studies show that driver
behavior still remains the most important factor contributing to
accidents. It is therefore necessary to understand, characterize
and, if possible, predict driver behavior so as to design better,
and more proactive (as opposed to merely reactive) advanced
driver-assist systems (ADAS). Nevertheless, driver modeling is
a difficult task since driver behavior is affected by different in-
dividual factors, such as gender, age, experience, and driver’s
aggression. Such diverse driver behaviors have a significant ef-
fect on the performance of ADAS [4], [5]. A controller for
vehicle handling stability should take into account the diverse
driver skills, habits, and handling behavior of different drivers,
and persistently provide good “intuitive” performance. In order
to characterize driver behavior, researchers have proposed dif-
ferent driver models based on several methodologies over the
past four decades.

Wier and McRuer [6] used transfer functions to describe the
result of the driver’s actions on the vehicle’s position error and
yaw angle, and built a quasi-linear model (crossover model) to
approximately describe the nonlinear steering behavior of the
driver. This model uses feedback control to eliminate the track-
ing error, but it does not take the driver’s preview behavior into
consideration. MacAdam [7], [8] assumed that the driver wants
to minimize a predefined previewed output error, and modeled
the driver’s steering strategy as an optimal preview process with
a time lag. Hess and Modjtahedzadeh [9], [10] introduced a
control-theoretic model for the steering behavior of the driver.
This model consisted of a preview component along with low-
and high-frequency compensation elements. The above models
successfully achieve lane-tracking using only lateral control;
braking is not considered in these works. Burgett and Miller
[11] designed and optimized a parameterized driver model us-
ing a multivariable nonlinear regression approach, based on data
collected from test tracks and driving simulations. This model
investigated the driver’s braking strategy in order to avoid rear-
end driving conflicts. Chatzikomis and Spentzas [12] proposed
a path-following driver model that regulated both the steering
wheel and the throttle/brake by previewing the path ahead of the
vehicle. In [13] and [14], model predictive controller (MPC)-
based driver steering models have been considered. Keen and
Cole [14], in particular, linearized the vehicle model at different
working points and used a multimodel structure to characterize
the ability of the driver to predict the future vehicle path. By
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using different combinations of the internal models, this MPC
achieves various driver expertise in the path-following task.

The driver’s mental work has also been taken into consid-
eration for driver modeling. In [15], Flad et al. proposed a
steering-primitive optimal selection driver model by defining
a set of elementary control primitives to describe the driver’s
neuromuscular system, limbs, and control actions. This model
assumes that the driver has a mental model of the vehicle and
the steering task and determines the optimal sequence of control
primitives to achieve the target maneuver. Different artificial in-
telligence approaches have also been introduced to model the
driver’s mental work and behaviors. In [16], Kageyama and
Pacejka evaluated the driver’s mental influence from the envi-
ronment with respect to a “risk level” and proposed a driver
model based on fuzzy control theory. Lin et al. [17] built a
neural network driver model and compared three typical model
configurations in great detail. More recently, Hamada et al. [18]
proposed a beta process autoregressive hidden Markov model
(HMM). This model was trained in an unsupervised way using
real driving data, and was used to predict the driving behaviors
of the drivers.

All previous driver control-theoretic models can be catego-
rized into the following three groups according to the method-
ology used to develop them.

1) Classical control theory such as [6], [9], and [10], where
the system is represented using transfer functions and the
stability is analyzed using frequency-response methods.

2) Modern control theory such as [7], [8], [11], [12], and
[14], where the system is represented in state space and
the stability is analyzed in the time domain.

3) Intelligent control theory such as [16]-[18], where the ar-
tificial intelligence approaches including neural network,
fuzzy logic, and HMM are used to develop the driver
models [19].

These driver models focus on three kinds of driving tasks, in-
cluding longitudinal control [11], lateral control [6]-[10], [14],
[15], [17], and combined longitudinal-lateral control [12], [16],
[18].

Recently, nonparameterized models such as neural networks
or HMM s have been used to predict driver behavior. They have
to be trained offline by using supervised/unsupervised machine
learning techniques and they typically need large amounts of
data. Furthermore, nonparameterized models are not very trans-
parent to the user and hence are not convenient for design-
ing driver-based ADAS controllers. The parameters of these
models are difficult to modify in order to characterize different
driving behaviors; instead, the model must be retrained using
new data to capture new driver types and driving styles. Pa-
rameterized, transfer-function-based driver models, such as the
crossover model [6], [20], the control theoretic model [9], and
the two-point visual driver model [21]-[23] on the other hand
are better for control design tasks, since they are easy to use (they
are quasi/linear), and their parameters correspond to measurable
physical variables that relate to meaningful performance param-
eters. Among these driver models, the two-point visual driver
model is considered to have both satisfactory model accuracy
and good identification feasibility [24].
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The two-point visual driver model used in this paper is de-
rived from the concept of the two-level steering mechanism
observed in a series of psychological experiments involving
human drivers [25]-[27]. In [25], Donges divided the driver’s
steering task into a guidance level and a stabilization level, and
thereby built a two-level steering model. The guidance level
interprets the driver’s perceptual response with respect to the
oncoming road in an anticipatory open-loop control mode. The
stabilization level interprets the driver’s compensatory behav-
ior with respect to the deviation from the reference path in a
closed-loop control mode. This idea has been widely accepted
and has been further developed by subsequent researchers [22],
[23], [26]-[28]. Among these researchers, Salvucci [23] first in-
troduced the concepts of visual “near point” and “far point” into
the model. By taking appropriate choices of the “near point” and
“far point,” the two-point visual driver model achieves different
tasks such as lane tracking [23] and collision avoidance [29].

The contributions of this paper can be summarized as fol-
lows: First, the paper adopts the two-point visual driver model
from [22], since this model characterizes driver steering behav-
ior more precisely. This driver model combines both a two-level
visual strategy and high-frequency kinesthetic feedback. The
latter accounts for the interaction between the driver’s arms and
the steering wheel [9]. Saleh e al. in [21], [30], [31] also adopted
the two-level visual strategy, but instead of the high-frequency
kinesthetic feedback in [9], [22], a well-designed neuromuscu-
lar system was used. The identification of the parameters of the
model in [30], [31], and [21] was done using simulated data. In
this paper, we show the validity of the proposed model by com-
paring with actual recorded driver data collected during field ex-
periments. Although previous work has validated the two-point
visual driver model and identified the driver model parameters
using a driving simulator [22], [30], this is the first instance that
the model is validated using actual field test data. Second, by
applying four different identification methods, namely, the joint
extended Kalman filter/unscented Kalman filter (EKF/UKF) and
the dual EKF/UKF [32]-[34] it is shown that the model param-
eters are indeed identifiable using minimal data, but that some
of these parameters are not necessarily constant but may vary
with time. Our results thus reveal that parameter-varying ver-
sions of the two-point visual driver model may provide a much
better explanation of actual human driver behavior. Itis expected
that these observations will pave the way for online driver be-
havior and cognitive driver state identification, which can be
used downstream in the ADAS architecture in order to adapt
the controller gains to the specific driver/vehicle/traffic configu-
ration. Finally, we show that when comparing different driving
types, the smoothness of the driver steering command may be
a good discriminating feature for driver classification. Using
wavelet signal analysis, it is shown that different driver styles
correspond to different signal smoothness (i.e., degree of dif-
ferentiability), as measured by the rate of decay of the wavelet
coefficients. As far as we know, this is the first work that wavelet
analysis has been applied to determine driver categories.

The paper is structured as follows. Section II introduces the
mathematical modeling of the driver. Section III details the ap-
proaches used to identify the driver model parameters, while
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Fig. 2. Road geometries, vehicle states, and driver’s visual perception.

II. SYSTEM MODELING AND PROBLEM FORMULATION

The proposed human-vehicle-road system consists of four
subsystems, as shown in Fig. 1.

1) The driver model that exerts a steering torque on the steer-

ing wheel.

The steering column model that converts steering torque
to steering angle;

The vehicle model that provides the necessary position
and state information of the vehicle; and

The road and perception model that provides the road
geometry and kinematics, and also determines the driver’s
visual perception angles.

The input to the system is the curvature of the road ppf,
which can be treated either as an external reference command
to be tracked or a disturbance to be rejected, depending on the
problem formulation. The primary performance variable is the
lateral deviation Ay of the so-called “near point” directly in
front of the vehicle to the centerline of the road (see Figs. 1 and
2).

A. Driver Model

We use the driver model proposed in [22], which introduces
a kinesthetic force feedback from the steering wheel. The struc-
ture of this model is shown in the red rectangular box in Fig. 1.
The transfer functions G, (s) and G, () account for the anticipa-
tory control and the compensatory control actions of the driver,
respectively. The system Gy, (s) approximately describes the
neuromuscular response of the driver’s arms. The “Delay”
block indicates the driver’s processing delay in the brain, and
the transfer functions Gy (s) and Gy (s) account for the driver’s
kinesthetic perception of the steering system. The variables T
and Ty, denote the driver’s steering torques corresponding to
the anticipatory control and the compensatory control paths, re-
spectively; ds denotes the steering wheel angle; and the inputs
Orear and Oy, denote the near-field and the far-field visual an-
gles, respectively (see Fig. 2). Finally, 7. denotes the driver’s
total steering torque delivered at the steering wheel. The transfer

functions of the blocks shown in Fig. 1 are given below

Tis+1
Ga(s) = Ka, GC(S) = Kcﬁ
1 Tk S
G = — G = Kp———
() = 7 ki (5) Pl s +1
_ Te,s+1
GiL(s) = e * G =Ko—+—— 1
L(s) =e *, K (5) GTk38+1 (1

where K, and K are static gains for the anticipatory and com-
pensatory control subsystems, respectively; Kp and Kg are
static gains for the kinesthetic perception feedback subsystems,
respectively; Ty and Ty (11, > Tp) are the lead time and lag time
constants, respectively; 7Tk, , Tk, , and Ty, are the three time con-
stants of the driver’s kinesthetic perception feedback from the
steering wheel, ¢, is the delay for the driver to process sensory
signals, and Ty is the time constant of the driver’s arm neuro-
muscular system. K,, K., Kp, Kg, 11, 11, IN, Tk, » Tk, » Tk,
and t,, are the 11 parameters of the driver model.

B. Road and Perception Model

The road and perception model interacts with both the vehicle
model and the driver model (refer to Fig. 1) and achieves two
functions: 1) It determines the vehicle’s position and posture
relative to the road geometry; and 2) it determines the loca-
tion of the driver’s near and far visual points on the upcoming
road. The near visual point is fixed at a certain distance along
the heading direction of the vehicle, while the far visual point
is taken as the tangent point on the inner road boundary for
driving on a curved road, or the vanishing point of the road for
driving along a straight road [23]. Fig. 2 illustrates the relations
between the geometry of driver’s visual perception, the vehicle
and the curved road [35], [36]. In Fig. 2, the frame X;-O-Y;
is fixed on the road. It is assumed that the vehicle is cornering
with a certain lateral deviation from the road centerline. Let
1) denote the vehicle’s yaw angle, let ¢, denote the angle be-
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tween the tangent to the road centerline and the X axis, and let
M denote the current position of the vehicle’s center of mass.
Let also A denote the driver’s “lookahead” point in front of
M at a distance ¢ along the vehicle’s heading direction, let B
denote the intersection of OA with the road centerline, let E
denote the intersection of AB with the tangent to the road cen-
terline, and let C denote the point of tangency of the line along
the gaze direction on the road’s inner boundary. Furthermore,
let L¢ denote the distance between C and M, let 0, denote the
visual angle between the gaze direction of the driver from a far
away point and the heading direction of the vehicle, and let 6,,c,;
denote the near-point visual angle between MB and the heading
direction of the vehicle. Finally in Fig. 2, Ay denotes the length
of the line segment AB—the predicted deviation from the road
centerline at the near lookahead point if the vehicles continues
with the current heading, R.s denotes the radius of the road’s
inner boundary, d denotes the distance from M to the road’s in-
ner boundary, and D denotes the width of the road. Henceforth,
it will be assumed that d and D are small compared to Ry;.
From Fig. 2, the near- and far-distance visual perception angles
can be approximated as [22], [25], [35]-[38]
Ay

9[162].'[’ ~
2

(2a)

L
Otar ~ — 4+ A’lﬁ & Lgprer + A
Rref
where prer = 1/ Ry is the road curvature, and Ay = ) — 4 is
the angle between the tangent of the road centerline and the
vehicle’s heading direction.

(2b)

C. Problem Formulation

We formulate the driver parameter estimation problem based
on the driver model, road and perception model, steering
column model, and vehicle model summarized in the pre-
vious section. For notational simplicity, let p; = K,, ps =
Kc, pP3 = TL’ Pa = 711, Ps = TN, and Pe = tp. The driver’s
near-field lookahead distance /s is also an important fea-
ture of the driver steering characteristics. We thus take ¢
as an additional parameter, and let p; = f;. We further let
ps = Kp, pg = Kg, pro = Tk, p11 = Ik, and p12 = T, for
the high-frequency kinesthetic feedback in the driver model.
Since the human driver has physical limits, each model
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parameter is restricted to lie within some compact interval, p; €
[ﬁvﬁ}’ i = 172a"'312' Let p= (p17p27"‘>p12)T €eP=
[p1,P1] X [p2,D2] X -+ X [p12,P12] C R*?. The upper and
lower bounds (p; and p;) that define P are given in Table III.

The combined system of the driver model and the road and
perception model can be written in the form

i = AS(p)at + B(p)ut
yC — C’CIC

(3a)
(3b)

where the system state is 2 = (A, dy, ra1, Taz, T,
Ta3, Tas, Ti0)T, the input is u¢ = (p, B,7,5)T, and the output
is y° = T/ + T = Ty,. In the previous expressions, 7. and
Tdﬂr’ denote the two components of the driver’s steering torque,
resulting from the feedforward path and the feedback path of
the driver model, respectively. Specially, referring to Fig. 1, Ti
and T\® can be expressed as follows:

Tdfg = (Tcom + Tant)GLGnm
TP = —6,Gy, (1 + Gy, ) G-

(4a)
(4b)
By measuring u¢ and y¢, we can identify the driver parameter

vector p in (3a) and (3b). To this end, we define an alternative
parameter vector v = (11,11, ..., V12)T as follows:

1 1 1 P1
vy = —, Vg = —, vy = —, Vy = —
P4 Pe Ps Ps
p2p3 D2
Vs = ———, Vg = y Vi =DpDr, Vg =P8
PapePr P4ap7
1
Vg =pg, Vig=—, Vii=Dni1, Viz=—. (5
P1o P12

The mathematical expressions in the sequel can be simplified
by using v instead of p. The system matrices in (3a) and (3b) are
given explicitly by (6). It is worth mentioning that, Vj is assumed
to be constant in (6). One can add V4 to the input vector u¢ for
varying velocity cases.

Since we are interested in identifying the parameter vector v,
we augment the state with v and define the new augmented state

AW) | Bw)] _
et [ o |7
[ O 0 0 0 0060 0 | Vi 0 -1 0 1
Vi 0 0 0 0 00 0 | Vi —Vi —uy 0
0 1 % -1 0 0 00 0 | 0 0 0 0
4Ll dus o Ay =20, 0 00 0 |4kszie 0 0 0
—Uy —% —Us Vs —UV3 0 0 0 | —LSI/4 0 0 O (6)
0 0 0 0 0 00 — 30119 | 0 0 0 0
0 0 0 0 0 10 —UV3lV1g — V3lV19 — Vigl12 | 0 0 0 —V3V81/12(V9 + 1)
0 0 0 0 0 01 —UV3 — V19 — V12 | 0 0 0 7V31/8(I/9V111/12 + 1)
70 0 0 0 100 1 0 0 0 0 |



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

YOU et al.: NONLINEAR DRIVER PARAMETER ESTIMATION AND DRIVER STEERING BEHAVIOR ANALY SIS 5

x = [(2°)T vT]T. The augmented-state system is then given by
A (v
) T+
0

y:[C’CO]x

B(v)

0 u (7a)

i:

(7b)

where u = u®. Notice that although the system in (3a) and (3b)
is linear, the system in (7a) and (7b) is nonlinear, since the
matrices A° and B¢ depend on the augmented state z. If we
discretize the system in (7a) and (7b), we obtain the following
discrete augmented system with additive noise terms

Tk4+1 = AD(V):Ek + BD(V)uk: + wy, (83)

yr = Cpxy, + v (8b)

where wy and v, are the process noise and the measure noise,
respectively. As usual, these noise terms are included to model
neglected/unmodeled uncertainties.

In the following sections, we estimate the state vector of the
system in (3a) or (7) based on the available data, subject to the
following constraints:

pi < gi(v) <Di, 1=1,2,...,12 9

where g; () is the ith element of the vector-valued function g(v)
given by

g(w) =[1/v1 1/vy 1/vs vy /vs vs [ (r21s)
(V6V7)/V1 U7 Vg Vg 1/V1() V11 1/1/12]T. (10)

Note that some of the parameters in the feedback model, in
particular in the neuromuscular system Gyn(s), can be con-
sidered to be constants that do not change significantly from
driver to driver [9], [39]. These parameters will be discussed in
Section VI-A.

III. DRIVER PARAMETER ESTIMATION

In this section, we use a joint EKF/UKF and a dual EKF/UKF
to estimate the system states and obtain the unknown driver pa-
rameters. The joint EKF/UKF includes the unknown parameters
into the original state vector and then estimates the states and
the parameters simultaneously. The dual EKF/UKF separates
the states and the parameters, so as to estimate the states and the
parameters separately.

A. Nonlinear Kalman Filter

The EKF is a classical approach to solve nonlinear estimation
problems. This is achieved by means of linearizing the nonlin-
ear state transition and nonlinear observation models. Let the
discrete system

(11a)
(11b)

T = fag, up, wy)
yr = h(xp, ug, vr)

where wy, and vy are the process noise and the measure noise,
respectively, both of which are assumed to be with zero-mean

white Gaussian with covariances given by

E(wtw;r) = Qw (Stsa E(wtvg) = Qc(stsa ]E(’Ut’l};r) :Qr 5ts
(12)
where Q,,, Q., and (), are the covariance matrices and §;, is

the Kronecker delta function defined by
{1, ift=s
6ts = .
0, if t # s.
We assume that w; and v, are independent Gaussian random
variables and hence the cross term (). in (12) is zero. The state
estimates can then be computed using the EKF algorithm [34].

An alternative to EKF is to use an UKF. A UKF implements
the unscented transform (UT) [32], and avoids calculating the
Jacobian matrices at each time step. Hence, it captures the true
mean and the covariance of the state Gaussian random variable
to at least second-order accuracy for any nonlinearity. Let us
consider the system in (11a) and (11b). The UKF redefines the
state vector as 2§ = [z}, w},v]]" and estimates z{ recursively.
The UT sigma point selection scheme is applied to calculate the
sigma matrix &}" for the augmented state .

Although the UKF-based algorithms (joint/dual UKF) are
expected to have better accuracy, the choice between the joint
estimation and the dual estimation is still not clear, since they
show different performances when they are applying to different

problems. More discussions can be found, for instance, in [32],
[33].

13)

B. Nonlinear State Constraints

Recall that the parameter vector v to be estimated is con-
strained by the nonlinear inequalities in (9). The Kalman filter-
ing constrained state estimation problem has been solved using
a number of algorithms [40]-[42]. The available approaches for
solving linear equality constraint problems include model reduc-
tion [43], perfect measurement [44], estimate projection [40],
system projection [45], and soft constraints [46]. The available
methods for solving nonlinear equality constraints problems
include Taylor expansion approximation [47], smoothly con-
strained Kalman filter [48], moving horizon estimation [49],
unscented Kalman filtering [50], and particle filters [51]. In this
study, we use the estimate projection algorithm and the first-
order Taylor expansion approximation method to solve the state
estimation problem with nonlinear inequality constraints in (9).

Geometrically, the idea is to project the unconstrained esti-
mate & (k) onto the constraint surface. Mathematically, we solve
the following minimization problem:

Fp = argmin  (z — 23,) "W (z — 2,) (14a)

suchthat g¢g(x) <b

where 2, and Z;, are the unconstrained estimate and the con-
strained estimate of the state at the time step k, respectively,
W is the weighting matrix, and g : R” — R™ is a nonlinear
vector-valued function. Performing a Taylor series expansion of
(14b) around z(k), yields

9(x) = g(&r) + g/ (@) (x — &) + -,

(14b)

15)
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and after ignoring higher order terms, we obtain a linear approx-
imation of the constraint inequalities in (14b)

g (@)x <b—g(@) + g (2r) 2 (16)
The minimization problem (14a) subject to the linear inequal-
ity constraints in (16) can be solved using standard quadratic

programming [11], [52].

IV. FIELD TESTS

Several field tests were conducted to validate the previous
driver model. The field tests took place at the ford dearborn
proving ground (DPG) in Michigan during November 2015. The
Ford DPG is about 1750 ms from West end to East end and about
900 m from South end to North end. The width of the double-
lane road is about 6 m. Three kinds of tests were conducted.
A steering handling course (SHC) test, a fixed-radius circling
(FRC) test, and the public road test (PRT). The SHC and FRC
tests were conducted at zone 1 and zone 2 of the proving ground,
respectively (see Fig. 3). Three vehicles differing in size and
engine power were prepared and were driven by a professional
driver mimicking three different types of drivers having distinct
driving skills (novice, experienced, and racing). This was done
mainly for safety reasons, as untrained novice drivers were not
allowed to use the DPG. Consequently, a natural next step along
this research direction would be the collection of more data
(primarily from untrained novice drivers on the road) in order
to further corroborate the conclusions of this paper.

In both the SHC test and the FRC test, the driver was re-
quired to maintain the vehicle at a constant velocity throughout
the road, while in the PRT test, the driver drove freely on a
section of a prechosen public road, considering the specific traf-
fic conditions. The proving ground, the experimental vehicles
and the drivers were provided by the Ford Motor Company.
Fig. 4 shows the experimental vehicles and the main equipment
used for the tests. All data were collected through a controller
area network (CAN) analyzer that interconnected the computer
and the in-vehicle CAN buses. There are two CAN channels,
namely, the HS-CAN and INFO-CAN channel, both of which
have a data transfer rate of 500 [kB/s]. The HS-CAN con-
nects to most of the regular on-board electronic control units
(ECU), such as the antiskip braking system (ABS), the electric
power assisted steering (EPAS) system and the restraints control

IEEE TRANSACTIONS ON HUMAN-MACHINE SYSTEMS

Fig. 4. Experiment vehicles and some apparatus. 1st row: Fiesta (left), MKS
(medium), F150 (right); second row: power source (left), power converter
(medium), CAN case (right).
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\/l]) ratio m” swr latitude
Fig. 5. Illustration of the CAN network on MKS.

TABLE I
SHC (CONSTANT VELOCITY); CW=CLOCKWISE, CCW=COUNTER
CLOCKWISE
SHC Novice Experienced Racing
30 [mph] 1 lane, unsmooth 1 lane, smooth | 2 lanes, smooth
45 [mph] | 1 lane, unsmooth | 1 lane, smooth | 2 lanes, smooth
FRC R=85 [m] R=200 [m]
30 [mph] CW and CCW | CW and CCW
45 [mph] CW and CCW | CW and CCW
PRT Novice Experienced
Westward unsmooth smooth
Eastward unsmooth smooth

module (RCM). These ECUs share the data on the HS-CAN bus.
The INFO-CAN connects to the in-vehicle communications and
entertainment system—called the SYNC system, which incor-
porates the global position system (GPS) and the navigation
module.

The data collected during the tests were the steering wheel
angle, the steering column torque, the yaw rate, and the longi-
tude and the latitude of the vehicle. The signals of the steering
wheel angle and the steering column torque were provided by
the EPAS, the yaw rate signal was provided by the RCM and
position information was provided by the on-board GPS system.
Additional variables such as the vehicle yaw angle, the veloc-
ity/acceleration of the vehicle, the side slip angle, and the road
curvature were estimated based on the yaw rate and the GPS
position data. The CAN bus network of the MKS is shown in
Fig. 5. The setup of the test conditions for the SHC, FRC, and
PRT tests are summarized in Table I.
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o) —Woses z We first converted the GPS coordinates to ECEF coordinates
(x,7,2)— ECEF using the following equations:

> N
i el a cos ¢ cos A a cos ¢ sin A a(l —e?)sin¢
= —_— e — = —“* °
K )
N X X
N (17)
//,$ - where x = /1 —e2sin’ ¢, a~ 6.39 x 10° [m] and €® ~
Equator |7 § y 6.69 x 103 are the semimajor axis and the first numerical ec-
h centricity of the earth, respectively. By performing a Taylor
expansion of (17) about ¢ and A and omitting terms higher than
X second order, we obtain
We finally rotate the ECEF coordinates to obtain the ENU
coordinates using the following equations:
S
Fig. 6. Illustration on the different coordinate systems.

V. DATA ANALYSIS AND RESULTS

In this section, we summarize the data processing step from
the driving tests and we apply the joint EKF/UKF and the dual
EKF/UKEF to estimate the parameters of the assumed driver
model. Based on the data analysis, a refined driver model is
proposed to better reproduce the actual steering wheel torque
command of the driver.

A. GPS Data Processing

Since the road curvature and the side slip angle of the vehicle
were not directly measured, we first obtain the missing values by
processing the GPS data, which are given in the form of latitude
and longitude. We refer to the method proposed in [53], by
which the GPS coordinates are transformed to local navigation
coordinates East, North, and Up (ENU) (in this paper, the height
is zero since the vehicle is traveling on the ground). Three useful
coordinate systems used in this transformation are shown in
Fig. 6, namely, the World Geodetic System 1984 (WGS84), the
Earth Centered Earth Fixed (ECEF) system and the ENU system.
The WGS84 system expresses the position vector in terms of
the longitude, the latitude and the height (¢, A, k) of the vehicle,
while the ECEF system is in terms of the vehicle Cartesian
coordinates (z,y, z). The ENU system is represented locally,
which usually works as the navigation coordinate system.

de —sin A Ccos A 0 Zx
dn ) \ —sin ¢cos A —sin¢gsin A cos ¢ d:g
(19)

The trajectory of the vehicle can be obtained by integrating
the ENU coordinates de and dn in (19). The side slip angle 3 is
estimated using the equation [54]

[ = arctan (%) — (20)

X
where V; and Vj are the longitudinal velocity and the lateral
velocity of the mass center of the vehicle chassis, respectively,
and ) is the yaw angle. The road curvature p is calculated by

Y//
_ cog
= Trva” ey
where Y, = 0Yeog/0Xcog> Yeog = Yo/ 0 Xcog, and Xeog and

Yeog are the coordinates of the vehicle in the local ENU system.

B. Driver Parameter ldentification

This section shows the results from the previous driver pa-
rameter identification and validation procedure, and provides a
comparative analysis. Before processing the field test data, we
first implemented the identification approach on a set of data
obtained from CarSim/MATLAB simulation. This was done in
order to confirm the correctness and limitations of the identifi-
cation algorithm.

1) CarSim Data Processing: The vehicle model used in
the simulation was configured with CarSim 8.0 [55] and was

acosAsing(1l — e?)

asin A cos ¢

dx = 5 de —

asin Asin g(1 — e?)

1
dir + 7%c0s ¢ cos A(—2

acoscos @ D2

— 7e* + 9¢? cos® ¢)dp* —

dy = _asin)»sir;;i)(l - 62)d¢+

X3

a cos A oS ¢

acosAsing(l — e?)

dpdx —

1
dx + 7008 ¢psinA(—2

asin A cos ¢

— 7€ + 9¢* cos® ¢)dg? —

acos (1 — e?)

dz = 0

XB

1
de + 1asin¢>(—2 — €% 4+ 9¢? cos? ¢)dep’.

dodn — d?

(18)
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TABLE II
CONSTANT PARAMETERS OF THE SYSTEM

m  Mass of vehicle 1653 kg
l¢  Distance from center of gravity to front axis 1.402 m
(,  Distance from center of gravity to rear axis 1.646 m

Ly Distance from center of gravity to far-field visual point 15 m
I,  Moment of inertia of the vehicle 2765  kgm?
Js  Moment of inertia of the steering column 0.11  kgm?

TABLE III
DRIVER MODEL PARAMETERS; JEKF=JOINT EKF, DEKF=DuUAL EKF,
UB=UPPER BOUND, LB=LOWER BOUND

Parameter  JEKF JEKF JUKF DEKF DUKF UB LB
K, [Nm] 56.56 22.10 21.62 21.29 21.29 100 5
K. [Nm] 19.82 149.87 152.35 151.88 15096 200 5
T1 [s] 0.90 0.33 0.34 0.33 0.33 5 0
Ty [s] 0.48 0.26 0.26 0.26 0.26 0.5 0
TN [s] 0.30 0.18 0.19 0.19 0.20 0.3 0.01
tp [s] 0.19 0.11 0.11 0.11 0.11 0.5 0.01
ls [m] 3.47 12.06 12.16 12.25 12.07 15 3
Kp [Nm] 1.50 0.37 0.27 0.11 0.31 1.5 0.1
Kg —0.41 -0.74 -0.64 -0.79 -043 -04 -—-15
T, [sec] 1.05 1.50 1.54 1.97 1.57 6 1
Ty, [sec] 5.13 3.82 3.71 342 3.81 6 1
Ty, [sec] 0.01 0.01 0.01 0.01 0.01 0.03  0.01
15

= — _ _Measured T_ from data

é o T, inthe ideﬂrrmﬁcanon process ]
g . — Simulated T, for Joint EKF validation |
£, ]
2]

-10 L
0 5 10 15 20 25 30 35 40

Time [sec]

Fig.7.
torque.

Data, the training curve, and the simulated curve for the steering wheel

initialized with a constant speed of 15 [m/s](54 [km/h]). Other
vehicle constants can be found in Table II. In addition, we as-
sumed a high-adhesion asphalt pavement with a constant friction
factor of 0.89 for all simulations. The length and the width of
the road were configured as 1000 [m] and 6 [m], respectively.
A path composed of a sequence of straight segments, circular
segments, and clothoids was given as an input. The configured
road curvature was obtained through a sensor provided by Car-
Sim. Since the road curvature data from CarSim are noisy, we
applied a first-order lowpass filter with a cutoff frequency at
2.5 rad/s to eliminate the noise before inputting this signal to
the driver model.

After collecting the necessary simulation data, namely, the
steering wheel angle ds, the road curvature p, the side slip angle
0, and the yaw rate r in the input vector u°, and the steering
wheel torque Ty, in the output y°. We then implemented the joint
EKEF to estimate the driver model parameters. The results are
given in Fig. 7. We only show the results of the joint EKF here,
since the results given by the other filters were quite similar. In
Fig. 7, the blue dashed curve shows the steering wheel torque
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Measured Tdr from data — — — Tdr in identification process — - — Simulated Tdr for validation
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Fig. 8. Data, the training curve, and the simulated curve from the Joint/Dual
E-/UKE.

from the data, the green dot-dash curve shows the estimation of
the steering wheel torque during the training process, and the
red solid curve shows the validation result, which is obtained by
using the identified driver model parameters from the training
process in the simulation. The simulated result agrees well with
the data. The identified driver model parameters are given in the
second column of Table III.

2) Field Test Data Processing: We processed the field test
data using the joint EKF, the joint UKF, the dual EKF, and
the dual UKF separately, so that we can compare the identified
driver parameters obtained from these four different methods.
For instance, we took the set of data from the SHC tests corre-
sponding to the conditions of a “Racing Driver” with a constant
velocity of 45 [mph] in Table I. In each implementation, we
used the first 60% of the data for parameter training and then
used the remaining 40% of the data for validation.

By designing the appropriate Kalman filter parameters, such
as the process noise covariance, the measurement noise covari-
ance, and the initial state covariance matrix, we obtained rea-
sonably good estimation of the parameters. The process noise
covariance is considered to be the most critical, and therefore
had to be carefully tuned [56], [57]. Fig. 8 illustrates the steer-
ing wheel torque from data, the training curve for each filter,
and the simulated output corresponding to the identified model
parameters. The green dashed plots in Fig. 8 show how the pre-
diction of the steering wheel torque at the current time step,
provided by the joint/dual E-/UKF based on past data, agrees
with the current data. After about 1 min the prediction results
get stabilized and agree well with the data.

The trajectories of the estimated states (we only show the
driver parameters, and each parameter is scaled such that the
initial value is one) corresponding to the joint EKF are given
in Fig. 9. The red dash-dot plots in Fig. 8, which are drawn
to validate the identified driver parameters, agree well with the
data. Although one sees some difference between the validation
results and the data, the results are reasonable, since the param-
eters of the real driver may change slowly with time. This effect
is investigated next.
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C. Driver Model Refinement

Based on the results from the previous section, we refined
the model by assuming that the process noise for the parameter
vector v is colored. To this end, we let

v = Ca C = g
where £ is a zero-mean white process noise and ( is a colored

process noise with unknown time-varying mean. By discretizing
(22) with a sampling interval At, one obtains

Ce = o1 + At &y

If &1 is uncorrelated with (i1, (j is colored process noise
in the sense that (j, is correlated with itself at different time steps
[58]

E(CkaT»q) ZE(CHC;L + Atékq(ﬁq):E(quCZA) 2 Q¢

(24
where Q)¢ # 0 is the covariance matrix. For the noise ¢ at
any two different time steps ¢ and s (f > s) one obtains that
E(GCT) =E(G-1¢h) =+ =E(¢¢) = Q¢, and hence one
can summarize the covariances for  and £ as follows:

]E(CtCsT) = QCv ]E(ths,T) =0, E(ft&?) = Q§5ts

where ()¢ is the covariance matrix and d;, is given by (13).
Equations (22) allow the parameter vector v to drift with time.
We implemented all filters using this model and recorded the
estimates of v at each time step. We then performed simulations
with the time-varying parameters. Fig. 10 shows the results for
the Joint UKF case. The results with the other filters are similar,

(22)

v = Vi1 + At Gy, (23)

(25)

and are thus, omitted. Fig. 10 indicates that the parameterized
driver model with time-varying parameters characterizes the
driver’s steering behavior much more accurately. This implies
that the parameterized two-point visual driver model architec-
ture shown in Fig. 1 is valid, but the parameters are not nec-
essarily constant, and may vary slowly with time. The driver
parameters convergence with time, along with their 2o-bounds,
are shown in Fig. 11. Fig. 12 shows in greater detail the estimate
(solid red line) and the confidence levels (blue dotted line) for
L. The plots for the other parameters are similar. From Fig. 11
one observes that, although most of the parameters converge to
some constants, some of them exhibit drift, specifically, K,, K,
and 7T1.. This behavior accounts for the difference between the
simulation result (red line) and the test data (blue line) shown
in Fig. 8. In terms of driver parameter identification, this result
suggests that K, K., and T are the most important parameters
to track in an online identification scheme.

VI. DRIVER COMPARISON AND ANALYSIS

Section V estimates the identified driver parameters using
four different nonlinear filters. Our main motivation for param-
eter estimation is to be able to distinguish the different driver
styles based on the identified driver parameters from experimen-
tal data. Empirical evidence suggests that one potential strong
distinguishing feature of driver style is the smoothness of the
applied steering command [59], [60]. In order to test this the-
ory, we first analyzed the driver’s steering behavior according
to the identified driver parameters, and we then analyzed the
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TABLE IV
DRIVER MODEL PARAMETERS

Parameter K, K. 11, Tr T~ tp L Kp K g Tk] Tk2 Tk3
30 mph Racing 217 1535 033 026 0.19 o0.11 121 028 —-0.66 157 372 0.013
Experienced 219 1586 035 028 020 0.11 121 0.66 —0.40 595 373 0.013
Novice 17.1 1135 025 020 0.15 0.10 8.7 037 —-040 292 329 0.013
45 mph Racing 219 1558 033 026 0.19 0.11 121 030 —-0.66 153 3.72 0.013
Experienced 21.8 156.8 035 028 0.19 0.11 122 035 —-0.78 231 373 0.013
Novice 174 1214 027 021 0.16 0.08 8.8 033 —-081 565 321 0.013
driver’s steering behavior by comparing the wavelet transform Driver comparison
of the control signals from different drivers, since it is well- 6 — e
known that wavelet transform contains information about the g “| e 1
local smoothness of a signal [61]. g ] p—————pseeEEl 1
T 43t —— T T T T T
2 —
. . 42 BESREEE —_ |
A. Driver Parameter Analysis P b ‘ ‘
. . 8 T T
Table IV shows the parameters for the racing, experienced P — — — Novice
. . . . . ~ 6} . Experi d |-
and novice driver in the SHC tests (MKS vehicle). Since some 2 ¢ " Reong
of the parameters are varying with time (namely, K,, K., and g
T1.), we only show their time-average values in Table IV. &2
From the tests shown in Table IV, one observes that K, is 0E - . =5
much larger than K,. This indicates that in the lane-keeping " " Froquency (radis) 0 "
task the driver pays more attention to e, than 0, as expected.
This result may change, however, for a different driving task Fig. 13.  Bode plots of G, for the novice, the experienced and the racing

[22]. In this section, we wish to compare the experienced driver
steering command with the novice driver steering command for
the same task. The question we wish to answer is whether we
are able to distinguish between these two (supposedly) distinct
driver styles by analyzing only the driver steering command.
From Table IV, one sees that the parameters K,, K, 11, and T}
for the novice driver are smaller than that for the experienced
driver. The anticipatory gain K, and the compensatory gain K,
represent the attention the driver pays to 0, and 6y, respec-
tively. An increase of K, leads to dfg,/dt < O (oversteering),
and the vehicle gets closer to the inner curb of the road. An
increase of K leads to more compensation (dfye,/dt < 0), and
the vehicle gets closer to the road centerline. Saleh et al. [30]
mentioned that K. may depend on the driver’s cautiousness
(e.g., the driver avoids driving too close to the border line) and
small K leads to a great tendency to cut around the bends. The
parameters 71 and 77 define a lead compensation in the com-
pensatory control path of the driver. A larger 71 corresponds
to higher compensation rate of 6y, (the speed of ¢, to reach
the desired value), but the system will be oscillating if 77, is too
large [30]. 7 determines the bandwidth of the frequencies of
Onear to be compensated. Small values of 77 mean that the driver
compensates all frequencies including the high-frequency noise,
hence leading to an oscillatory system. If 77 is large (17 < T1),
the bandwidth of the compensatory loop is narrow such that
most frequencies of 0y, are filtered.

The Bode plots of the lead compensator GG, are shown in
Fig. 13. One sees that the magnitude of G for the novice driver
is the smallest and the center frequency is the highest. This
indicates that the compensatory control of the novice driver is
slow and the driver is more likely to compensate the high fre-

drivers, 45 mph.

quencies of Oy, The near field of view visual distance ¢ for
the novice driver in Table IV is smaller than that for the expe-
rienced and the racing drivers. This does not necessarily imply,
however, that the larger the preview distance ¢, the better. For
instance, Damveld and Happee [62] observed that the driver’s
compensatory behavior is reduced with increasing preview dis-
tance (5-100 [m]) and pointed out that, with a preview distance
above a certain point, the drivers no longer minimize the lateral
error but use the additional preview to obtain a smooth path. The
preview distance may also depend on the road geometry [63].
We analyzed the high-frequency feedback part Gy =
Gx1 (1 + Gyz) of the model (see Fig. 1), where Gy and Gy
are given by (1). The Bode plots for the three drivers using the
identified parameters are shown in Fig. 14. Fig. 14 shows that
G’ has phase lead and high pass properties, and the three Bode
plots look quite close to each other. Considering that the in-
put signal to Gy, (steering wheel angle) typically does not have
many high-frequency components, and the low frequencies are
filtered, only a narrow band of frequencies can effectively pass
through Gf, as feedback to the driver. This result indicates that
the effect of the high-frequency feedback may be small, and
hence the visual information is more important to the driver
than the steering feel in his/her hands during a lane-keeping
task. Fig. 14 also indicates that the parameters in Gg, do not
distinguish between the drivers since the Bode plots are close
to each other. We may thus be able to fix the parameters in
Gy, to represent the steering behaviors of different drivers, as
in [9], [22], where K, and Ty, are considered to be constants
(ie., Kp =1, Ty, = 2.5). It is worth mentioning that, besides
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Kp and Ty, in [9], [22], the time delay ¢, and the parameter T
in the neuromuscular system are also treated as constants (i.e.,
tp = 0.151, Ty = 0.11).

Fig. 15 shows the plots of K, versus K.. As shown from
the analysis of the experimental data in Section V-C, the gains
K, and K. drift with time. Furthermore, the parameters of the
novice driver change faster and take values in a larger range
than both the experienced driver and the racing driver. This
result may indicate that, at least for a lane-keeping task, the
steering behavior of the experienced driver and the racing driver
is smoother than the novice driver. To confirm this conjecture,
in Section VI-B we perform a wavelet analysis of the control
signals of the experienced/racing driver and the novice driver
and compare the two.

B. Wavelet Analysis of Driver Steering Torque Command

In this section, we compare the steering commands of the
novice, experienced and racing drivers in terms of their fre-
quency characteristics, and local smoothness properties. Recall
that the continuous wavelet transform (CWT) for a given signal
f atscale s > 0 and translation 7 € R is written as [64], [65]

W L e (5 0)ae e
fem = [ v (S)e e
where 1" is the complex conjugate of the mother wavelet .
Many available wavelet bases can be used, such as Morlet, Paul,
Haar, Daubechies, Coiflets, and Symlets [66], [67].

Fig. 16 shows the steering wheel torques for the novice, expe-
rienced and racing driver, respectively. In order to compare the
frequency content of the signals, we performed a CWT of the

Tar - Racing (above), Experienced (medium) and Novice (below) Driver
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Fig. 16.  Steering wheel torque of the racing, experienced and novice driver
(MKS, 45 mph).
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Fig. 17.  Wavelet transform of T, of the racing (above), experienced (medium)
and novice (below) driver.

steering wheel torques shown in Fig. 16 using the real-valued
Daubechies wavelet 3 function with respect to (26). The graphs
of the absolute coefficients of the CWT of the steering wheel
torques in Fig. 16 are shown in Fig. 17. The color regions of the
graph indicate the local modulus maxima. The results in Fig. 17
show that, in the same SHC, the CWT of the control signal of
the novice driver has more local maxima than the experienced
and the racing driver. This may be used to evaluate the perfor-
mance of the steering behavior of the driver. The local maxima
can be used to detect the position of the local singularities, as
well as to determine the associated Lipschitz exponents using
the following theorem [61].

Theorem 6.1: Suppose that the wavelet (¢) is the nth
derivative of a smooth function, is n times continuously dif-
ferentiable, and has compact support. Let f(¢) be a tempered
distribution whose wavelet transform is well defined over [a, b],
and let 7y € [a, b]. Assume that there exists sy > 0 and a con-
stant C, such that for all 7 € [a,b] and s < sj, the modulus
maxima of W f (s, 7) belong to the cone defined by

|7 — 70| < Cs. 27)

Then f(t) is uniformly Lipschitz n in a neighborhood of 7, for
all 7 € [a,b], T # 7. Furthermore, f(t) is Lipschitz a (v < m)
at 79, if and only if there exists a constant A such that at each
modulus maximum (s, 7) in the cone (27)

[Wf(s, 1) < As®. (28)
By taking the logarithm of both sides of (28), one obtains

log |W f(s,7)] <log A+ alogs. (29)
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The Lipschitz exponent « is therefore determined by the max-
imum slope of log |W f(s, 7)| on a logarithmic scale. Here, we
only perform CWT of the steering wheel torque of the experi-
enced driver and show the process to determine the Lipschitz
exponent. We adopt the Daubechies wavelet 3 that is orthog-
onal, compactly supported and has three vanishing moments,
by which we can determine Lipschitz exponents o < 3. Fig. 18
plots the absolute CWT coefficients in the time-scale domain.

We find the lines of maxima from Fig. 18 and determine the
positions of the singularities. The singularities are all the points
on the time axis that the lines of maxima converge to. There
may be multiple lines of maxima converging to the points that
are close to each other, due to the number of the vanishing
moments of the mother wavelet or the Lipschitz exponent of the
singularity [61].

Fig. 19 illustrates the histogram showing the distribution of
the Lipschitz exponents corresponding to the experienced and
racing driver. By comparing the results in Fig. 19, one observes
that the control signal (7g;) of the racing driver has a smaller
number of singularities. This result indicates that the steering
wheel torque command of the racing driver is smoother than
the experienced driver. The distribution of the Lipschitz expo-
nent « of the racing driver shows a smaller minimal, maximal,
and mean value than the experienced driver. This statistical re-
sult indicates that the singularities of the steering wheel torque
command of the racing driver are likely to be more irregular
and impulsive than the experienced driver. The racing driver
perhaps tends to sacrifice smoothness locally (smaller Lipschitz
exponents) by making good use of the double-lane road, such
that (s)he could obtain overall better smoothness (fewer sin-
gularities) than the experienced driver. The experienced driver,
who was only allowed to drive within a single lane of the road,
behaved less aggressively since the mean and minimal value
of the Lipschitz exponents are larger than the racing driver.
Fig. 20 illustrates the histogram showing the distribution of the
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Fig. 20.  Histogram of the Lipschitz exponents « for the novice and experi-
enced driver.

Lipschitz exponents corresponding to the novice driver and the
experienced driver. By comparing the results in Fig. 20, one
observes that the control signal (7g) of the novice driver has
a larger number of singularities, and the Lipschitz exponent «
shows a larger range from —0.1074 to 2.204, with a larger stan-
dard deviation of 0.6876. This result implies that the steering
wheel torque command of the novice driver is more noisy than
the experienced driver (see Fig. 16). Furthermore, the distribu-
tion of « exhibits multiple modes, and the first mode on the left
is smaller than that of the experienced driver. These features
observed from the distribution of the Lipschitz exponents may
be used to distinguish the control signals of different drivers and
hence classify drivers into different groups.

VII. CONCLUSION

This paper adopts the parameterized two-point visual driver
model to characterize the steering behavior of a driver, and
conducts a series of field tests to investigate the validity of this
model to predict human driver behavior and driving style. We
have implemented four nonlinear filters, namely, the joint EKF,
the joint UKF, the dual EKF, and the dual UKF to estimate the
parameters based on field test data conducted at Ford’s Dearborn
Development Center test facility. The validation results agree
well with the data. The UKF is considered to be more accurate
than the EKF in propagating the Gaussian random variables,
but the difference is not obvious in this paper. The results of
our investigation indicate that some of the driver parameters are
not exactly constant, but rather vary slowly during a driving
task more that few minutes long. This observation suggests that
similar parameterized driver models need to incorporate this
effect to faithfully represent reality.

The main difficulty with the use of the two-point visual driver
model in practice is the difficulty of reliably measuring the two
visual angles Ope, and O, In this paper, the road curvature per
is calculated using the GPS data along with the linear estimator
in (2) to obtain the values of O, and Op,. In general, one will
need to estimate pyr if it is not readily available [37].

The parameters of the driver model provide some interest-
ing features to better understand the steering behavior of dif-
ferent types of drivers. An experienced driver is likely to pay
more attention to both the anticipatory control () and the
compensatory control (6y,c,r) than a novice driver. The model pa-
rameters may also depend on the driving task [22]. The wavelet
transform provides insights into the driver’s control signal, in
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terms of the number and the location of the singularities of the
signal and the distribution characteristics of the associated Lip-
schitz exponents. These can be used to characterize the control
signal into different levels of smoothness. Our analysis showed
that the steering wheel torque of an experienced driver has fewer
singularities, and the Lipschitz exponents seem to follow a com-
paratively more concentrated distribution. Based on the work of
this paper, a potential next step would be to use machine learning
ideas to distinguish the behaviors of the drivers, and to classify
the drivers into distinct categories based on features arising from
the wavelet transform.
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