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ABSTRACT

Steering Control Characteristics of Human Driver Coupled With an Articulated

Commercial Vehicle

Siavash Taheri,

Concordia University, 2013

Road safety associated with vehicle operation is a complex function of dynamic
interactions between the driver, vehicle, road and the environment. Using different
motion perceptions, the driver performs as a controller to satisfy key guidance and
control requirements of the vehicle system. Considerable efforts have been made to
characterize cognitive behavior of the human drivers in the context of vehicle control.
The vast majority of the reported studies on driver-vehicle interactions focus on
automobile drivers with little or no considerations of the control limits of the human
driver. The human driver's control performance is perhaps of greater concern for
articulated vehicle combinations, which exhibit significantly lower stability limits. The
directional dynamic analyses of such vehicles, however, have been limited either to open-
loop steering and braking inputs or simplified path-following driver models. The primary
motivations for this dissertation thus arise from the need to characterize human driving
behavior coupled with articulated vehicles, and to identify essential human perceptions
for developments in effective driver-assist systems and driver-adaptive designs.

In this dissertation research, a number of reported driver models employing widely
different control strategies are reviewed and evaluated to identify the contributions of
different control strategies as well as the most effective error prediction and

compensation strategies for applications to heavy vehicles. A series of experiments was



performed on a driving simulator to measure the steering and braking reaction times, and
steering and control actions of the drivers with varying driving experience at different
forward speeds. The measured data were analyzed and different regression models are
proposed to describe driver’s steering response time, peak steer angle and peak steer rate
as functions of driving experience and forward speed.

A two-stage preview driver model incorporating curved path geometry in addition to
essential human driver cognitive elements such as path preview/prediction, error
estimation, decision making and hand-arm dynamics, is proposed. The path preview of
the model is realized using near and far preview points on the roadway to simultaneously
maintain central lane position and vehicle orientation. The driver model is integrated to
yaw-plane models of a single-unit vehicle and an articulated vehicle. The coupled driver-
articulated vehicle model is studied to investigate the influences of variations in selected
vehicle design parameters and driving speed on the path tracking performance and
control characteristics of the human driver. The driver model parameters are subsequently
identified through minimization of a composite cost function of path and orientation
errors and target directional dynamic responses subject to limit constraints on the driver
control characteristics. The significance of enhancing driver's perception of vehicle
motion states on path tracking and control demands of the driver are then examined by
involving different motion cues for the driver. The results suggest that the proposed
model structure could serve as an effective tool to identify human control limits and to
determine the most effective motion feedback cues that could yield improved directional
dynamic performance and the control demands. The results are discussed so as to serve as

guidance towards developments in DAS technologies for future commercial vehicles.
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CHAPTER 1

LITERATURE REVIEW AND SCOPE OF THE DISSERTATION

1.1 Introduction

The directional control performance of road vehicles is primarily influenced by the
driver's control actions that arise from the driver's interactions with the vehicle, road and
the environment. The main objective of the driver is to satisfy the control and guidance
requirements of the driving task in a controlled and stable manner. Generally, these
would include reducing the path tracking error to a permissible threshold level, and
rejection of the environmental and road disturbances. The human driver is known to
exhibit limited control performance, particularly in situations demanding critical steering
maneuvers, which has been associated with unsafe vehicle operations and vast majority
of the road accidents [1]. During 2009, nearly 5.5 million motor vehicle crashes leading
to nearly 1.5 million injuries and 31,000 fatalities were reported in the US alone [2,3].
The reported highway accident data suggest that nearly 90% of such accidents are
primarily attributable to errors related to drivers' perception of risk situations, decision
making process and control actions [4]. Although the number of crashes have been
steadily declining in recent years, the costs of such accidents associated with fatalities,
compensation and loss of quality of life remain unacceptable. Considerable efforts have
thus been made to characterize cognitive behavior of human drivers in the context of
vehicle control [5-7]. A number of experimental and analytical studies have attempted to
characterize human control and driving behavior, over the past five decades. These

studies generally focus on identifications of essential control characteristics of the driver



through objective measurements and formulations of mathematical models that describe
the driver as a controller considering the human perception, prediction, preview and
compensation abilities [7-9]. The resulting models have been applied for: (i)
identification of control characteristics of the human driver coupled with a vehicle, e.g.,
[10-12]; (ii) identification of control limits of the human driver, e.g., [13,14]; (iii)
developments in driver-adaptive vehicle designs, e.g., [15,16]; and (iv) developments in
effective driver-assist systems (DAS), e.g., [17,18]. The reported coupled driver-vehicle
models range from single-feedback closed-loop lateral position control models, e.g.,
[10,19], to multi-loop control models incorporating comprehensive sensory feedback
cues, e.g., [9,11,20,21]. Irrespective of the control structure, reported models generally
consider the driver as an ideal controller that can readily adjust its driving strategy to
adapt to a desired vehicle path with little or no considerations of control limits of the
human driver [9]. Thus, the model parameters, reported in such studies may be
considered valid only in the vicinity of the vehicle design and operating conditions
selected for identification of the driver model. The reported models, depending upon the
control strategies, may exhibit substantial path deviation and even instabilities under
higher operating speeds or emergency type of path change maneuvers. These may be in-
part attributed to the selected feedback cues that are integrated with different control
strategies.

It has been widely accepted that perception of the path information through visual
channel and vehicle motion prediction significantly influences the path tracking
performance and steering response of the coupled driver-vehicle system [22-24]. The

reported models, with only a few exceptions [11,25,26], however, have been developed



considering dynamics of automobiles only. The driver behavior characterization,
however, is far more vital for articulated commercial vehicles that exhibit substantially
different dynamics and lower control limits compared to automobiles.

In this dissertation research, a two-point preview strategy is used to develop a driver
model. The proposed model involves essential elements of the human driver, such as
perception, prediction, path preview, error estimation, decision making and hand-arm
system dynamics in conjunction with a directional dynamics of a single-unit as well as an
articulated freight vehicle. The driver model parameters are identified by minimizing a
composite performance index subject to constraints imposed by the human driver’s
control and compensation limits. Subsequently, the control demands on the driver are
evaluated through enhanced perception of different vehicle states so as to identify
secondary cues that could facilitate vehicle path tracking while limiting the control
demands. The vehicle states that help reduce path deviation could be utilized as
additional sensory feedbacks in a driver-assist system (DAS) for enhanced path tracking

performance of the coupled driver-vehicle system.

1.2 Review of Relevant Literature

A number of mathematical representations of the human driving behavior have evolved
since the 1950s. These models generally aim to describe human driving behavior in terms
of four essential elements, namely: (i) perception and prediction; (ii) preview; (iii)
decision making process; and (iv) limbs motions (Figure 1.1) [6,7,27]. Drivers’
perception of the instantaneous states of the vehicle help to predict the future vehicle
trajectory in a qualitative sense [22,28], while the roadway coordinates are previewed

through the visual field, which is described as the preview process. Using the previewed



path coordinates and predicted vehicle trajectory, the driver estimates the error of the
vehicle trajectory with respect to the desired roadway. The driver subsequently imparts
required compensatory control to minimize the tracking error subject to control
performance limits, response delays, muscular dynamics and the vehicle steering system
dynamics.

Preview Decision making process
Path Preview '

—— e ——— —— e ———

Performance
e, — through visual cues IProcessmg time | Limite of the |
" Perception/Prediction delay I X I
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Figure 1.1: Overall structure of the coupled driver/vehicle system

Early studies were mostly attempted to estimate the human control actions by
minimizing instantaneous perceived error between the vehicle trajectory and the desired
path coordinates, using simplified single-loop compensatory models. These models,
however, yield considerable path deviation, particularly under high speed directional
maneuvers [7,9]. It has been suggested that a coupled driver/vehicle model would exhibit
superior control performance through formulation of driver's preview ability and perhaps
involving additional sensory feedback [29,30]. A few earlier studies and the majority of
the recent studies, have thus employed involve driver's preview and multiple feedback
variables, so as to enhance the path tracking performance. Further, a number of studies

have been concerned with the role of hand-arm system and muscular dynamics. The

4



reported driver models employed widely different strategies to formulate these essential
components. In the following subsection each essential elements of a generalized driver
model will be described and relevant reported studies will be briefly reviewed and
discussed in terms of model formulations. The limitations of different control strategies
are further discussed in view of the driver control limits and vehicle path tracking
performance to build the essential knowledge and formulate the scope of the dissertation

research.

1.2.1 Perception and Prediction Process

It is established that the vehicle driver can sense instantaneous vehicle motion states
through its visual, vestibular and kinesthetic cues [29]. Perceived motion states of the
vehicle assist the driver to undertake the required steering control actions. A number of
studies are thus focused on identification and characterization of required sensory cues
related to human perception together with their mathematical descriptions [29,31]. The
reported studies invariably consider that the instantaneous coordinates and orientation of
the vehicle relative to its surroundings is perceived by the driver through visual sensory
cues, suggesting that visual aspects of driving are of the highest significance [29,31-33].
Experimental studies have suggested that without specific training, even high-skilled
drivers are unable to perform a good driving task in the absence of visual feedback [34].
It is also suggested that human driver can perceive linear and rotational accelerations as
well as rotational velocities of the vehicle in a qualitative manner through vestibular and
body-distributed kinesthetic cues [29]. The reported studies, however, mostly focus on
single-unit vehicles and employ lateral coordinate and heading angle of the vehicle as the

two primary cues, which can be more precisely perceived by the human driver. In case of



articulated vehicle combinations, it has been suggested that drivers’ perception of

secondary cues related to additional motion states of the vehicle could further assist the

driver to undertake the required steering control actions more effectively. These may

include articulation rate, lateral acceleration and yaw velocity of both the tractor and the

semi-trailer units. Table 1.1 summarizes the range of sensory feedbacks considered in

reported studies on human steering behavior, where the studies are identified by the lead

author alone.

Table 1.1: Different driver sensory feedbacks which is employed in the reported studies

Driver’s sensory cues

. Lateral | Heading | Lateral Lateral Yaw Path Roll  |Articulation
First Author . : 3
position | angle | velocity acceleration rate |curvature| angle rate
Yy | v | v | oa ro | G | ¢ y
Kondo (1985) [
Weir (1968) [ [ [ [ [
Yoshimoto (1969) [
McRuer (1975) [ ] u
Donges (1978) | | ]
Hess (1980) [
Reid (1981) [ [ [
MacAdam (1981) [
Garrot (1982) | ]
Legouis (1987) [
Allen (1988) | ]
Hess (1989) | u
Mojtahedzadeh(1993) [
Mitschke (1993) ]
Horiuchi (2000) | |
Sharp (2000) | u
Yang (2002) [ [ [ [ [ [
Guo (2004) [ [ u
Edelmann (2007) [ n
Ishio (2008) [
Pick (2008) [ [
Menhour (2009) [ [ ]
Sentouh (2009) [ [ [

The human perception of instantaneous vehicle states can be described considering

two essential characteristics: (i) perception delay time [5]; and (i1) a perception threshold



that relates to minimum value of a state that can be sensed by the human driver [32]. The
delay time to perceive vehicle states, denoted as the driver’s perception delay time 7,4,
could vary from 0.1 to 0.2 depending upon the driver’s sensory channels and
environmental factors [1,29,33]. The magnitude of a vehicle state, however, must exceed
its threshold value to be detected by the human driver. The threshold values, however,
vary for different sensory channels. For instance, it has been reported that human can
detect linear acceleration exceeding 0.06 m/s” through the vestibular system [29,33,35-
38]. The perception threshold of the human driver can be mathematically expressed by a

dead-zone operator (Figure 1.2), such that [29]:
max{lj —Tj,O} ; T, >0
5}.(1}.,7}.) = f ; T,=0 (1.1)
min{l; - T;,0} ; T; <0
where [; and S; are instantaneous and perceived motion states, and T; is the perceptive

threshold of vehicle state j (j=1,..., n); n being the number of motion states to be

perceived.
g q.
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Figure 1.2: The dead-zone model used to describe perception threshold of the human
body sensory feedbacks



The human driver continually predicts vehicle coordinates at a future instant in a
qualitative sense on the basis of the perceived information such as heading angle, forward
speed, lateral acceleration and lateral coordinates of the vehicle. The driver subsequently
undertakes a control or corrective action on the basis of anticipated deviations between
the predicted and previewed paths [28,39,40]. A number of attempts have been made to
characterize the driver prediction capability through different prediction models [41,42].
Assuming a constant lateral velocity and heading angle of the vehicle within the preview
interval, a first-order prediction model is used to estimate the future lateral coordinate of

the vehicle, such that [41]:

Yrp =Y(t + T,) = Y(O) + Tpv, sin(¥) (1.2)

where Y(t + Tp) is the predicted lateral coordinate of the vehicle at a future instant T, in
the global X-Y frame, as shown in Figure 1.3(a), t represent time, and Y (t), ¥ and v,
are, respectively the instantaneous lateral position, orientation and forward speed of the
vehicle. The preview distance in the figure is indicated by D,=T,v,. The term v, sin ¥(t)
can be approximated by the instantaneous lateral velocity of the vehicle, Y(t), in the
global X-Y frame, such that:
Yrp =Y(t+T,) =Y()+T,Y(t) (1.3)
Owing to the constant lateral velocity assumption within the preview interval, this
approach is considered accurate for predicting first order trajectories. Alternatively, the
second-order prediction model considering constant lateral acceleration of the vehicle

within the preview interval has been formulated, as (Figure 1.3b) [42]:

2
Yrp =Y(t+T,) =Y(©) +T, Y(©) + %Y(t) (1.4)



It is suggested that the second-order prediction yield improved predictability of the
vehicle motion compared to the first-order model [8,42]. A third-order prediction model
has been also reported in a few studies. However, it has been shown that the third-order
prediction model is usually over-demanding and leads to directional instability of the

coupled driver-vehicle system [8].

Y4 YA
Y(+Ty) v, o Predicted position Ve
Ai'icted position
Y(t+Tp) SN
Y1) (g2 Y() fgf \ 2~

v

Xt X+T) X X X+ T X
(a) (b)
Figure 1.3: Prediction of vehicle motion at a future instant using (a) first-order prediction

model; and (b) second-order prediction model

A number of studies have employed a more elaborated formulation of the human
driver's prediction ability through the so-called ‘internal vehicle model’. These suggest
that the human drivers may employ prior knowledge of the vehicle response trends to
predict vehicle coordinates at a future instant [18,22,28]. A linear state-space model of

the vehicle has thus been proposed for determination of future coordinates of a vehicle,

such that [40]:
(1) = [A1]%(0) + [B,]u(0) (1.5)
where X and U are the state and input vectors of the state-space model of vehicle, and

[A;] and [B;] are respectively the state and input matrices for a single-unit vehicle. The

homogenous and non-homogenous solutions of the vehicle motion can be obtained from:



t
£ = [0 - 0))iCe) + | [0 - DB JEDdr (16)
to
where t, is the initial time. Assuming time invariant vehicle parameters, the state
transition matrix [@(t)] = el41)¢ is estimated using the Taylor series approximation:
(00} t n
elalt Z (4 ) (1.7)
n=0
Combining Egs. (1.6) and (1.7), the predicted motion states of the vehicle at a future
instant T;, are obtained as follow:

X(t+T,) = <z ([Alr]l—!Tp)n> X)) + T, (i

[Bl]ﬁ(t) (1.8)
1)'
n=0
Using the above equation the predicted coordinates of the vehicle cg at a future
instance T, can be determined. The above formulation employs linear approximations of
the tire and vehicle dynamics and thus could yield considerable inaccuracies. A few
recent studies have attempted to incorporate driver experience and skill in order to

account for wvariations in the tire-vehicle characteristics under different driving

conditions, so as to enhance the accuracy of the linear state-space vehicle model [22,28].

1.2.2 Path Preview Process

Many theoretical and empirical studies have shown that human driver tends to
compensate for its perception/response delays through preview of future path information
[31,43,44]. This path preview process involves assessment of the lateral coordinate,
orientation and curvature of the desired roadway at a pre-set sight point, denoted as the
preview point [41,45]. The preview distance (Dp), the distance from the preview point to

the driver’s position, is strongly influenced by the vehicle forward speed, maneuver
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severity, path curvature and driver’s path preview strategy [41,44,46,47]. The preview
distance is generally expressed in terms of preview time (7p), which can account for the
speed effect assuming constant driving speed within the preview interval, which could
range from 0.5 to 9 s [7,11,18,48].

A number of experimental and analytical studies have been performed either in the
field or on driving simulators to identify ranges of drivers preview distances and preview
times under different driving situations. For instance, an experimental study [49], showed
that the optimum preview distance on straight path driving is 21 m at constant forward
speeds ranging from 30 to 50 km/h. The reported studies have employed two different
methods to characterize driver preview distance based on: (i) direct measurements; and

(i1) indirect identification.

e Direct measurement method

The driver preview distances have been measured directly using three different
techniques: (i) the slit method; (ii) the sight-point camera; and (iii) eye movement
tracking. In the slit method the driver is asked to drive while seeing through a horizontal
slit placed in front of the driver's eyes. Under this condition the driver observes a certain
distance ahead of the road through the slit. The preview distance is then determined from
driver’s eye and slit position [41]. In this approach the driver's normal visual scene is
obstructed, which may affect human driving behavior, particularly at higher speeds
[50,51]. In the sight-point camera measurement technique, an aperture device is used to
restrict driver's field of vision, while the preview distance is estimated from the width of
the previewed path [52,53]. The use of this method has been limited since it requires

driver's effort to focus at the sight point through the aperture. In eye movement tracking
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method, the driver uses a helmet equipped with a camera to record the road scene and a
charge-coupled device (CCD) camera to capture the pupil movement [31,47,54-56]. The
preview distance is then captured from the instantaneous change in pupil and road
orientation. These studies show two main characteristics of driver’s path preview: (i)
driver mainly looks at the tangent point on the inside edge of the bend during a cornering
maneuver [57-59]; and (ii) driver's head movement performs most of the required
movements to observe road information [57]. This approach, however, has limitations in
differentiating between the eye and the head movements, and contribution of the driver's
peripheral vision [60-62]. Table 1.2 lists some of the experimental studies on human
driver preview process to identify the preview time of the human driver, where the
studies are identified by the lead author alone. Wide variability in the reported values
may be attributable to driver-, vehicle- and environmental-related factors such as
differences in measurement methods, driving task, participants’ skill and vehicle speed.
An examination of the reported results, however, revealed a number of important and
consistent findings. For instance, a higher forward speed, generally, requires a longer
preview distance, which tends to enhance directional stability of the vehicle. Further, the

preview distance tends to decrease considerably with increase in path curvature [46].
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Table 1.2: Summary of studies reporting objectively measured human driver preview time

Method of Velocity |Preview time | Number of . . .
Author Apparatus measurement () @) e Driving task Major finding(s)
Gordon (1966) Autombile | Sight point camera| 6 -6.5 6.9 7(M) 3(F) | Curve negotiation |Preview time independent of speed.
Mclean (1973) Autombile | Sight point camera | 9 — 13.5 1.6-24 8(M) 2(F) Straight course  |Preview time independent of speed.
Kondo (1978) Autombile Slit method 3-16.5 2-9 10 Straight course Preview time lincarly increasing with
Autombile | Sight point camera| 3 —7.5 2-4 10 Curve negotiation speed.
Autombile Eye moYement 14 2-35 3 (M) Obtacle avoidance |Average previw time: 2.6 s
tracking
Driving Eye movement . o
Reid (1981) simulator tracking 14 1-3.5 3 (M) Obtacle avoidance |Average previw time: 2.8 s
Drlvmg . In(.ilrect‘ 14 0.7-0.9 6 (M) Lane tracking Indirect identifcation by minimzing the
simulator identification .
Drivi Indirect error between the response quantity and
Driving _ndirect 14 1.5-33 4 (M) Obtacle avoidance |the measured data.
simulator identification
Afonso (1993) Autombile Eye movement 11-22 1.6-2.5 20 Curve negotiation Preview distance as a function of path
tracking curvature and speed.
Land (1994) Autombile Slit method ~12 1-2 3 Curve negotiation | ghificance of the tangent point during
curve negotiation.
Land (1995) Derlng Slit method 16.9 0.93 far 3 Curve negotiation Effectivenss of two preview points at high
simulator 0.53 near speeds.
Boer (1996) Dnvmg ' Inc'hrect‘ 25 04-05 5 Curve negotiation Slgmﬁcanc? Qf the tangent point during
simulator identification curve negotiation.
Zwahlen (1997) Autombile Eye movpment 235 05-18 11 . Dr1v1.n.g behavior in low visibility
tracking Straight course | condition.

_ Driving Eye movement oy Particiapants did not look toward the
Wilkie (2003) simulator tracking 8 -2 6 Curve negotiation tangent point of the bends at low speeds.
o Driving Eye movement . Participants used the distant road edges to

Billington (2010) simulator tracking 8 1.3 7(M)7(F) | Curve negotiaton improve their heading judgments.

"M- Male subjects; F - Female subjects
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e Indirect identification methods

Considering wide variability in the reported preview time, vast majority of studies have
relied on indirect identifications of the preview time for formulating the driver models.
The indirect method is, invariably, employs a coupled vehicle-driver model, where the
parameters identification techniques are applied to achieve minimal error between a
response quantity and the corresponding measured data [45,63-65]. Indirect identification
of the preview characteristics, however, necessitates a reliable driver model. The reported
studies have thus been limited to identification of the preview distances for particular set
of driver control measures and vehicle dynamic variables, and would be considered valid
only for certain driving situations. Considerable discrepancies among the reported results
are evident, which are attributed to variations in methodology used, driving conditions
and the objectives. Table 1.3 lists some of the reported studies that employ indirect
identification of preview characteristics together with the ranges of preview time.

The vast majority of the studies on human driving behavior have employed a single-
point preview ahead of the vehicle to obtain the required path information. A single-point
preview strategy, however, may lead to unsatisfactory path tracking performance and
instability, particularly under high speed directional maneuvers coupled with a relatively
short preview distance [66]. A human driver would exhibit superior control performance
when a preview of the entire roadway is available. Only a few studies have proposed
multi-point preview strategy for enhanced directional control performance of the driver
[15,18]. A multi-point preview strategy involves simultaneous preview of a number of
equally spaced target points for mapping of the required path information [15,67].

Further, it has been experimentally illustrated that novice drivers tend to use near preview
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points of the desired path to obtain the required information, while drivers with relatively
higher driving skills tend to employ farther preview points [66]. Consequently, a concept
of weighted multi-point preview has been used in a few studies [18,66,68,69].
Measurements performed under restricted visual situations have shown that human
drivers observing only two segments of the roadway achieve improved path tracking
performance that is similar to that could be realized with entire roadway visibility
[31,56,70,71]. A two-point strategy is thus considered adequate for describing driver
preview opposed to the more complex multi-point approach. A few studies have
employed two-point preview strategy to develop coupled single-unit vehicle-driver
models [21,45,65,72,73], which suggest that only two target points ahead of the vehicle

are sufficient to obtain the roadway coordinates [34,45,56].

Table 1.3: Summary of studies reporting indirectly identified preview time

Author Forw(ell;jls;p = Prev1z:sv;/ time Description Control Strategy
Weir (1968) 26.8 5 Error minimzation Cross-over
Yoshimoto (1968) 10 - 30 22-35 Error minimzation Proportional
McRuer (1975) 26.8 2.7 Error minimzation Cross-over
Donges (1978) 8.3-16.6 1-13 Error minimzation Two-level
MacAdam (1981) 26.8 1.3 Error minimzation Optimal preview
Hess (1985) 30 0.2 Error minimzation Lead compensation
Mitschke (1993) 14-30 | 0.6-0.75 Based on vehicle design Two-level
parameters
Sharp (2000) 60 0.5 Error minimzation Multi-point previrw
Yang (2002) 27.7 1.51-2.88 Based on driving skill Multi-loop
compensatory
Guo (2004) 22 1.4 Error minimzation Preview-follower
Edelmann (2007) <8 0.4-0.8 Based on vehicle design Two-level
parameters

1.2.3 Decision Making Process
The decision making process involves driver's control strategy to compensate for the
perceived error between the previewed path and predicted trajectory of the vehicle, which

may depend upon the driving task, driver's skill and various situational conditions
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[11,22,29]. The reported driver’s control strategies can be grouped under four categories,
namely: (i) compensatory control strategy; (ii) anticipatory/compensatory strategy; (iii)
preview compensatory strategy; and (iv) forward speed control strategies. While the first
three categories focus on steering strategies under constant forward speed, the last group

of studies aim at longitudinal speed control models.

e Compensatory Control Strategy

The compensatory strategy aims to track the desired path by minimizing instantaneous
lateral position error (Y,) between the perceived trajectory (Y) and the desired path (Y),
as shown in Figure 1.4. The compensatory control strategy has been widely expressed by
the well-known crossover model [10], which implies that the driver undertakes
compensations to realize a stable and well-damped non-oscillatory vehicle response in
the vicinity of the crossover frequency, ranging from 2 to 4 rad/s [29,75]. This model
suggests that the dynamic response of the open-loop driver-vehicle system can be
described by a delay time and an integrator. The required model parameters are thus
determined in accordance with dynamic response of the vehicle. The crossover model
strategy exhibits good correlation with the measured data in immediate vicinity of the
gain crossover frequency but it can cause substantial tracking errors and a directional
instability at frequencies distant from the crossover frequency [7,76].

The vast majority of the reported compensatory models have employed instantaneous
lateral position of the vehicle as the main sensory feedback to the driver. This, however,
may lead to substantial tracking errors and a directional instability of the coupled driver-
vehicle system, particularly under emergency type of steering maneuvers [7,29,43]. It is

suggested that, the addition of the driver preview and/or driver’s secondary sensory
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feedbacks helps realized stable vehicle response [20,29,30,77,78]. A consideration of
additional sensory feedbacks, such as heading angle of the vehicle, helps to enhance the
path tracking performance of the coupled driver-vehicle system [7,11,71,78]. A number
of studies have also considered the previewed path information attained from the human

driver's visual channel, which will be discussed in the following subsection.

: estimation :

.Yd >+: Y. [ Decision making O Vehic.le Y
Desired path | - : process, H(s) ) Front wheels dynamics Vehicle path

steering angle

Perception of
vehicle motion

Figure 1.4: The compensatory driver model structure

e Anticipatory/Compensatory Control Strategy
It is suggested that skilled drivers can simultaneously employ open-loop anticipatory and
closed-loop compensatory strategies to satisfy the control and guidance requirements of a
driving task [12,21,45,65]. One of the earliest anticipatory/compensatory models was
proposed by Donges [45]. The two-level driver model generates: (i) an anticipatory
steering action J, based on perception of the future course of driving; and (ii) a
compensatory steering J., as shown in Figure 1.5, to maintain instantaneous central lane
position. The anticipatory open-loop strategy, attained through a learning process, is
related to the predictive steering action of the driver, while the closed-loop compensatory
steering enhanced the path tracking performance of the coupled vehicle-driver system
[21,45,79].

The anticipatory control action is primarily obtained from the perceived path

curvature, Cy, considering single or multiple preview points, while the compensatory
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steering is based on an instantaneous lateral position, orientation and curvature error.
Edelmann et al. [12] and Mitschke [65] have employed Donges' [45] two-level driver
model to stuyd the driver-vehicle lateral dynamics. These models, invariably, obtain the
previewd pah information on the basis of the previewed path curvature. However, it has
been experimentally shown that the human driver exhibit limited ability to estimate the
previewed path curvature with a reasonably good accuracy due to the so-called ‘illusive
curve phenomenon’, where the curvature of short-radius curves is mainly underestimated

[56,79,80].

Desired
path

+ Y. : B Vehicle Y
B T . —
: dynamics Vehicle path

Y, T -
Y Perception

Figure 1.5: The anticipatory/compensatory driver model structure

e Preview Compensatory Control Strategy

The preview compensatory driver models consider both the preview and prediction
ability of the human driver to minimize the perceived path tracking error Y, r,, between
the previewed path information Yy ,, and predicted motion of the vehicle Yz, as shown
in Figure 1.6 [20,30,40,]. One of the first preview compensatory models was introduced
by Kondo and Ajimine [41], which employed a proportional controller to minimize the
lateral position error between the preview path and the predicted vehicle trajectory using
a first order prediction model. Guo and Guan [8] demonstrated enhanced path tracking

performance of the vehicle using a preview-follower concept in conjunction with a
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second order prediction model. The concept involves variations in the required model
parameters in accordance with the driver’s preview process P(s) and coupled driver-
vehicle system F(s), as shown in Figure 1.6. MacAdam [40] proposed a more elaborate
preview/prediction formulation incorporating a linear state-space internal vehicle model.
An optimal control approach was employed to minimize a performance index comprising
lateral position error between the previewed path coordinate and predicted trajectory of

the vehicle.

Loy
iVehicle path

Yy Preview
Desired path P(s)

Figure 1.6: The preview compensatory structure involving the driver’s preview and

prediction
Considering the single-point preview strategy, Allen et al. [81] formulated a driver
model to compensate for the orientation error between the previewed and the predicted
path, which is defined as the visual angle, as shown in Figure 1.7 [81,82]. Steering
control action is then realized as a function of the visual angle ¥, of the sight point,
visual angle of the predicted path ¥,, lateral position error Y, and vehicle heading angle

¥ between the previewed and predicted paths of the vehicle:

2 Y,
Sp =Ky — W+ —+ ¥ —¥,)e %S (1.9)
DP DP

where D, and Ky are the preview distance and compensatory gain constant, respectively,

and T, represents the human driver steering response time.
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Desired Path \ v,

Figure 1.7: Estimation of the vehicle orientation deviation proposed by Allen et al. [81]

Some recent studies have employed a two-level control strategy using two parallel
closed-loop compensatory actions considering simualtaneous compensation of the
precieved errors associtaed with a far and a near preview point. It is suggested that the far
target point satisfies the guidance requirement of the driving task, while the near target
preview point minimizes the instantaneous path deviation and assures adequate
disturbance rejection [70,71]. Salvucci and Gray [79] proposed a driver model to
simultaneously generate steering action in response to the previewed path and to maintain
a central lane position. Similarly, Sentouh et al. [72] proposed a two-level driver model
employing two closed-loop compensatory control strategies to satisfy the path tracking
task. Reported studies have employed widely different methods to acheive minimal error
between the previewed and predicted paths [18,21,22,42,67,73]. Table 1.4 summarizes
the strategies employed in the reported studies, which are identified by the lead author

alone.

e Forward Speed Control Driver Models
The vast majority of the reported driver models assume constant forward speed. The
human driver, however, tends to vary vehicle speed in order to maintain lane position in
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response to vehicle motion and road/environmental condition. A few studies have
attempted to consider human driver's adaptation to the instantaneous vehicle responses
and road/environmental conditions through forward speed variations. It has been
recognized that human driver invariably adjusts the vehicle forward speed in order to
maintain safe levels of lateral acceleration during curve negotiation [83] and distance
with respect to a moving object ahead of the vehicle [84-86]. Savkoor and Ausejo [83]
proposed a curve negotiation driver model employing the previewed path curvature to
predict the future lateral acceleration of the vehicle, while the vehicle speed was adjusted
to a predetermined level of lateral acceleration. In a similar manner, Reymond et al. [87]
used human driver model to predict lateral path deviation and adjust the forward speed to
maintain a predetermined level of lateral position error. Forward speed control models
have also been proposed on the basis of relative velocity with respect to a lead vehicle,
which would be similar to the adaptive cruise control (ACC) concept [84], relative

position [85], and visual angle [86], as seen in Figure 1.8.

o Visual angle B
T e 7))

Figure 1.8: Visual angle of the lead car in a forward speed control system proposed by
Pipes [86]
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Table 1.4: Summary of reported driver model strategies related to the steering behavior of the human driver

Author Control strategy Formulation of the decision making process Sensory cues Description
Iguchi (1959) Compensatory model PID controller Lateral position Neglects driver’s response time
McRuer . . . . Consider the cross-over control
(1967) Compensatory model Proportional compensatory gain and an integrator Lateral position strategy
McRuer Consider the cross-over control
(1970) Compensatory model Lead-lag controller Lateral position strategy and a first-order lag to
formulate muscle dynamic
McRuer Compensatory model Proportional compensatory gain for lateral position Lateral position Consider the cross-over control
(1975) P Y error and a lead controller for the heading error and heading angle  strategy
.. Two—l§vel controller: open-loop anticipatory for the Lateral position,  Consider two-target points and
Anticipatory/Compensatory previewed curvature of the path and closed-loop . .
Donges (1978) . . . heading angle and  a pure time delay to formulate
model proportional compensatory gains for instantaneous S .
o . curvature driver’s response time.
lateral position, heading angle and curvature errors
Preview compensator Lateral position,  Consider a pure time delay to
Reid (1981) mo deﬁ Y Lead-lag controller heading angle and  formulate driver’s response
curvature time.
Consider a performance index
. comprising the previewed path
MacAdam Preview compensatory Linear Quadratic Riccati regulator (LQR) Lateral position deviation, and the internal
(1981) model .
vehicle model to formulate
driver’s prediction process
Preview compensator Lateral position Consider a second-order
Guo (1983) P y Lead-lag controller p prediction model to formulate
model and heading angle o oy
driver’s prediction process
Preview compensatory . . Lateral position
Allen (1988) model Proportional compensatory gain and heading angle -
Mojtahedzadeh Preview compensatory .. Incorporate neuromuscular
(1993) model Lead controller Lateral position dynamic of human driver
Mitschke Anticipatory/Compensatory Two—.level controller: ofPe}?-IOOI[)I .antlclpa;ory folr the ;nternTl Veh.lcle’ mode! . to
(1993) model previewed curvature of the path; and a closed-loop Curvature ormulate driver’s prediction

lead-lag controller for instantaneous curvature error

process
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Table 1.4 (Cont.): Summary of reported driver model strategies related to the steering behavior of the human driver

Author Control strategy Formulation of the decision making process Sensory cues Description
Incorporate the instantaneous
Preview compensator . . Lateral position  heading error and lateral
Sharp (2000) modcfl ’ Proportional compensatory gain and head?ng angle deviati%)n related to multiple

target points

Consider a performance index
Horiuchi Compensatory model A lead compensatory controller for the lateral position error ~ Lateral position  comprising the lateral position
(2000) P Y and a lead-lag controller for heading error and heading angle error, steer angle and two lead

time constants

Yang (2002)

Preview compensatory

model

Proportional compensatory gain

Lateral position
and orientation
errors, and lateral
acceleration, yaw
rate and roll angle
of the tractor and
the trailing units

The preview time and the
response time vary depending
upon driver's skill level.

Employing the constraint
minimization technique to
determine the model
parameters

Consider a tunable parameter
to assign relative importance
of lateral position and heading

Ungoren Preview compensatory Linear quadratic riccati regulator (LQR) Lateral position eITors.

(2005) model and heading angle . .
Consider a performance index
comprising the magnitude and
rate of path deviation

Edelmann  Anticipatory/Compensatory Twotlevel controller: open-loop anticipatory for the Lateral position
preview path curvature; and compensatory lead-lag -
(2007) model ; ", and curvature
controller for perceived lateral position error
Considering a performance
index comprising the lateral
Ishio (2008) Compensatory model Lead-Lag controller Lateral position  position error and lateral
velocity together with steer
angle and steer rate
Two-level controller: closed-loop proportional controller
Sentouh Anticipatory/Compensatory  related to the heading angle error for the far preview point; Lateral position  Incorporates  neuromuscular
(2009) model and compensatory lead-lag controller related to the and heading angle dynamic

perceived heading angle error for the near preview point;
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1.2.4 Response/Reaction Time

The human reactions to external stimuli, in-general, exhibit time delays depending upon
the decision-making abilities, depth of the required mental processing, awareness,
expectancy and neuromuscular dynamics [1,7]. Conceptually, the driver's reaction time
(t) may be decomposed into the perception-processing time and the movement time. The
perception-processing time defines the time interval between observing a stimulus and
initiation of a discernible muscular response [33,38,88].

The perception-processing time may be further divided into four distinct stages,
namely: (i) detection; (ii) identification; (iii) decision making; and (iv) response time
[89]. The initial detection stage involves interval where the driver develops a conscious
awareness of a sudden stimulus. In the identification stage, the driver acquires sufficient
information to identify the nature of the event. Following the detection and identification
of a stimulus, the driver undertakes the decision stage involving information processing
and desirable control actions such as steering or braking [1]. In the final stage, denoted as
the response stage, the control command is transmitted by the motor center of the brain to
appropriate muscles to carry out the required actions [90]. It is extremely complex to
quantify the time intervals associated with each stage. The overall perception-processing
time, however, is mostly related to the depth of the required mental processing, age,
awareness and expectancy of the stimuli, and may vary among the different receptors
[33,91-93].

Movement time defines the interval to perform the intended action by the driver,
which mostly depends on the muscles dynamic, age, blood alcohol concentration (BACs)

and fatigue [91,94-99]. In the context of human driving control actions, two basic
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approaches have been reported to describe the movement time: (i) the simplified pure
time delay; and (ii) the dynamic responses of the limbs. The first approach describes the
muscle movement dynamic as a pure time delay which can be added to the perception-
processing time to obtain an overall reaction time of the human driver [1,100-108]. Only
a few studies have attempted to measure the perception-processing and movement times
of human drivers. These have reported widely varying perception-processing times,
ranging from 0.1 to 2.8 s, and movement times, ranging from 0.16 to 0.76 s. The
differences are attributable to widely different stimuli considered in the reported studies,
as seen in Table 1.6. Owing to complexities associated with measurements of reaction
times, the vast majority of reported driver models identify the driver reaction time
indirectly by minimizing the error between a response quantity and corresponding
measured data. Table 1.5 summarizes the studies reporting the perception-processing and
movement times or the overall reaction time, which are identified by the lead author
alone. In the second approach, the movement time is identified from the muscle/limb
reaction times considering different muscles dynamic models coupled with steering
system dynamic, which are summarized in the following subsection.

Table 1.5: Studies reporting indirectly identified reaction times

Author Perception-processing time | Movement time | Overall reaction time
) (s) (s)
McRuer (1965) - - 0.1-0.55
Weir (1968) 0.2 0.1 -
Yoshimoto (1969) - - 0.3
Donges (1978) - - 0.4-0.8
Hess (1981) 0.15 0.2to0 0.4 -
Reid (1981) - - 0.2-0.5
MacAdam (1981) - - 0.2
Mojtahedzadeh (1993) 0.15 0.4 -
Horiuchi (2000) 0.1 0.1 -
Yang (2002) - - 0.1-0.25-0.35
Guo (2004) 0.4 0.2 -
Edelmann (2007) - - 0.2
Pick (2008) - - 0.16
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Table 1.6: Summary of studies reported measured reaction times of human drivers

Method of Velocity | Perception-response | Movment time | Number of . . .
Author Response measurement i) e E) s) T Stimulus Major finding(s)
Barrett (1968) Braking Driving ~11 08-11" 1 Appearance |Dominant braking response
simulator ' ' of pedestrian |compared to steering
.. ¥ visual 50% improvement of the
Davies (1969) Braking Derlng - 0. 1? (leveled brake and gas pedals) 10 stimulus  |movement time for the pedals at
simulator 0.31" (unleveled brake and gas pedals) .
(light) equal level
. . Y)' >1.0 )" >07 49 (Y)! Obstacle | The perception-response time is
Olson (1986) Braking Automobile 12-14 0)'>1.0 (0)'>0.5 15 (0)' avoidanc  |1.6 s for 95th precentile
Hancock (1999) | Braking Driving 9,13.5 0.61%"  0.93(d)*" 10 Traffic light | \CSPONSe time increases in the
simulator presence of distraction
. Driving Alcohol: 0.86 - 0.937 14 (M) . . Response time under 0.7 ml/kg
Lenne (1999) Braking simulator 22 Non alcohol: 0.80 - 0.86 14 (F) Visual sign alcohol impairment
. visual Perception-processing time
Warshawsky- . Driving 0.32(a)° 0.42(ua)’ 0.19 (M) 36 (M) . .
. Braking . 25 1 1 stimulus  |increase by age but decrease
Livne (2002) simulator 0.35(Y)" 0.43(0) 0.16 (F) 36 (F) (light) with alertness
. Reaction response time of driver
. Driving (NO)* 2.10-2.74 |(NO)*0.58-0.74| 26 (M) Lead car i
Young (2007) | Braking | 1 1ator 30 (EX)* 224276 | (EX)*0.71-0.76| 18 (F) failure i‘;ﬁi‘i‘;elera‘“"“ of the lead
Mehmood Driving 132 (@) 0.78 (ua) *' 31(M) | Brake light of Reaction response time of driver
2009 Braking mulat 25 po po the lead to decceleration of the lead
(2009) simulator 1.39 (a)*" 0.85 (ua) 29 (F) eleadcar |_ - le
Sudden Inititation of the vehicle lateral
Summala (1981) | Steering | Automobile | 16.5 1.5" 1326 | 2ppearence of jmovement used to determine the
an obstacle on |response time including the
the roadside |vehilce response delay
Summala (1981) | Steering Automobile 16.5 2 815 Ylsual Sj[eerlng fesponse to onset of a
stimulus | visual stimuli on a dark road
Automobile 20 1.67" 192 mitrel(r;erzg)(;ln— statistical equivalence between
McGehee (2000) | Steering Driving 2028 ot 60 (M) iersection- (Si:lllsfé Ss reaction time in both
simulator ) 60 (F) incursion

T Overall reaction time; (M) male subject; (F) female subjects
1. Young (Y) and old drivers (O); 2. Driving under a distraction (d); 3. Aware (a) and Unaware (ua) of road stimuli; 4. Novice (NO) and Expert (EX) drivers
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1.2.5 Limb Motion and Steering Dynamic

The driver’s steering command transmitted to the vehicle steering system through the
limb motions in response to skeletal muscles activations, as indicated in Figure 1.1
[76,90,109]. The muscles are made up of muscle fibers and spindles, which are controlled
by motor neurons whose cell bodies lie in the spinal cord [110]. The a-motoneurons and
y-motoneuron cause contractions of muscle fibers and spindles, respectively, through
releasing of a chemical agent in the muscle fibers and spindles [75,109]. The force
developed by contraction of the muscle spindles, however, is substantially smaller than
that caused by the muscle fibers [90,111]. The y-motoneurons, however, determine the
desired length of the muscle. The muscle spindles thus serve as sensory receptors within
the muscle to provide the position and velocity feedback and generate an error signal
[90,112,113]. This error signal coupled with a transmission delay time subsequently
activates a-motoneurons which results in contraction of muscle fibers and thus the
activation force, as seen in Figure 1.9 [43,109,114].

o-motoneuron
command

Central
nervous

: - i Demandedz Limb position
system ;. [ y-motoneuron | + . BN Force [ o-motoneuron Muscle
: O—} Spindle [~ . >
y-motoneuron: delays B : delays dynamics

command T
' g-motoneuron :

Spindle ensemble pool

Figure 1.9: Basic components and schematic of neuromuscular system

Formulations of the human limb motions in a control task can be traced from early
aircraft-pilot studies. These have established that during a compensatory tracking task, the

pilot’s muscle dynamics can be described by a linear second-order dynamic system
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[10,27]. McRuer et al. [113] suggested that the muscular dynamic response of the
combined limb and a manipulator system can be formulated by a third-order transfer
function, denoted as the ‘Precision Model’. This transfer function describes the combined
manipulator/muscular dynamic from the a-motoneuron command signal to limb position
in the following manner:

2
a)Tl
(Tyms + 1) (55 + 2{w,,s + w2)

Gy(s) = (1.10)

where { and w, are the damping ratio and natural frequency of the combined
manipulator and the limb muscles, while the first-order function describes the
neuromuscular system lag (Ty;,). The above model is considered valid when the pilot
operates a manipulator and may not be applicable for vehicle driving task [111,115-117].
A series of driving simulator studies have been conducted to simultaneously measure
the muscle activity using surface electromyography (EMG) and the force applied to the
steering wheel [115]. The measured data were used to characterize the limb motion
response as a function of both the muscles and the steering system dynamic. The study
proposed a limb motion model, as shown in Figure 1.10, considering the reference model

R, (s), muscles reflex model H,,(s), and active muscle stiffness function K,,(s) [67,90].

_______________________

i__Limb motion, L(§) __}---------=--mn-mmommmmmmomoomoooes DT
i Torque feedback )—;J
| |
da i + - i OF
ﬂikred4> - ° + Demanded 1:—>
steerin% angle I Torque i

Figure 1.10: Limb motion dynamics coupled with the steering system dynamics proposed

by Pick and Cole [67]
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The coupled muscles and steering dynamics function, G,(s), is characterized
considering second-order muscular dynamics of the human hand-arm and the steering
system, as [67]:

Gst
(]dr +]st)52 + (Bdr + Bst)s + (Kdr+Kst)

Gr(s) = (1.11)

where /4, By and K, are the inertia, damping and stiffness of the drivers’ hand-arm
system, respectively, and /i, By, K¢ and G, are inertia, damping, stiffness and steering
ratio of the steering system, respectively. The steering action of the driver also involves
estimation of the torque demand, which is estimated using the reference model function,
R,.(s), expressed as the steady-state inverse of G,,(s) [67,118]:

Kdr+Kst

Rm(s) = G
st

(1.12)

The difference between the desired and the actual steering angle is subsequently
sensed by muscle spindles [67,112]. A first-order lead-lag model is used to describe the
muscles reflex property H,(s), which generates a corrective torque so as to maintain the
spindle-sensed steering position as [110,115]:

(sB, + K, )e™Str
s/we+1

H,,(s) = (1.13)

where B, and K, are the damping and stiffness constants of the reflex system,
respectively, w, is the cut-off frequency that describes the time delay between the muscle
activation and generation of the muscle torque, and 7, is the transport lag in sending
messages to and from the spinal cord, which could range from 0.025 to 0.05 s [67]. It is
also established that the muscle activation and co-contraction may imply greater stiffness
of the driver’s arms [118,119]. An additional gain constant K, is thus used to represent

increase in the muscle stiffness, which is described by the active stiffness function K,,(s)
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[67,90]. The overall transfer function L(s) relating the front-wheels steering & to driver's
steering command of &4, as shown in Figure 1.10, is described considering the torque

feedback of the steering system, 7%, as:

_6r(S) _ Rm(8)Gin(s) + Hm(5)Gin(s) + K () Gm(S) — Gm(S)
B 6d(s) B 1+ Hm(S)Gm + Km(S)Gm(S)

L(s) (1.14)

A number of studies have experimentally assessed the influence of steering torque
feedback on path tracking performance of the vehicle driver, and concluded insignificant
effect of the steering torque feedback [120-122]. It has been suggested that the dynamic
behavior of the vehicle steering system can be effectively formulated considering the
correlation between the vehicle response and the steering wheel angle, which may be
taken as the steering gear ratio, Gy [67,120,123]. The majority of the reported studies
thus neglect the torque feedback effect characteristics of steering dynamic. These studies
either consider a constant gain as the steering ratio or characterize the steering system as a

second-order system.

1.2.6 Performance Index and Identification of the Driver’s Control Parameters

The directional control performance of road vehicles and thus the road safety are
influenced by control actions of the human driver and directional responses of the vehicle
such as lateral position and orientation errors. The control characteristics of the human
driver have been mostly identified through minimization of a composite performance
index of selected response measures. The selected measures for automobiles have been
mostly limited to the lateral position error (Y,) or orientation error (¥,) or a combination
of the two [7,17,40,78]. This approach of identifying the driver control properties may

thus yield an idealized driver model, particularly when the control limits of the human
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driver are not considered in the performance index minimization. The vast majority of the
driver models, with only few exceptions, do not consider the driver control limits in the
control parameters identification process. The reported driver models thus suggest widely
different driver control characteristics that may be considered applicable for particular
driving condition considered in individual studies. Table 1.7 summarizes the ranges of
commonly used driver control parameters such as preview time, lead and lag time
constant, and lateral position and orientation error compensatory gains [8,11,14,17,45].
These clearly show wide ranges of control parameters used in different studies. Only a
few studies have reported solution of the minimization problem subject to limit

constraints defining the practiced ranges of driver control characteristics [11].

Table 1.7: Range of human driver’s control variables

Control variables Unit Range

Preview time, T}, s 0.10-2.50
Lead time constant, 77 S 0.05-3.00
Lag time constant, 7 S 0.02 -0.80
Lateral position error compensatory gain, K, rad/m le-5-1.80
Orientation error compensatory gain , Ky rad/rad 0.10-1.85

The reported vehicle driver models employ widely different control characteristics and
performance indices comprising the vehicle path and directional responses together with
some measures of demands imposed on drivers' effort. These include the maximum
steering angle and its rate, which has been related to the driving effort and drivers'
comfort [9,15,17]. Since the majority of the studies have focused on driver models
applicable to automobiles or two-axle vehicles, the widely used performance index of
lateral position and orientation errors alone would be justifiable. Such a performance

index, however, would be inadequate for heavy articulated vehicle combinations where
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the driver perceives additional cues from the vehicle responses. Only few studies have
explored driver models for articulated vehicle combinations, which have suggested
significance of many additional vehicle responses [9,25]. These employ performance
indices comprising weighted function of lateral accelerations, yaw rates and roll angles of
the articulated vehicle units; articulation angle and articulation rate; and steer angle and
its rate. Yang et al. [16] proposed such a performance index, which was minimized upon
consideration of ranges of reported control limits of the human driver including preview

time, lead and lag time constants and compensation gains.

1.3 Scope and Objective of the Dissertation

From the literature review, it is apparent that the reported human driver models generally
consider the driver as an ideal controller that can readily adjust its driving strategy to
adapt to a desired vehicle path with little or no considerations of control limits of the
human driver. Furthermore, the vast majority of the reported studies on driver-vehicle
interactions focus on automobile drivers. The human driver's control performance is
perhaps of greater concern for articulated vehicle combinations, which exhibit
significantly lower control limits and may pose relatively greater highway safety risks
compared to automobiles. The directional dynamic analyses of such vehicles have been
limited either to open-loop steering and braking inputs or simplified path-following
driver models.

In the context of interactions between the human driver and articulated vehicles, only
a few studies have investigated the coupled driver-vehicle system responses. These
generally focus on characterization of driving control requirements through minimization

of lateral position error between center of mass (cg) of the tractor and the desired path
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using a single-point preview strategy. A single point preview strategy, however, may lead
to unsatisfactory path tracking performance and instability, particularly under high speed
directional maneuvers coupled with a relatively short preview distance. Furthermore, the
assessments of active safety devices in the vast majority of the studies have been limited
to either open-loop simulations or in a closed loop simulations using simple driver
models. The contributions of the human driver's control limits to the vehicle stability
have been mostly ignored. It is thus desirable to develop more effective driver models for
articulated vehicles considering feasible ranges of human driver control limits and
multiple-point preview. Such a model could serve as an effective simulations tool for
assessing safety dynamics of the coupled driver-vehicle system and provide essential
guidance toward developments in driver-assist systems (DAS).

This dissertation research thus aims to develop a two-stage preview strategy, involving
a near- and a far-point preview simultaneously, to characterize steering control properties
of commercial vehicle drivers. The strategy includes a near and a far preview point
targets to describe the driver control of lateral path deviation and vehicle orientation. A
human driver model comprising path error compensation and dynamic motions of the
limb is subsequently formulated and integrated to a yaw-plane model of an articulated
vehicle. The coupled driver-vehicle model is analyzed under an evasive steering
maneuver to identify limiting values of the driver control parameters through
minimization of a generalized performance index comprising driver’s steering effort, path
deviations and selected vehicle states. The performance index is further analyzed to
identify relative contributions of different sensory feedbacks, which may provide

important guidance for designs of driver-assist systems (DAS).
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1.3.1 Objectives of the Dissertation Research

This dissertation research aims to characterize human driving behavior when coupled
with an articulated commercial vehicle and development of a comprehensive closed-loop
driver/vehicle model for identifications of control performance limits of heavy vehicle
drivers. The specific goals of the proposed research are summarized below:

1. Characterize essential control properties of the human drivers through
measurement on a vehicle simulator;

2. Develop a two-stage preview driver model and integrate the model to an
articulated vehicle model for analysis of coupled driver-vehicle system responses
as functions of vehicle drivers and operating factors;

3. Identify the ranges of driver model parameters, more specifically the driver
control performance limits, through formulation and minimization of a composite
performance index;

4. Identify the relative significance of difference motion and visual cues and
formulate a concept in driver-assist system (DAS) as additional sensory feedbacks

in order to enhance path tracking performance of the coupled driver-vehicle
system.

1.3.2 Organization of the Dissertation
This dissertation research is organized into six chapters, including a literature review
chapter (Chapter 1). In the initial chapter, the reported studies relevant to human driving
cognitive behaviors, sensory feedbacks and driver model structures, are reviewed to build
essential knowledge on methodologies for characterization of human driver and for
developing directional pursuit-compensatory driver model. The scope and objectives of
the dissertation research are also summarized.

In the second chapter, a number of reported driver models are selected and integrated
with a single-unit vehicle model. These models are then evaluated based upon their

directional responses and performance measures under a critical steering maneuver. The
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relative significance of different control strategies, sensory cues and prediction strategies
are then assessed considering variations of driving factors and vehicle design parameters.

The third chapter describes objective measurement of the human driver control
properties, e.g., braking and steering reaction times and compensation abilities on a
limited-motion driving simulator. An experiment design is formulated to characterize the
human driver factors considering variations in the forward speed of vehicle. Further, this
study aims to identify the influence of driving experience on control characteristics of the
vehicle driver and extract certain patterns to quantitatively determine the driver's skill in a
categorical (i.e., skilled, average and novice) form by examining the driver control
actions.

In chapter four, a two-stage preview driver model, denoted as the baseline model,
incorporating essential motion feedback variables is formulated. This model employs
only the lateral position and orientation errors of the vehicle. The baseline driver model is
then integrated with two different vehicle models: (i) a yaw-plane model of a single-unit
vehicle; and (i) a 18-wheels yaw-plane model of an articulated vehicle. Simulations are
performed to determine directional responses of the coupled driver-vehicle system. In
order to validate the proposed driver model, the directional responses of the coupled
driver-single unit vehicle model is compared with the simulator-measured steering and
path tracking responses, considering variations in vehicle forward speed and preview
distance of the driver.

In the subsequent chapter, the proposed baseline driver model is then applied to assess
control characteristics of the vehicle driver subject to variations of design parameters and

forward speed of the vehicle. In particular, the coupled driver-vehicle model is analyzed
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under an evasive steering maneuver to identify limiting values of the driver control
parameters through assessment of the driver’s control parameters, path deviations and
peak values of the selected vehicle states.

It is hypothesized that a qualitative perception of vehicle states could help the driver to
enhance its path tracking performance. Relative significance of additional sensory
feedbacks on the path tracking performance and directional dynamic measures of the
vehicle are thus investigated by integrating different motion perceptions to the driver
model structure. A total of ten model structures are formulated involving different motion
cues of the vehicle. Most effective motion feedback cues could thus be served as
secondary cues to enhance the path tracking performance of the driver in emergency

driving situations.
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CHAPTER 2

RELATIVE PERFORMANCE ANALYSIS OF DRIVER

MODELS

2.1 Introduction

A number of driver models with widely different control strategies have been reported in
the literature. These models invariably employ different control structures, feedback cues,
preview and prediction strategies that are selected to meet specific objectives subject to
selected vehicle design parameters and driving conditions. The variations in vehicle
design parameters or driving conditions may thus affect the performance measures of
these coupled driver-vehicle models. Furthermore, the control parameters of majority of
these models are determined considering an ideal vehicle driver that can readily adjust its
driving strategy to perform desired control actions with little or no considerations of
control limits of the human driver.

In this chapter, the reported driver models are reviewed and classified on the basis of
the preview and control strategies. The relative performance characteristics of the
selected models are subsequently evaluated considering a common single-unit vehicle
subject to a double lane-change maneuver. Seven driver models employing widely
different control strategies and sensory cues are selected and coupled with the yaw-plane
model of a two-axle vehicle. The required compensatory gain constants of the models are
determined using their respective control strategies. A generalized performance index is
then formulated comprising the path tracking performance and steering effort of the

driver to assess different performance measures of the selected models. The influences of
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variations in vehicle design parameters and operating speeds on the path tracking
performance, steering control action of the driver and the compensatory gain constants
are further evaluated, so as to examine the applicability of the selected driver models over

a range of operating conditions.

2.2  Yaw-Plane Vehicle Model

A two-degree of freedom (DoF) constant velocity linear yaw-plane model of a single-unit
vehicle (Figure 2.1) is used for relative evaluations of selected driver models. The model
is formulated assuming small side-slip and steering angles, and negligible contributions
due to vehicle roll and pitch motions, as described in many earlier studies [124,125]. The
equations of motion for the yaw-plane model of the vehicle are obtained in the following

manner:

m(ny + rvx) = Fyr cos g + Ey, (2.1)
I,,;7 = Fyra cos 8 + Eyr b + My + My,

where v, is the lateral velocity, r is yaw rate of the vehicle, m and I, are the mass and
yaw moment of inertia of the vehicle, respectively, v, is the longitudinal velocity of the
vehicle, and F); and M; are the cornering force and aligning moment of tire i (i=f,r
where f and r refer to front and rear tires, respectively). In the above equations, a and b
are the longitudinal distances of the front and rear tires from the cg of the vehicle,
respectively, and 6y is the front wheel steer angle. The well-known Magic Formula is
used to derive cornering forces and aligning moments due to tire-road interactions as

nonlinear functions of the side-slip angle and vertical load [125].
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Figure 2.1: Two DoF yaw-plane model of a single-unit vehicle.

The vehicle parameters used in simulations are summarized in Table 2.1. The validity
of the vehicle model was examined by comparing its directional responses to a steering
input with the responses measured on a limited-motion driving simulator. The vehicle
parameters are thus selected to match the vehicle data that are provided by the simulator
manufacturer [126]. The measured responses were obtained on a driving-simulator
considering a number of subjects, who were asked to perform a standardized double lane-
change maneuver [127] at three different forward speeds. The experimental methods and
data analyses are described in detail in chapter 3. The steer angle history obtained with
one of the participants is used as the steering input to the vehicle model in an open-loop
manner. The model responses in terms of vehicle path, lateral acceleration (a,), yaw
angle (¥) and yaw rate (r) are compared with the measured responses, as shown in

Figures 2.2 to 2.4 for three different forward speeds (30, 50 and 70 km/h) considered in

the study.
Table 2.1: Simulation parameters of the single-unit vehicle model
Vehicle design parameters Value
Mass, m (kg) 1330
Yaw moment of inertia of the mass, . (kg.m/sec?) 1200
Horizontal distance from vehicle cg to front axle, a (m) 1.00
Horizontal distance from vehicle cg to rear axle, b (m) 1.50
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It should be noted that the driving simulator could provide measures of the steering angle,
path coordinates and the heading angle of the vehicle, while the sampling rate was nearly
constant. The lateral acceleration of the vehicle in the fixed global coordinate system
(X,Y) was obtained from second derivative of the measured vehicle trajectory. Although
a moving average approach is employed to smooth lateral acceleration response, the
resulting curve revealed considerable oscillations which were attributed to time
differentiation and slight variations in sampling rate. Comparisons of the directional
responses of the model with the measured response quantities suggest that the yaw-plane
vehicle model can provide reasonably good predictions of yaw and lateral responses of
the vehicle to a steering input over the range of speeds considered. The observed
deviations between the measured and model responses were mostly attributed to the
simplifying assumptions and lack of precise parameters of the vehicle model that is used

in the driving simulator.

2.3 Mathematical Formulations of the Selected Driver Control Strategies

The reported driver control models may be classified in three categories based upon their
preview and control strategy, as discussed in section 1.2.3. A few models within each
category are selected to study the relative performance characteristics of different control
strategies. The selected models employ different preview and control strategies, and may
thus yield different performance of the coupled driver-vehicle system.

The selected driver models are re-formulated in conjunction with the yaw-plane
vehicle model, presented in section 2.2, while the performance evaluations are conducted
for a constant speed double lane-change steering maneuver [127]. The parameters of each

driver model are determined by minimizing the performance index defined in the
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reporting study. Variations in the control characteristics of each model are also examined
under variations in the forward speed, mass and understeer coefficient of the vehicle. The
performance characteristics of the selected models are further investigated to examine
their applicability under varying vehicle design parameters and operating conditions.
Table 2.2 summarizes the sensory cues and ranges of control parameters of the selected

models, where the studies are identified by the lead author alone.

2.3.1 Compensatory Driver Model

Ishio et al. [17] and Horiuchi and Yuhara [78] have proposed driver models considering
the compensatory control approach, which are referred to as “Model 1” and “Model 27,
respectively. The compensatory control approach aims to minimize the instantaneous
path deviation (Y, ) between the desired road coordinate (Y;) and instantaneous vehicle cg
coordinate (Y). While the preview and prediction capabilities of the human driver are
neglected, these models employ a lead time constant (77) to describe predictive control
action of the driver [17,128].

The driver model proposed by Ishio et al. [17] tracks the desired path and maintains
instantaneous central lane position by considering a first-order lead-lag controller based
on the lateral position feedback alone (Figure 2.5). The driver describing function H(s)
relating lateral path error (Y, ) to the front wheel steer angle, &, can be expressed as:

H()—Ye—K Trys+1 55
S_SF_ Y Trys+1 (2.2)

where Ty, T}, and K, are the lead and lag time constants, and compensatory gain of the

driver model corresponding to the lateral position error of the vehicle.
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Table 2.2: Summary of selected driver models

Anticipatory-
Control strategy Compensatory driver models Preview compensatory driver models compensatory
driver models
Model Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7
Reference Ishio [17] Horiuchi [78] Guo [30] Macadam [40] | Sharp [68] Pick [67] Donges [45]
Preview strategy Single-point | Single-point Single-point Single-point | Multi-point | Multi-point Two-point
Lateral deviation, Y, (] (] (] (] [ ] [ (]
Heading error, ¥, ] | ] ]
SISO Lateral velocity, v | ]
feedback cues 2
Yaw rate, r [ [ |
Path curvature, Cy; [ ]
Cjpgeiiig Forward speed, v, (km/h) 30 60 72 100 36,72,108 140 30 - 60
condition
Preview time, T, (s) 1.2 0.5-1.5 1-1.5 1.0-1.5 09-1.5
Lead time, T; (s) 02-14 0.05-0.2 0.80
bateral P o 84 0.1-14 0.1-0.1 0.002 - 0.07
Driver model e (rad/m)
parameters rientation gain, ) }
Ky (rad/rad) 0.1-0.3 0.4-1.85
Path curvature gain, K¢ 017 -13.9
(rad.m)
Anticipatory curvature,
gain, K, (rad.m) 0.1-87
Per.ceptlon-processmg 0.1 028 0.16
time, Tpq + Ty (8)
Response time Movement time, Ty, (s) 0.1 0.2
Steering response time, 75 (s)| 0.02 -0.3 0.2 0.48 0.2 0.1-0.8
Performance index components Y, Y, 8p, 6 Y., 8, Try, Ty Y., a,, Op Y, Y., ¥, 6 Y., ¥, 6 Y., ¥.,C,




.Yd rd-c Y. His) Or Vehic.le Y
Desired path - Front wheels dynamics Vehicle path
steering angle
Y

Figure 2.5: The compensatory driver model employing only lateral position feedback

The compensatory model proposed by Horiuchi and Yuhara [78] (model 2) employs
feedback from the vehicle heading angle in addition to the lateral position error (Figure
2.6). This model thus aims to compensate for both the instantaneous path deviation and
the heading error of the vehicle considering two lead compensators. The driver function
H(s) has been derived as:

Tips+1

H(s) = Ky 7=
1vY

(Yo(KyTyys +1) —¥)e ™S (2:3)

where T;y, Tjy and Ky are the lead and lag time constants, and compensatory gain of the
driver model corresponding to the orientation error of the vehicle, respectively. The
summation of the two lead time constants, Ty and Ty, associated with orientation and
lateral path deviation may be considered as the overall lead time constant, T} .

The first-order lag time constant, T}, in both the models represents driver’s response
delay due to its muscular dynamics, while the pure time delay 7, considered in model 2,
represents the processing time delay of the driver. This additional processing time delay
affects the performance measures of the driver model and increases the path deviation of
the vehicle, which will be discussed in section 2.5.1. Evaluations of these two models
would provide guidance on the influences of the orientation feedback cue in addition to
the lateral position error feedback and the processing time delay on the driver model

performance.
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Figure 2.6: The compensatory driver model employing lateral position and orientation

feedbacks

2.3.2 Preview Compensatory Driver Model

The preview compensatory control strategy aims to minimize the predicted lateral
position error (Y, r,,) between the previewed target point(s) coordinate (Yg7,) and the
predicted coordinate of the vehicle (Yr,) at a future instant 7,. The preview-follower
controller strategy proposed by Guo and Guan [8,30,129] is referred to as “Model 3" and
is shown in Figure 2.7. The model employs a single-point preview and a ‘second-order
path prediction’ strategy, described in Eq. (1.4) in section 1.2.1, to predict the vehicle
motion within the preview interval T,. For the single-target point, the preview function
P(s) can be expressed as:

Yd,Tp —e TpS
Ya

P(s) = (2.4)

where T}, is the driver’s preview time. The describing function of the driver, H(s), relating
the predicted lateral position error Y 1, and & is given by:

Yorp . Tiys+1
§p Y Tys+1

H(s) = e~ 'pd (2.5)

In this model, the required model parameters are identified through minimization of a
performance index comprising instantaneous lateral position error (Y,), lateral

acceleration (a,) and magnitude of steer angle (dr) [23,129]. The summation of the lead
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time constant (T;,) and the preview time (T,) is considered as the overall lead time

constant (T}) of the model.

steering angle

\

Prediction/Perception J

i { Path error
_ i1 estimation
Y, Preview | Yyzp | 0 Vehicle D4
- = . I S
Desired path P(s ) _ Front wheels dynamics iVehicle path

Figure 2.7: The preview compensatory model employing second-order path prediction

The model proposed by MacAdam [40] based on an optimal preview control strategy
also falls within the category of preview compensatory models. The model referred to as
“Model 47, is presented in Figure 2.8. The proposed model employs an ‘internal vehicle
model’ strategy to predict the future trajectory of the vehicle, and aims to minimize the
perceived lateral position error (Y r,) between a single target point on the roadway ahead
(Y4 rp) and the predicted coordinate of the vehicle at a future instant (Yr,) [40,63]. The
path prediction process through the ‘internal vehicle model’ has been described in Eq.
(1.8) in section 1.2.1. The describing function of the driver model, H(s), can be derived
as:

Ye,Tp
OF

H(s) = = K, e~ (2.6)

where K|, is the compensatory gain. The required model parameters are identified through
minimization of a performance index comprising the perceived lateral position error
between the previewed roadway and predicted vehicle trajectory, Y .

Driver steering effort and path tracking performance of the two single-point preview

models (models 3 and 4) are evaluated to study effectiveness of different prediction
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strategies. Furthermore, the performance analysis of the first two groups of models will

provide the effectiveness of the preview feature of the human driver.

Y, Preview Yd, TIp &+ Ye, Tp Hs) Or Vehicle Y
Desired path h Front wheels dynamics

v steering angle

Y, Tp Path prediction
(internal vehicle model)
Y,voand r

Figure 2.8: The preview compensatory driver model employing ‘internal vehicle model’

path prediction strategy

The above preview compensatory models, models 3 and 4, employ single-point
preview strategy to obtain coordinates of the desired roadway. It has been suggested that
a single-point preview may lead to unsatisfactory path tracking performance and
instability, particularly under high speed directional maneuvers coupled with a relatively
short preview distance [18,66]. A human driver would exhibit superior control
performance when a preview of the entire roadway is available. A few studies have
proposed multi-point preview strategy for enhanced directional control performance of
the driver [20,67,68]. Considering a constant forward speed and preview time 7p, Sharp
and Valtetsiotis [68] proposed a multi-point preview model, referred to as the “Model 5.
The proposed model aims to minimize the lateral deviation between the predicted vehicle
trajectory and a number of equally-spaced target points (Figure 2.9) [15,68]. The time

interval AT between the N equally-spaced preview points is determined from the overall
preview time, as AT = %P The steering input of the driver model is subsequently

formulated in the following manner:

8r = Kyo(Yao = Y) + Kyi(Yaari = Yari) 1=1:N (2.7)
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where Y, or; and Y,r; are the coordinates of the previewed target point on the roadway
and predicted coordinate of the vehicle cg corresponding to the i" preview point (i =
1,...,N), respectively, and Y;, is the path coordinate in the immediate vicinity of the

vehicle cg. Ky; is the corresponding lateral position compensatory gain.

Vehicle
Dynamic
steering angle

Multi-point
Preview

1 i=1'N /+
o Youn) FIN | Ky ... K], i=I:N

Desired path Front wheels

Path prediction Y, ¥ vyandr

(internal vehicle model)

Figure 2.9: The preview compensatory driver model employing multi-point preview

strategy

The driver’s compensatory command is transmitted to the vehicle steering system
through the limb motions. The limb and muscular dynamics, however, are mostly
neglected in majority of the reported studies. These studies generally employ a pure time
delay or a first-order lag time constant to formulate driver’s response time and hand-arm
dynamics. Some of the reported studies, however, have employed a mathematical
formulation of the muscular dynamics [7,9,20] Pick and Cole [67] proposed a driver
model, referred to as “Model 67, that integrates the limb dynamics with the multi-point
preview control strategy proposed by Sharp and Valtetsiotis [68]. The model is shown in
Figure 2.10, where the hand-arm dynamic system, L(s), has been described in Eq. (1.15)

in section 1.2.5.

2.3.3 Anticipatory/Compensatory Driver Model
A few experimental studies have suggested that a human driver exhibits superior

control performance when preview of the entire roadway is available [46,51,130].
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Measurements performed under restricted visual situations, however, have shown that
human drivers observing only two segments of the roadway achieve can improved path

tracking performance similar to that realized with preview of the entire roadway [70].

Neuromuscular system, L(s)

Reference

model, R (S) J Torque feedback 7*‘
Demanded
Ys  (Multi-point ) + [Kyp ... K], 04 Reﬂex Torque ':a“d arm é:“d OF. [ Vehicle
Preview _ i=1'N Desired System, H(Y) Z;ﬁ:::ngcs}g e(r:)l Dynamic
steering angle
Actlve
stiffness, K, (3)

[Y ... Yiean], i=1:N Path predlctlon < Y, ¥, vyand r

(internal vehicle model)

Figure 2.10: The preview compensatory driver model employing multi-point preview

strategy together with the muscular dynamic

A two-point preview strategy may thus be considered adequate for describing the driver
preview opposed to more complex multi-point preview strategy [45,65,73]. A two-point
preview model proposed by Donges [45] referred to as “Model 7” is formulated to
investigate the relative performance characteristics of the two-point preview strategy in
terms of path tracking performance of the coupled driver-vehicle system. The model
describes a two-level control strategy; an open-loop anticipatory and a closed-loop
compensatory control strategy, as shown in Figure 2.11. The anticipatory open-loop
strategy, attained through a learning process, is related to predictive steering action of the

driver, §,, that involves driver’s perception of the curvature of the future path, C, 4T, The

closed-loop compensatory steering, 6., is evolved to enhance the path tracking
performance of the coupled vehicle-driver system by maintaining the central lane
position. The steering input of the driver model is described as summation of both the
anticipatory and compensatory steering angles, such that:

6 = 04 + 6, (2.8)
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where

00 = Kq Cd,Tp

(2.9)
8c = (Ke(Ca— ) + Ky (Yg = Y) + Ky (W — ¥) ) 7"

where K, and K, are the anticipatory and compensatory gain constants associated with

the roadway curvature, respectively. In the above equation C; and C are the instantaneous

curvatures of the roadway and the predicted coordinate of the vehicle trajectory,

respectively. The difference, C; — C, is referred to as the instantaneous path curvature

error, C,, in Table 2.2. ¥, is the desired vehicle heading angle, and Cd'Tp denotes the

roadway curvature corresponding to the preview time 7,.

: , C

Desired St e ittt e et ee ettt et et e ettt ettt a0 a0 ana0n N :
path :
Cd, Yld LY, d Vehicle Y

dynamics | Vehicle path

Figure 2.11: The anticipatory/compensatory driver model structure proposed by Donges

[45]
2.4 Identification of Driver Models Control Parameters

The selected driver models are integrated with the yaw-plane model of the vehicle
described in section 2.2 to obtain the coupled driver-vehicle models. A common vehicle
model is used so as to perform relative assessments of different control strategies. The
control parameters of each driver model are initially determined through minimization of
the original performance index defined in the reporting study. These include the lateral

position gain K, orientation gain Ky, path curvature gain K¢, anticipatory curvature gain
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K., preview time T}, lead time constants (77, and 77,) and the lag time constant 7;. The
reported studies generally employ unconstrained minimization of the performance index.
The control limits of the human driver are thus not considered. In this study, the resulting
model parameters, however, are examined in view of known ranges of human driver
control characteristics. For this purpose, the studies reporting steering characteristics of
the human driver were reviewed to identify practical ranges of driver’s control limits. A
set of limit constraints were subsequently established from the feasible ranges of driver
control parameters in terms of preview time, lead-lag time constants and human driver’s
compensatory gains. The ranges summarized in Table 1.7 were subsequently applied as
limit constraints for solution of the minimization problem.

A relative assessment of the reported control approaches involving perception and
prediction, preview and limb motion dynamics, necessitated the formulation of a
generalized performance index comprising lateral deviation, orientation error, magnitude
and rate of steering angle, such that:

Je=k+t]e+t]s+]; (2.10)
Nearly equal weighting of each of the component is considered by normalizing each
individual component. In the above equation, Jy and Jy are the normalized lateral position

and orientation errors, respectively, described by the respective mean squared values:

b=t e sy = [ 2 a 2.11)

Ve max T 190 [Womax
where Y,(t) and W,(t) are, respectively, the instantaneous lateral deviation and
orientation errors of the vehicle c.g. with respect to the desired roadway. Y, 4, and
¥, max are the normalizing factors, defined as the maximum allowable deviations in the

lateral displacement and orientation errors, respectively. The maximum allowable
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deviations are considered as; Y gy = 0.3 m and ¥, ;0 = 10°, on the basis of typical
roadway geometry and vehicle track width. In the above formulation, 7 is the simulation
time.

The components Js and J5 in equation (2.10) describe the weighted mean squared

steering angle and its rate, which relate to driver's steering effort [9,78,131]:

f [SF(At;:Gst] dt - ]5_‘ f [(S‘F(At;;icst] dt 2.12)

where G, 8 and 8 are the steering ratio of the vehicle steering system, and the
magnitude and rate of steering input. ASr and A8y represent the corresponding maximum
values in accordance with the known drivers’ limits. On the basis of reported studies,

these normalizing factors are selected as: A8y = 187 deg and Ady = 746 deg/s

[132,133].

2.5 Sensitivity Analysis

For a given driver-vehicle system, the directional control performance of the vehicle is
generally dependent on a number of vehicle design parameters and situational conditions.
The forward speed, mass and understeer coefficient of the vehicle are the key design
parameters affecting the vehicle performance. Contributions of these parameters to the
vehicle performance measures may differ considerably depending upon the driver control
approach and vehicle dynamic characteristics. A sensitivity analysis of the path tracking
performance of the selected driver-vehicle models and the corresponding driver model
parameters is thus undertaken with respect to variations in the vehicle design and
operating parameters. For this purpose, the forward speed, mass and understeer

coefficient of the vehicle are varied about their nominal values. Variations in the vehicle
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directional responses are evaluated in terms of: (i) peak steer angel; (ii) peak rate of
steering; (iii) peak lateral position error; (iv) peak lateral acceleration; and (v) the total
performance index J; and its constituents. Table 2.3 summarizes the variations in the
vehicle design and operating parameters considered in the sensitivity analysis. In each
case, only one of the parameters was varied while the others were held at their respective
nominal values.

Table 2.3: Range of vehicle parameters and the nominal values employed in sensitivity

analysis

Nominal value Parameter values

10
Forward speed, v, (m/s) 20 20
30

997.5

Mass, m (kg) 1330 1330

1662.5

-0.004

Understeer coefficient, K, +0.004 +0.004
0

Considering the yaw-plane vehicle model, described in section 2.2.1, as a time-

invariant system, the response vector can be expressed as:
%= f(Ep,0) (2.13)
where ¥ = (vy, r) is the state vector and p = (pq, P2, ..., P) is the r-dimensional vector

of vehicle design parameters and forward speed. The influences of parameters variations

on the coupled driver-vehicle system responses are investigated by considering:
p =D+ Ap (2.14)
where E is the variation about the nominal vector py, while the parameter vector for the

single-unit vehicle model is given by:

p = (vx,m, Kys) (2.15)
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where K, is understeer coefficient of the vehicle model. The sensitivity of a response §x
to variations in the parameters is described by the percentage change with respect to its

nominal value where X = g(p, t):

: g(Bo + Bp,t) — g(Bo, )

- * 100% (2.16)
* g(Bo t) ’

The sensitivity of the performance index and its components, described in Eq. (2.10),
to variations in the parameters are also evaluated in a similar manner. The relative
significance of different control strategies could thus be investigated by incrementally

varying the vehicle speed, vehicle mass and understeer coefficient.

2.6 Results and Discussions

2.6.1 Influences of Variations in Vehicle Speed

The relative performance characteristics of the selected driver models are investigated
under a double lane-change steering maneuver [127] at three different forward speeds
(10, 20 and 30 m/s). Considering that the human driver exhibits limited control
performance, a constrained minimization of each reported performance index was

conducted considering the limit constraints summarized in Table 1.7, such that:

Lateral position compensatory gain (rad/m) le-5 < K, < 1.80
Orientation compensatory gain (rad/rad) 0.10 < Ky< 1.85
Curvature compensatory gain (rad.m) 0.10 < Kc< 14.00
Curvature anticipatory gain (rad.m) 005 <K,< 1.00 (2.17)
Lead time constant (s) 0.05 <7< 3.00
Lag time constant (s) 002 <T7T;< 0.80
Preview time (s) 0.10 <T7Tp< 250

The model parameters identified through solutions of the minimization problem
together with the performance measures of the selected models are summarized in Table

2.4. Figure 2.12 further illustrate the variations in the model parameters with variations in
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the forward speed. The model under the specified maneuver is judged to either “Pass” or
“Fail” depending upon its path deviation. The model is judged to fail when the peak

lateral position error exceeds the threshold value of 0.3 m.

2.5
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2.0 | W20
- m/s
—~ 15 | || 130 m/s
=10 N
0.5 % —
0.0 SN , |
Model 1 Model2 Model 3 Model4 Model 5 Model 6 Model 7
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1.0E+01 o
_ _ @10 m/s ||
1.0E+00 ::. ! W20 m/s
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Figure 2.12: Comparisons of (a) the lead time constant; (b) lateral position gain
constant (log scale); and (c) orientation gain constant of the selected driver models during

a double lane-change maneuver at three different speeds (10, 20 and 30 m/s)
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Table 2.4: Influences of variations in vehicle speed on the identified driver model parameters and corresponding performance

measures of the selected driver-vehicle models

E3

Driver | Velocity| Test KVT Ky Kc K, T, * T;
Model (m/s) | Result | (rad/m) | (rad/rad)| (rad.m) | (rad.m) (s) (s Je Jy Jw Js Js
. 10 Pass 1.780 - - - 0.133 0.047 0.203 0.009 0.022 0.107 0.065
g Model 1 20 Pass 0.669 - - - 0.291 0.045 0.613 0.093 0.028 0.145 0.347
e 30 Fail 0.031 - - - 1.854 0.032 3.752 2.475 0.202 0.260 0.816
g 10 Pass 1.454 0.440 - - 0.123 0.200 1.060 0.518 0.102 0.201 0.240
§ Model 2 20 Pass 0.840 0.360 - - 0.292 0.200 1.933 0.960 0.103 0.240 0.631
~ 30 Fail 0.366 0.297 - - 0.333 0.200 8.987 6.689 0.684 0.484 1.130
10 Pass 0.080 - - - 0.922 0.300 0.226 0.110 0.038 0.071 0.007
Model 3 20 Pass 0.021 - - - 1.112 0.300 1.503 1.404 0.058 0.034 0.007
30 Fail 0.010 - - - 1.223 0.300 5.477 5.325 0.123 0.022 0.007
é 10 Pass 0.278 - - - 0.390 0.200 0.164 0.014 0.019 0.101 0.030
; Model 4 20 Pass 0.071 - - - 0.540 0.200 0.301 0.153 0.031 0.087 0.029
§ 30 Pass 0.027 - - - 0.701 0.200 0.592 0.472 0.032 0.059 0.029
Qgé' 10 Pass 0.029 0.678 - - 2.000 - 0.531 0.465 0.021 0.044 0.001
% Model 5 20 Pass 0.028 0.745 - - 2.000 - 0.935 0.861 0.033 0.038 0.002
E 30 Pass 0.028 0.839 - - 2.000 - 1.847 1.773 0.036 0.036 0.003
10 Pass 0.029 0.678 - - 2.000 - 0.678 0.552 0.051 0.074 0.001
Model 6 20 Pass 0.028 0.745 - - 2.000 - 1.100 0.978 0.047 0.073 0.003
30 Fail 0.028 0.839 - - 2.000 - 1.679 1.563 0.041 0.071 0.005
gg‘ 10 Pass 1.3E-04 0.964 0.304 0.575 0.242 0.121 0.105 0.003 0.002 0.069 0.031
“ié Model 7 20 Pass 5.0E-05 0.930 0.260 1.488 0.224 0.121 0.222 0.041 0.009 0.070 0.101
E E 30 Pass 1.0E-05 0.889 0.206 2.965 0.162 0.142 0.416 0.086 0.024 0.080 0.226
TKy, the compensatory gain, for the multi-point preview models (models 5 and 6) is reported corresponding to the first preview point.

YT, represents the lead time constant (model 1) and summation of individual lead times (model 2), preview time in models employing only
preview (models 4, 5, 6 and 7), and lead and preview time (model 3)
" The lag time, 7T}, in models 2, 3 and 4 is the sum of first-order lag time and processing delay time 7,, both being constant.
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The results in general show wide variations in the control parameters of driver models
employing different control strategies. Furthermore, the control parameters vary
considerably with variations in the forward speed. The results show that the
compensatory gains corresponding to lateral position error K, decrease with the speed,
irrespective of the control strategy, as shown in Figure 2.12(b). The result obtained for
models based on multi-point preview (models 5 and 6), however, show negligible
variation in K, with increasing speed, which was observed only for the first preview point
(as reported in Table 2.4). The gains corresponding to subsequent preview points
revealed decreasing K, with increasing speed. These suggest that the driver is required to
undertake greater compensation to minimize lateral position error at lower speeds. Such a
trend has also been reported in a few experimental and analytical studies [45,65,128]. It
has been suggested that the human driver focuses on lateral position control at lower
speed and vehicle heading errors at higher speeds. The models results, however, do not
show a definite trend in Ky with increasing speed, Figure 2.12(c). The models employing
a constant driver preview (models 5 and 6) suggest increase in Ky with increasing vehicle
speed, while the compensatory model in the absence of driver preview (model 2) suggests
an opposite trend. An opposite trend is also observed with anticipatory/compensatory
model (model 7). The anticipatory gain K, in this model, however, increases substantially
(Table 2.4), which also emphasizes the heading error control.

Irrespective of the modeling strategy, an increase in the vehicle speed poses a higher
demand for the lead time of the driver (77), which also suggests higher preview distance
(Dy), Figure 2.12(a). The multi-point preview models (models 5 and 6), however, form an

exception since these assume a constant preview time, irrespective of the speed. The two-
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level anticipatory/compensatory control strategy (model 7) also suggests slightly lower 7,
(=T,) at higher speeds, while the preview distance increases with speed (Table 2.4).
Furthermore, while all the compensatory gains of model 7 (K,, Ky and K¢) decrease with
increase in vehicle speed, the open-loop anticipatory gain K, increases with the forward
speed. This further suggests lower compensatory demand but greater anticipatory demand
on the driver at higher speeds. The results thus suggest that the human driver is required
to employ a higher level of prediction at higher speeds. Such trends have also been
reported in a few studies [23,134,135]. The two-level driver model proposed by Donges
[45], however, requires relatively lower value of 7;. Despite decrease in the lead time
constant at higher speeds, the preview distance, Dp, increases with the speed.

The results clearly show that the compensatory driver model, proposed by Ishio [17]
(model 1), which considers only the instantaneous lateral position error of the vehicle, is
highly sensitive to variations in the vehicle speed. This suggests that considering the
orientation error and employing the driver’s preview would help to attain more effective
and consistent driver parameters. Furthermore, a higher lead time is essential for
achieving desired position and orientation control of the vehicle at higher speeds. The
multi-point preview models, employing constant preview time, achieve the position and
orientation control by employing upper limit of the preview time.

The above results are obtained considering widely different performance indices. The
models are thus further evaluated considering the identical performance index, defined in
Eq. (2.10). Table 2.4 also presents the values of total performance index and its
constituents of the selected models. The results show an increase in the total performance

index J; with increase in vehicle speed, irrespective of the modeling strategy. The models
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employing anticipatory steering control (model 7) and enhanced prediction strategy based
on the internal vehicle model (model 4) yield substantially lower values of J; and show
relatively less sensitivity to variations in vehicle speed. The model 1 [17], which neglects
the driver preview and time delays, can effectively track the desired path at low speed,
but fails the path tracking at 30 m/s. While consideration of the vehicle orientation
feedback enhances the path tracking performance of the vehicle, the driver’s delay
associated with processing and muscular dynamics deteriorates the path tracking ability,
as seen for models 2 and 3.

The compensatory driver models in the absence of driver preview (models 1 and 2)
yield greatest path deviation and substantially higher performance indices corresponding
to lateral position error (Jy), orientation error (Jy) and driver steering effort (Js5, /5) at
higher driving speeds. These models, however, can effectively track the desired path at
the lower speed of 10 m/s. The compensatory model 1 in the absence of driver preview
and vehicle orientation feedback provides superior path tracking performance by
converging to lower time lag and higher compensation gain (K,) that approaches the
upper limit of control. Addition of the processing delay time to the compensatory model
(model 2) results in substantially higher path deviation and corresponding performance
measures (J¢, Jy, Jw, Js, J5) together with relatively higher lateral position compensatory
gain (K,). This is mostly attributed to lack of preview ability of the human driver.

Consideration of the human preview ability dramatically lowers the steering effort
demand on the human driver in addition to the lower lateral position error compensatory
gain, particularly at higher speeds, as seen in the results obtained for models 3 to 7. The

results obtained for model 3 also suggest using the second-order path prediction yields
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relatively greater path deviation compared to the other models employing internal vehicle
model path predictions (models 4, 5, 6). The single-point preview coupled with internal
vehicle model path predictor (model 4), however, achieves enhanced path tracking
performance at the expense of higher steering effort, /s and J;. The greater demand for
driver’s steering control action is attributable to single-point preview strategy. The use of
multi-point preview strategy coupled with internal vehicle model path predictor results in
least demand on the driver’s steering effort. The two multi-point preview models (models
5 and 6), however, employ a constant preview interval, which can cause higher path
deviations at low and moderate forward speeds. While introducing the muscular dynamic
in model 6 increases the path deviation compared to model 5, a more realistic
representation of the driver steering control actions can be achieved through this model.
Model 7 [45] employed the two-point preview concept but neglected the hand-arm
dynamics. This model yields the lowest path deviation and thus the best path tracking
performance in the entire speed range considered in the study. This is evident from
substantially lower values of J, and Jy for this model. As expected, the accurate path
tracking imposes greater demand on the drivers’ steering and control actions when
compared to the driver models employing single- and multi-point preview strategies
(models 3 to 6).

Using Eq. (2.16), the influence of variations in vehicle forward speed v, on peak

values of directional responses of vehicle, Z; = (8,6, Ye,a,) and the corresponding

performance measures, Z, = (Jy,Jw,Js.J ;) are evaluated from:
"0 4100% i=1,2 (2.18)

S, =
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where v, is the nominal forward speed, considered as 20 m/s, and Q is the sensitivity in
percent. Table 2.5 summarizes the influences of variations in forward speed on peak
directional responses of the vehicle and driver’s steering effort in terms of peak steer
angle and peak rate of steering. Table 2.6 summarizes the variations in the total
performance index and its various constituents. The positive percentage value represents

increase in a response quantity with respect to the nominal value corresponds to 20 m/s.

Table 2.5: Sensitivity of directional responses and steering effort of selected driver-

vehicle models to variations in forward speed

Driver Model Speed Sensitivity o.f the peak values of directional responses (%)

(m/s) 6y (deg) 8y (dogs) Y, (m) ay (ms)
Model 1 ;8 -:Sj -568158 é76;97 i?ji
vzl @y Al s
w10 g0
R
wowis 1 ey
TR B
TR

The results show that increasing the forward speed invariably yields higher peak values
of lateral deviation (Y,), lateral acceleration (a,) and steering rate (6r), and the total
performance index and its constituents. Simulation results show greater sensitivity of the
directional responses to speed variations, when compensatory driver models (models 1
and 2) are used. These models, particularly, exhibit substantially higher path error and
lateral acceleration at higher speeds, and the corresponding performance measures.

Employing the human driver preview process (model 3 to 7) greatly reduces the driver-
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vehicle model sensitivity to variations in the vehicle speed. All of the models, however,
show considerable sensitivity to variations in the vehicle speed.

The results also suggest that the steering control demand (8y and 8) and lateral
acceleration response of vehicle are least sensitive to variation in v,, for the single-point
preview compensatory driver models (models 3 and 4). This is evident from relatively
lower percentage changes in peak of 8z, 8 and a, in Table 2.5. Two- and multi-point
preview models (Models 5 to 7), however, show relatively higher sensitivity of the
response measures to speed variations. The anticipatory steering control (model 7), in
particular, reveals greatest sensitivity of steer rate to speed variations, suggesting greater
steering effort demand on the driver at higher speeds. This is also evident from
substantial changes in J; at the higher speed and is attributable to anticipatory open-loop
control based on the previewed path curvature. The two multi-point preview models,
however, show least sensitivity of path deviation to speed variations. This is also evident

from the relatively lower sensitivity of J, and Jy to variations in the speed (Table 2.6).

Table 2.6: Sensitivity of total performance index and its constituents of the selected

driver-vehicle models to variations in forward speed

Driver Speed Sensitivity of performance measures (%)
Model (m/s) Je Iy Jw Is Is
Model 1 10 ~66.8 90.0 203 263 813
30 512.4 2566.6 624.6 78.7 1353
10 452 -46.0 15 164 62.0
Model 2 30 364.8 597.0 560.5 102.0 79.2
10 -85.0 92.1 343 107.1 17
Model 3 30 264.5 2793 114.1 -35.5 1.0
10 455 2907 39.8 15.9 0.8
Model 4 30 96.8 07.9 4.0 -32.9 03
10 432 -46.0 336.4 143 555
Model 5 30 97.7 105.8 83 6.0 68.6
10 38.4 435 9.7 1.8 62.0
Model 6 30 52.6 59.9 -13.1 238 78.7
10 527 92,9 763 19 69.6
Model 7 30 87.7 108.4 186.0 13.8 122.4
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2.6.2 Influence of Variations in Vehicle Mass

The sensitivity of the vehicle responses and driver-vehicle model performance indices to
variations in the vehicle mass are evaluated considering +25% variations about the
nominal mass (1330 kg). Owing to sensitivity of the driver models to variations in
vehicle parameters, the parameters of each driver model are identified through
minimization of the respective performance index, defined in the reporting study. The
limit constraints, defined in Eq. (2.17), however, are introduced for solution of the
minimization problem at speed of 20 m/s. Table 2.7 lists the identified model parameters
together with the performance indices described in Eq. (2.10). The table also lists the
success of the model in satisfying path deviation threshold (0.3 m). The variations in the
lead time and compensatory gains are also presented in Figure 2.13.

The results in general suggest that the control parameters of selected driver models
vary with variations in the vehicle mass, although the changes are considerably small
compared to those observed with speed variations. The results show that only the
compensatory driver models, proposed by Ishio [17] (model 1) and Horiuchi [78] (model
2), which neglect the preview process, are relatively more sensitive to variations in
vehicle mass. This suggests that employing the driver’s preview process would help to
attain more effective and consistent driver parameters. Irrespective of the modeling
strategy, an increase in the vehicle mass affects the lead time of the driver (7;) only
slightly (Figure 2.13a). The compensatory model based on the lateral position feedback
alone (model 1), however, forms an exception since increasing the vehicle mass poses
relatively greater demand on 77 (Table 2.7). Further, the driver models that consider

variable lag time constant (models 1 and 7) show slightly greater 77 for heavier vehicles.
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Table 2.7: Influences of variations in vehicle mass on the identified driver model parameters and corresponding performance measures

Driver | Mass | Test Kt Ky K¢ K, T} i
Model (kg) Result | (rad/m) | (rad/rad)| (rad.m) (rad.m) (s) (s Je Jy Jw Js Js
P 997.5 Pass 0.698 - - 0.210 | 0.043 | 0490 | 0.064 | 0.023 | 0.121 | 0.283
*é Model 1| 1330 Pass 0.669 - - 0.291 | 0.045 | 0.613 | 0.093 | 0.028 | 0.145 | 0.347
= 1662.5 | Pass 0.442 - - 0.376 | 0.047 | 0.748 | 0.123 | 0.036 | 0.172 | 0.417
é 997.5 Pass 1.068 | 0.272 - - 0.288 | 0.200 | 1.544 | 0.698 | 0.097 | 0.206 | 0.544
% Model 2| 1330 Pass 0.840 | 0.360 - - 0.292 | 0.200 | 1.933 | 0.960 | 0.103 | 0.240 | 0.631
~ 1662.5 | Pass 0.684 | 0.494 - - 0.274 | 0.200 | 2.439 | 1.301 | 0.118 | 0.282 | 0.738
997.5 Pass 0.019 - - - 1.098 | 0.300 | 1436 | 1.338 | 0.062 | 0.030 | 0.006
Model 3] 1330 Pass 0.021 - - - 1.112 | 0.300 | 1.503 1.404 | 0.058 | 0.034 | 0.007
P 1662.5 | Pass 0.022 - - - 1.132 | 0.300 | 1.550 | 1.446 | 0.057 | 0.039 | 0.008
g 997.5 Pass 0.067 - - - 0.529 | 0.200 | 0.280 | 0.151 | 0.030 | 0.075 | 0.024
z | Model 4| 1330 Pass 0.071 - - - 0.540 | 0.200 | 0.301 | 0.153 | 0.031 | 0.087 | 0.029
E 1662.5 | Pass 0.075 - - - 0.550 | 0.200 | 0.346 | 0.155 | 0.033 | 0.099 | 0.059
g 997.5 Pass 0.028 0.727 - - 2.000 - 0.821 | 0.755 | 0.029 | 0.035 | 0.002
° | Model 5[ 1330 Pass 0.028 0.745 - - 2.000 - 0.935 | 0.861 | 0.033 | 0.038 | 0.002
Lf 1662.5 | Pass 0.028 0.763 - - 2.000 - 1.141 1.060 | 0.037 | 0.041 | 0.002
= 997.5 Pass 0.028 0.727 - - 2.000 - 0.660 | 0.570 | 0.030 | 0.057 | 0.003
Model 6| 1330 Pass 0.028 0.745 - - 2.000 - 1.100 | 0.978 | 0.047 | 0.073 | 0.003
1662.5 Fail 0.028 | 0.763 - - 2.000 - 1.717 | 1.598 | 0.043 | 0.074 | 0.003
e 997.5 Pass | 1.3E-05| 0.907 | 0386 | 1.137 | 0229 | 0.109 | 0.196 | 0.028 | 0.009 | 0.063 | 0.096
éé Model 7| 1330 Pass | 5.0E-05| 0930 | 0260 | 1.488 | 0.224 | 0.121 | 0.222 | 0.041 | 0.009 | 0.070 | 0.101
§ 2 1662.5 | Pass |5.3E-05| 1.033 | 0210 | 1.627 | 0.224 | 0.137 | 0.261 | 0.047 | 0.010 | 0.084 | 0.120
'K, the compensatory gain, for the multi-point preview models (models 5 and 6) is reported corresponding to the first preview point.

YT, represents the lead time constant (model 1) and summation of individual lead times (model 2), preview time in models employing only
preview (models 4, 5, 6 and 7), and lead and preview time (model 3)
" The lag time, 7T}, in models 2, 3 and 4 is the sum of first-order lag time and processing delay time 7,, both being constant.
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Figure 2.13: Comparison of (a) the lead time constant; (b) lateral position gain constant;
and (c) orientation gain constant of selected driver models during a double lane-change

maneuver subject to variations in the vehicle mass (speed= 20 m/s)

The results also suggest that the driver is required to undertake greater compensation

to minimize the heading angle error with greater vehicle mass, as shown in Figure
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2.13(c). In addition, the anticipatory gain K, in the model based on the two-point preview
strategy (model 7), increases with vehicle mass, leading to greater heading error. This
further suggests greater anticipatory demands on the driver with increase in the vehicle
mass. The results, however, do not show a definite trend in K, with increasing mass
(Figure 2.13b). The compensatory driver models in the absence of the preview (models 1
and 2), however, show that the compensatory gains K, decreases with the vehicle mass,
while the single- and two-point preview strategies (models 3, 4 and 7) suggest an
opposite trend. The result obtained for the models based on multi-point preview (models
5 and 6), however, show negligible effect on K, which was observed only for the first
preview point. The same trend was also observed for the gains corresponding to
subsequent preview points.

The above results are obtained considering widely different performance indices. The
models are thus further evaluated considering the identical performance index, defined in
Eq. (2.10). Table 2.7 also presents the values of total performance index and its
constituents of the selected models. The results show an increase in the total performance
index J; and the path tracking performance J, with increase in vehicle mass, irrespective
of the modeling strategy. The models employing anticipatory steering control (model 7)
and enhanced prediction strategy based on the internal vehicle model (model 4) yield the
lowest values of J;. The model 1 [17], which neglects the driver preview and time delays,
can effectively track the desired path by converging to lower lag time constant at the
expense of substantially higher performance indices corresponding to driver steering
effort (Js and J5). While consideration of the vehicle orientation feedback (model 2)

enhances the path tracking performance, the driver’s delay associated with processing
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and muscular dynamics (model 2) deteriorate the path tracking ability (Table 2.7).
Consideration of human preview ability dramatically lowers the steering effort of the
driver in addition to a lower demand for the lateral position error compensatory gain, as
seen in the results obtained for model 3 to 7. The results obtained for model 3 also
suggest that using the second-order path prediction strategy yields relatively greater path
deviation compared to the models employing the internal vehicle model path predictor
(models 4, 5, 6). The single-point preview coupled with internal vehicle model predictor
(model 4), however, achieves enhanced path tracking performance at the expense of
higher steering effort, /s and J;z. The greater demand for driver’s steering effort for
models 3 and 4 is attributable to the single-point preview strategy.

The use of the multi-point preview strategy coupled with internal vehicle model path
prediction strategy results in the least demand on the driver’s steering effort. The constant
preview interval used in the multi-point preview models (models 5 and 6), however, may
cause greater path deviations. Although consideration of muscular dynamics also yields
greater path deviation, it represents driver steering control actions more realistically. The
results obtained for the model based on compensatory/anticipatory control strategy [45]
(model 7) exhibit the lowest path deviation and thus the best path tracking performance in
the entire range of the vehicle mass considered in the study. This is evident from
substantially lower values of Jy and Jy. As expected, the accurate path tracking imposes
greater demand on the drivers’ steering and control actions in comparison with the
models employing the preview process (models 3 to 6).

The sensitivity of the responses and control parameters with respect to changes in

mass are also evaluated using Eq. (2.16), where the nominal mass is my=1330 kg. Tables
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2.8 and 2.9 summarize the influences of variations in the vehicle mass on peak directional
responses, driver’s steering effort and performance indices. A positive percent value
represents increase in a response quantity with respect to that obtained with the nominal

vehicle mass.

Table 2.8: Variation in peak directional responses of the selected driver models to

variations in the vehicle mass (speed=20 m/s)

Sensitivity of the peak values of directional responses (%)
Sr (deg)  Bp (degls) Y, (m)  a, (w5)

Driver Model Mass (kg)

997.5 99 -10.0 -13.6 0.8

Model 1 1662.5 10.6 9.0 12.1 0.7
Model 2 997.5 72 59 101 4.1
ode 1662.5 8.3 97 12.7 3.1
997.5 78 8.0 17 205

Model 3 1662.5 7.1 6.6 1.5 0.4
997.5 85 14.6 1.0 12

Model 4 1662.5 59 32.8 3.6 238
997.5 3.3 0.7 36.4 37

Model 5 1662.5 2.9 43 20.7 3.8
997.5 56 49 238 4.4

Model 6 1662.5 59 43 24.0 33
997.5 59 214 37 0.4

Model 7 1662.5 9.9 115 15 2.1

Table 2.9: Variation in total performance index and its constituents of the selected driver

models to variations in the vehicle mass (speed=20 m/s)

Driver Sensitivity of performance measures (%)
Model Mass (kg)
ode It Iy Jw Is Is
Model 1 997.5 20.0 312 17.4 -16.8 -185
1662.5 22.1 323 28.6 18.5 20.4
Model 2 997.5 20.1 273 6.6 14.0 137
ode 1662.5 26.1 356 14.0 175 17.1
9975 4.4 47 8.1 13.8 16,5
Model 3 1662.5 32 3.0 1.1 13.4 14.4
997.5 7.0 1.7 36 145 173
Model 4 1662.5 14.8 12 55 13.1 100.3
9975 122 124 117 8.6 36
Model 5 1662.5 22.1 23.1 12.0 8.5 33
997.5 -40.0 417 347 213 46
Model 6 1662.5 56.1 63.4 8.1 2.0 43
997.5 115 327 6.5 101 5.4
Model 7 1662.5 17.7 13.5 19.1 19.0 18.3
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The results show that increasing the vehicle mass invariably yields higher peak values
of the steering angle (8r) and steering rate (85), and thus the corresponding performance
indices (Js and Jz). Simulation results show greater sensitivity of the directional
responses of vehicle to mass variations, when multi-point preview strategy with constant
preview interval (models 5 and 6) is used, while the peak 8y and J; are only slightly
affected by the mass variations. Employing the single-point preview strategy with
variable preview time greatly reduces the sensitivity of the path tracking performance to
variations in the vehicle mass. This is evident from relatively lower percentage change in
peak values of Y,, Jy and Jy. The two-level model [45] also yields considerably lower
sensitivity of peak path deviation (Y,) to variations in the vehicle mass. The path tracking
performance of this model, however, show relatively great sensitivity to variations in the

vehicle mass, despite considering the variable preview time.

2.6.3 Influence of Understeer Coefficient of the Vehicle

The sensitivity of the vehicle responses, driver control parameters and performance
indices to variations in the understeer coefficient of the vehicle are evaluated considering
an understeer, oversteer and a neutral steer vehicle. The variations in the understeer
coefficient (Table 2.3) are attained by varying the cornering stiffness of the front and rear
tires. The understeer coefficients (K,) for the oversteer, neutral and nominal vehicle are
taken as -0.004, 0 and +0.004, respectively. The driver model parameters are identified
through minimization of the reported performance index subject to limit constraints,
defined in Eq. (2.17), while the forward speed is considered as 20 m/s. The identified

model parameters and performance indices are summarized in Table 2.10 together with
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the success or failure of each model considering the three vehicle handling scenarios. The
variations in the lead time and the compensatory gains are also presented in Figure 2.14.
The simulation results again illustrate considerable variations in control parameters of
the selected driver models with variations in the handling characteristics of the vehicle.
Both the compensatory and single-point preview models exhibit higher position and
orientation compensatory gains (K, and Ky) with increase in understeer coefficient of the
vehicle, as shown in Figures 2.14(b) and 2.14(c), and Table 2.10. This suggests greater
compensatory action demand when driving an understeer vehicle. The driver model based
on the compensatory/anticipatory control strategy (model 7), however, yields
substantially lower lateral position compensatory gain K, with increasing values of K,
(Figure 2.14b). The orientation gain also increases for the understeer vehicle but is nearly
constant for the over and neutral steer vehicles. Further, this driver model exhibits
greatest sensitivity to variations in the understeer coefficient that is evident from
substantial variations in its compensatory and anticipatory gains (K, K,,, K¢ and K,). The
models results, however, do not show a definite trend in 7; with variations in understeer
coefficient, as seen in Figure 2.14(a). The results obtained for the compensatory models
in the absence of preview (models 1 and 2) show that the lead time constant 7} increase
with the understeer coefficient, while the single- and two point preview strategies
(models 3, 4 and 7) suggest an opposite trend. The models based on multi-point preview
(models 5 and 6), however, assume a constant 7;. The compensatory and two-point
preview models (models 1 and 7) exhibit greater lag time constant 77 with increasing in

the understeer coefficient.
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Table 2.10: Influences of variations in understeer coefficient of the vehicle on the identified driver model parameters and

corresponding performance measures

Driver | Understeer Test KyT Ky Kc K, 7.} T,

Model | coefficient | Result | (rad/m) | (rad/rad)| (rad.m) | (rad.m) (s (s Je Jv Jw Js Js
. Oversteer Pass 0.360 - - - 0.149 0.033 0.361 0.051 0.033 0.069 0.188
Eé Model 1 Neutral Pass 0.530 - - - 0.198 0.040 0.374 0.063 0.030 0.081 0.206
= Understeer Pass 0.669 - - - 0.291 0.045 0.613 0.093 0.028 0.145 0.347
é Oversteer Pass 0.563 0.174 = = 0.274 0.200 1.274 0.744 0.121 0.109 0.300
% Model 2| Neutral Pass 0.823 0.284 - = 0.282 0.200 1.555 0.972 0.099 0.134 0.351
° Understeer Pass 0.840 0.360 = = 0.292 0.200 1.933 0.960 0.103 0.240 0.631
Oversteer Pass 0.013 - - - 1.144 0.300 1.442 1.370 0.055 0.014 0.003
Model 3| Neutral Pass 0.016 - - - 1.122 0.300 1.456 1.375 0.058 0.020 0.004
2 Understeer Pass 0.021 - - - 1.112 0.300 1.503 1.404 0.058 0.034 0.007
é Oversteer Pass 0.038 - - - 0.601 0.200 0.235 0.148 0.043 0.026 0.017
z Model 4| Neutral Pass 0.052 - - - 0.545 0.200 0.265 0.149 0.039 0.047 0.028
é Understeer Pass 0.071 - - - 0.540 0.200 0.301 0.153 0.031 0.087 0.029
é Oversteer Pass 0.028° 0.704 - - 2.000 0.000 0.311 0.286 0.009 0.014 0.001
§ Model 5 Neutral Pass 0.028° 0.705 - - 2.000 0.000 0.404 0.360 0.017 0.025 0.001
:Ej Understeer Pass 0.028" 0.745 - - 2.000 0.000 0.935 0.861 0.033 0.038 0.002
= Oversteer Pass 0.028° 0.763 - - 2.000 0.000 0.330 0.295 0.008 0.025 0.002
Model 6| Neutral Pass 0.028° 0.704 - - 2.000 0.000 0.448 0.387 0.017 0.041 0.002
Understeer Pass 0.028" 0.705 - - 2.000 0.000 1.100 0.978 0.047 0.073 0.003
E 2 Oversteer Pass 1.3E-03 | 0.737 0.465 1.025 0.230 0.101 0.141 0.030 0.013 0.025 0.074
2 |Model 7| Newral | Pass | 8.6E-04| 0.807 | 0475 | 0.966 | 0229 | 0.113 | 0.162 | 0.033 | 0.011 | 0.041 | 0.078
E g Understeer Pass 5.0E-05| 0.930 0.260 1.488 0.224 0.121 0.222 0.041 0.009 0.070 0.101

TKy, the compensatory gain, for the multi-point preview models (models 5 and 6) is reported corresponding to the first preview point.
YT, represents the lead time constant (model 1) and summation of individual lead times (model 2), preview time in models employing only
preview (models 4, 5, 6 and 7), and lead and preview time (model 3)

" The lag time, 7T}, in models 2, 3 and 4 is the sum of first-order lag time and processing delay time 7,, both being constant.
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Figure 2.14: Comparison of (a) the lead time constant; (b) lateral position gain constant;
and (c) orientation gain constant of selected driver models subject to variations of

understeer coefficient (speed= 20 m/s)

The selected driver models are further evaluated considering the identical performance

index, defined in Eq. (2.10). Table 2.10 also presents the values of total performance
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index and its constituents. The results suggest that a vehicle with oversteer tendency
yields lower total performance index J;, path tracking performance Jy, and steering effort
indices (Js and Jg), irrespective of the modeling strategy. The compensatory model 1
[17], without the driver preview and time delays can effectively track the desired path by
converging to lower time lag at the selected forward speed (20 m/s). The compensatory
models (models 1 and 2) in the absence of preview process, however, yield the greatest
steering effort (/s and /5). The use of multi-point preview strategy (models 5 and 6), on
the other hand, yields the lowest steering effort demands.

The simulation results suggest that employing the human driver preview process
would help enhance the path tracking performance and reduce the steering effort demand,
as observed for variations in the vehicle mass and vehicle speed. The path tracking
performance and steering effort of the single-point preview control models (models 3 and
4) can be further enhanced through two- or multi-point preview strategies. The multi-
point preview strategy coupled with internal vehicle model path prediction strategy yields
least demand on the driver’s steering effort. Consideration of a constant preview interval,
however, yields a higher level of path deviation. The compensatory/anticipatory driver
model [45] (Model 7) results in superior path tracking performance with over 50% lesser
steering demand compared to the compensatory models. From the results, it is evident
that two-point preview and internal vehicle model path prediction strategies yield most
effective vehicle control with variations in its handling characteristics.

The sensitivity of the peak directional responses of the vehicle and driver’s steering
effort, and performance indices to variations in the K, are evaluated using Eq. (2.16) and

summarized in Tables 2.11 and 2.12, respectively. A positive percent value in the tables
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represents an increase in a response quantity with respect to the nominal understeer
vehicle (K,; = 0.004). As it would be expected, the results show that decreasing the
understeer coefficient (approaching neutral and oversteer tendency) invariably lowers the
peak steering angle () and peak steering rate (), and the corresponding performance

indices (/5 and J3).

Table 2.11: Variation in the peak directional responses of the selected driver models to

changes in the understeer coefficient (speed=20 m/s)

Driver Model Under-;teer Sensitivity of the Peak values of directional responses (%)
coefficient 5p (deg) Sr (deg/s) Y, (m) a, (m/s;)

Model 1 Oersteer o B o 03

rsteer -33.6 -32.0 -15.6 -6.5
Model 2 OI\VI:;;ZT 253 -26.1 0.1 -0.6
Model 3 Oersteer o e 0 &
Models Qe A 94 20 9
Models e B4 B2 Al
Modelg Qe ML ST a0
Model 7 Ouersteer o o 14 03

The driver model employing single-point preview strategy (models 3 and 4) [30,40]
yield substantially lower sensitivity of peak Y, , J; and J,, while the peak steering angle
and steering rate and corresponding performance indices (/s and J5) vary substantially to
satisfy the path tracking requirements. The simulation results further show that multi-
point preview models [67,68] exhibit relatively greater sensitivity of peak path deviation
Y., and the position and orientation performance indices (Jy and Jy) to variations in the
understeer coefficient. This can be mostly attributed to the constant preview time

assumption of the multi-point preview models.
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Table 2.12: Variation in the total performance index and its constituents of the selected

driver models to changes in the understeer coefficient (speed=20 m/s)

Sensitivity of the performance indices (%)

It Iy Jw Js I5

Driver Model Understeer coefficient

Model 1 Oversteer -41.1 -45.5 19.8 -52.6 457
Neutral -389 325 7.6 -439  -40.5

Model 2 Oversteer -34.1 -22.5 17.0 -54.5 525
Neutral -19.6 1.3 -4.8 -442 444

Oversteer -4.0 2.4 -5.0 -582 557

Model 3 Neutral 31 21 04 427 427
Model 4 Oversteer -21.9 -3.4 39.1 -70.0 -42.0
Neutral -11.9 -2.6 26.8  -46.0 -4.1

Model 5 Oversteer -66.7 -66.8 -724 -63.0 -35.0
Neutral -56.8 -582 490 -346 -153

Model 6 Oversteer -70.0 -69.8 819 -662 -319
Neutral -593 604 634 -43.0 -144

Model 7 Oversteer -36.2 275 49.1 -64.4 273
Neutral 268  -21.3 24.5 -41.4 231

2.7 Summary

Considering different driving conditions and vehicle design parameters, directional

responses and performance measures of the selected models have been examined in terms

of: (i) the preview process; (ii) prediction strategy; and (iii) the limb dynamics. The

results can be summarized as below:

(@)

(i)

(iii)

The compensatory driver models in the absence of human preview (models 1 and
2) exhibit adverse path tracking performance and increase steering effort demand
compared to the models that employ previewed path information, particularly at
the higher driving speed of 70 m/s. Further, the directional responses and
performance measures of these models are most significantly influenced by
variations in the driving speed.

Integration of the path prediction and path preview strategies can substantially
enhance the path tracking performance with reduced steering effort of the driver
model. The path prediction using ‘internal vehicle model’ strategy (model 4)
yields enhanced path tracking performance compared to the second-order path
predictor (model 3).

A multi-point preview strategy (models 5 and 6) can significantly reduce the
steering effort demand on the driver, while it yields greater path deviation
compared to the models employing either single- and two-point preview strategy.
This maybe in-part attributed to constant preview time considered in the model
and in-part to large size of path coordinates array. Further, the peak path deviation
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and directional responses of these models are most significantly affected by
variations in the mass and understeer coefficient of the vehicle.

(iv)  Considering a two-point preview strategy yields considerable improvement in the
total performance index and its components related to path deviation and heading
error (Jy and Jy) of the coupled driver-vehicle system in comparison with the
compensatory and preview-compensatory models (model 1 to 6), for the ranges of
maneuvers vehicle mass and understeer coefficient considered in this study.

(v) Consideration of limb dynamics (model 6) helps to improve the path tracking
performance of the vehicle at the higher speed of 70 km/h and for the lighter
vehicle. The muscle dynamics at lower driving speeds, however, tends to
deteriorate the path tracking performance due to additional muscular delay.

2.8 Conclusion
Relative performance of different deriver models coupled with a two DoF yaw-plane
vehicle model are evaluated for a range of operating speeds and vehicle parameters. The
driver models based on different preview, prediction, control strategies and feedback cues
were selected and re-formulated for analyses under a standardized double lane-change
maneuver. Directional responses and different performance measures of the selected
models are thoroughly examined so as to assess the contributions of different control
strategies and to identify the most effective strategy for application to heavy vehicles.
The results suggested that consideration of path preview/prediction by the human driver
yields significant path tracking enhancement and reducing steering effort demand. The
results further showed that the reported models exhibit their validity only in the vicinity
of the conditions used to identify model parameters. The coupled driver-vehicle models
are most significantly affected by the speed, vehicle mass and understeer coefficient.

A two-point preview strategy can provide most effective path tracking performance
over a wide range of variations in speed and vehicle parameters. A two-point preview

coupled with the ‘internal vehicle model” path predictor will thus be considered in the
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subsequent chapters to formulate the human driver model in conjunction with a heavy

vehicle model.
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CHAPTER 3

EXPERIMENTAL CHARACTERIZATION OF DRIVER CONTROL

PROPERTIES

3.1 Introduction

A number of field-measurement and simulator-based studies have been conducted to
objectively characterize human driving factors, which have been subsequently applied to
driver control models [10,14,46,47,54,71,91,108,118]. These studies, however, report
wide variations in the measured data, mostly due to variations in the experimental
conditions, measurement methods and subject populations [9,54]. A review of reported
ranges of the driver control measures, such as compensation gain, preview and response
time, suggests that the identified ranges are too broad to be considered reliable.
Additional experimental studies under carefully controlled but representative conditions
are thus essential in order to accurately characterize the human driving control properties.

In an attempt to characterize driver control properties, this study aims to identify the
influences of driving experience and vehicle forward speed on control characteristics of
the vehicle driver using a limited-motion driving simulator. The measurements were
performed for four different driving tasks, namely, a slalom maneuver [136,137], abrupt
braking, obstacle avoidance and a standard double lane change maneuver [127] subject to
incremental variations in driving speed. The data were analyzed to identify different
control properties of the human drivers as functions of their driving experience and
forward speed of the vehicle. These included the driver reaction time, and magnitude and

rate of steering effort of the human driver. Although the main objective of this
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dissertation research is to identify and characterize the human driver control actions in
conjunction with an articulated heavy vehicle, the experiments were limited to an
automobile driving simulator that was available for the study. It was thus assumed that
the measured driving control actions, such as steering response time, would also be

applicable for formulating a coupled driver-articulated vehicle model.

3.2 Driving Simulator

A limited-motion driving simulator has been used for objective measurements of driver's
responses in conjunction with a single-unit vehicle under different selected maneuvers.
The driving simulator, shown in Figure 3.1, designed to simulate the visual feedbacks
and limited dynamic motions of an automobile, comprised: (i) an open cabin with the
driver seat and center console of an actual car; (ii) three 52-inches LCD display arranged
in a semi-circle formation in front of the driver's seat to provide essential visual cues; (iii)
a three-axis motion system integrated within the driver's seat to provide acceleration cues
and engine vibration and the road texture feedbacks as a function of the vehicle forward
speed and road surface; and (iv) an automatic transmission. The steering wheel was
equipped with a dynamic electrical load unit that provided a tactile sensory feedback
simulating the steering torque feedback. Rear and side view mirrors were simulated

through window inserts within the central and side screens.

Figure 3.1: Open cabin of the limited-motion driving simulator
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3.2.1 Experiment Procedures

A total of 16 subjects (12 male; 4 female) participated in the driving simulator
experiment, ranging in age from 22 to 38 years (mean=29.5 yrs; standard deviation=3.6
yrs) with different levels of driving experience ranging from less than 1 year to more than
15 years (mean=7 yrs; standard deviation=4.7 yrs). Table 3.1 summarizes the driving
experience of the participants.

Table 3.1: List of subject information

Subject | Gender Age Tifia\fisnzf Description
1 Male 33 4 Experience in working with driving simulator
2 Male 32 15 Everyday driver
3 Male 26 7 Never drove with an automatic transmission
4 Male 27 3 Tended to drive very fast
5 Male 29 5 Occasional driver
6 Female 24 2.5 Everyday driver
7 Male 30 8 Occasional driver
8 Female 33 6 Occasional driver
9 Male 39 15 Discontinued the third trial due to simulator sickness
10 Male 29 10 Occasional driver
11 Male 31 12 Everyday driver
12 Male 29 9 Everyday driver
13 Female 26 2 Occasional driver
14 Male 27 0.5 Experienced in monitor-based games
15 Male 29 11 Experience in working with driving simulator
16 Female 28 2 Every day driver

The experiments were performed in four different phases, which were conducted in a
sequential manner. The initial phase involved familiarization with the simulator and
controls, where each participant was advised to perform random driving trials for a period
of 10 minutes. During the familiarization process, each participant was asked if he/she
felt symptoms of simulator sickness [138]. The participants, who felt such symptoms,
were not permitted to continue with the experiment. In the second phase, each participant
was asked to perform a slalom maneuver at three different driving speeds (30, 50 and 70

km/h). The data acquired in this phase was used to classify relative driving skills of the
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participants. Each participant in the subsequent phase was asked to perform vehicle
driving at the same 3 speeds, while sudden obstacles were displayed in a random manner.
The participants were required to perform sudden braking and path-change maneuvers,
and the braking and steering actions were recording to determine their reaction times. In
the final phase, the participants performed a double-lane change maneuver at the same 3
speeds in clear and foggy road conditions. The steering profile and the path coordinates
were recorded to determine path deviation, and the magnitude of steer angle and the
steering rate. Participants were instructed to drive normally while maintaining a pre-
defined steady speed throughout the selected maneuver. In order to investigate variability
and repeatability of the experiments, each driving test was repeated three times. The test
sessions were scheduled to permit the participants to take a short break between
successive trials.

During each driving task, several vehicle states (i.e., forward speed, longitudinal and
lateral path coordinates, and vehicle orientation) together with time-history of the steering
input were measured. The data were subsequently analyzed to derive following
dependent variables:

(1) steering and braking response times;

(2) peak steering angle and steering rate;

(3) crest factors of steer angle and steering rate;
(4) steering profile area;

(5) peak deviation in speed from the pre-defined forward speed; and
(6) peak deviation in speed from the average forward speed

The measured data were examined to identify influences of the driver’s experience
and vehicle forward speed on different control and performance measures. The variability
in the measured data were also evaluated in terms of intra-subject variability, inter-

subject variability, and the standard error. The standard error was estimated from:
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%= 3.1

where o is the standard deviation (SD) of the data acquired for the sample group and # is
the number of participants in the sample group.

A single-factor analysis of variance (ANOVA) was also performed to evaluate
statistical significance of the main factors (driver's experience and forward speed) on the

measured responses. A factor was considered significant when p<0.05.

3.2.2 Identification of Outliers

The data acquired with different participants revealed large variations in the path
coordinates, steering and braking reaction times, and path deviations. These were
attributed to wide variations in driving experiences and skills of the selected participants.
The degree of attention of the participants and variations in the lead times associated with
obstacles displays also contributed to the wvariability. While the variations were
considered similar to those reported in other experimental studies [14,54,91,94,97],
attempts were made to identify and remove the outliers during the data analysis. The
outliers were determined on the basis of the data dispersion with respect to the average
value. Owing to different roles of various contributory factors, the data outliers in each
driving test were identified using different methods. The majority of the response
measures revealed good correlations with the forward speed and the participant’s driving
experience. In these cases, a data was considered an outlier, when its removal resulted in
notable gain in the correlation coefficient (+°). In the case of braking and steering
response times, which primarily depended upon the vehicle speed, a data beyond one

standard deviation of the mean was considered an outlier.
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The measured data acquired under the double-lane change maneuver, invariably,
revealed considerably less deviations in peak steer angle and steer rate during the second
and third repeated trials compared to those observed during the initial trial. This was in-
part attributed to enhanced familiarity and predictive control of the driver in response to
the expected visual cues in a simulator setting. In this case, the data acquired during the

final trial were thus excluded from the analysis.

3.3 Skill Classification

During a normal driving task, the vehicle drivers are required to perform a number of
simultaneous control actions such as path planning, path tracking and speed control
[139]. Such actions are in-part related to human driving skill and experience
[14,140,141]. In the context of a driving task, the skill is defined as the driver's ability to
track a desired path at or near a pre-determined forward speed, while rejecting various
environmental disturbances [14,139]. It is suggested that drivers with different levels of
driving skill may perform the same maneuver with different path tracking performance
and steering control actions [140,141]. Classifying the driving skill of individual drivers,
however, is a highly challenging task. A methodology to classify drivers in a categorical
form (i.e., experienced, typical, and novice) is proposed on the basis of the measured
steering and path-following performance during the slalom maneuvers. The method may
yield important guidance on considerations of the driving skill in the design process of
driver assistance systems.

The driving skill may be described by five performance measures during a slalom
maneuver: (i) maneuver accomplishment, which is assessed by the number of cones ‘hit’

or ‘missed’ by the participant during the maneuver [14]; (ii) peak steering angle and its
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rate during the maneuver [131]; (iii) crest factors of steering angle and its rate during the
maneuver; (iv) steering profile area during the maneuver; and (v) the peak deviation in
speed from both the target speed and the average speed [140]. The simulator was
programmed to generate a standard slalom course, as shown in Figure 3.2 [136,137].
Each participant was asked to perform the maneuver at three steady speeds (30, 50 and 70
km/h). The path coordinates and steer angle time-history was recorded during each trial.
The path-coordinates data were analyzed to identify the number of ‘hit’ or ‘missed’ cones
during the maneuver. It was noted that a number of subjects could not maintain the higher
target speed of 70 km/h. These subjects opted to complete the maneuver at a relatively
lower speed. In this case, the speed deviation from the chosen mean speed and the target

speed was considered for the purpose of skill classification.

Figure 3.2: The standard slalom course used in the experiments (<« - cones)

3.3.1 Maneuver Accomplishment

Table 3.2 summarizes the total number of cones ‘hit’ or ‘missed’ by each participant
during all the three slalom course trials corresponding to each target forward speed. The
data show that nearly all the participants successfully performed the maneuver at 30 and
50 km/h. The data obtained at these speeds, therefore, cannot provide a sound basis for
classifying the driving skill. The number of ‘hit’ or ‘missed’ cones at the higher forward
speed of 70 km/h, however, revealed some correlations with the driving experience, as
shown in Figure 3.3. The results suggest that the participants with higher driving
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experience ‘hit’ or ‘missed’ relatively fewer cones at 70 km/h. In the figure, the identified
outliers are presented with black dots together with corresponding subject numbers. The
data obtained for subject #14 (0.5 years of driving experience) was considered an outlier.
The superior performance of this subject was attributed to his extensive experience with
monitor-based games. This data was thus excluded from the subsequent analyses.

The number of ‘hit’ or ‘missed’ cones in a slalom maneuver at the higher speed of 70
km/h may thus be employed to classify the participants’ driving skill. A classification
system was designed to categorize the skill as novice, when 3 or more cones are ‘hit” or
‘missed’, average with 1 to 3 cones ‘hit’ or ‘missed’, and experienced when none of the
cones are ‘hit’ or ‘missed’.

Table 3.2: Total number of ‘hit’ or ‘missed’ cones during all trials of slalom maneuvers

. Driving Speed (km/h)

Subject ID experience (yrs) 30 \ 50 [ 70
1 4 0 0 2
2 15 0 0 0
3 7 0 0 2
4 3 0 1 3
5 5 0 0 2
6 2.5 0 0 4
7 8 0 0 0
8 6 0 0 0
9 15 0 0 0
10 10 0 0 0
11 12 0 0 0
12 9 0 0 0
13 2 0 0 0
14 0.5 0 0 1
15 11 0 0 0
16 2 0 0 2

= 5 . .
S Hit or missed cones
E 2 4 ® QOutliers
58 3
53
g4 2
2 £ 1 lel4

0 13 L

0 5 10 15 20

Driving experience (yrs)
Figure 3.3: Correlations of number of hit or missed cones with the driving experience
during slalom maneuvers at 70 km/h

87



3.3.2 Peak Steer Angle and Steer Rate

Steering input is the primary control action of the driver to track the desired path,

maintain central lane position and to avoid road obstacles. It has been suggested that the

magnitude and rate of steering input correlate with the driver’s imposed physical and

mental workload [16,17,78,131,142]. The reported studies have shown that experienced

drivers generally perform the driving task with relatively less steering effort than the

novice drivers [131]. The lower value of the physical and mental workloads, however, do

not necessarily yield lower path tracking performance or responsiveness to the driving

task. Conversely, this implies an effective level of directional control of the vehicle and

driver's compensation with lesser driving effort [131,143]. Tables 3.3 and 3.4 summarize

the peak values of front wheels steer angles (6pmqy) and the steering rates (SF'max),

respectively, measured during the slalom maneuvers at three different forward speeds.

The tables also present the mean peak values for the maneuver conducted at each speed.

Table 3.3: Peak front wheels steer angle measured during constant speed slalom

maneuvers
. £ Peak steer angle (deg)
Subject| £ £ 30 kv 50 kmv/h 70 km/h

= g Trial 1 |Trial 2 [Trial 3 | mean |Trial 1 |Trial 2 | Trial 3 | mean |Trial 1 |Trial 2 | Trial 3 | Mean
1 4 6.46 6.70 - 6.58 - 7.57 - 7.57 | 11.53  19.90 - 15.72
2 15 4.32 4.02 - 4.17 4.39 5.32 - 486 | 1041 796 - 9.18
3 7 6.70 5.46 - 6.08 5.65 5.21 - 543 | 2401 7.08 - 15.54
4 3 7.20 6.34 - 6.77 - 9.64 - 9.64 | 27.78 1745 - 22.61
5 5 8.83 6.32 - 7.58 9.64 6.96 - 8.30 | 28.00 8.21 - 18.11
6 2.5 12.09  6.39 - 924 | 11.84 8.77 - 1030 | 19.25 27.78 - 23.52
7 8 6.45 6.51 - 6.48 9.34 6.26 - 7.80 - 14.16 - 14.16
8 6 6.84 8.09 - 746 | 10.83 6.46 - 8.65 | 28.00 9.14 - 18.57
9 15 5.90 4.58 - 5.24 7.46 4.02 - 5.74 6.34 6.96 - 6.65
10 10 6.21 5.02 4.83 5.35 6.71 6.01 4.27 5.66 - 6.15 5.90 6.02
11 12 5.46 4.01 5.15 4.87 7.90 3.70 4.19 5.27 - 5.33 5.88 5.61
12 9 7.83 6.84 6.51 7.06 9.58 8.34 7.64 852 | 11.85 1340 1531 13.52
13 2 6.71 5.15 6.21 6.02 | 10.27 4.63 6.26 7.05 7.95 546 1041 7.94
14 0.5 5.33 5.27 - 5.30 5.15 6.01 - 5.58 | 10.72 11.21 - 10.96
15 11 5.70 438 4.69 4.92 7.14 7.15 5.40 6.56 9.58 7.45 8.15 8.39
16 2 6.26 7.26 5.96 6.49 6.96 7.40 6.32 6.89 | 12.10 1947 12.10 14.55

- : subjects did not successfully complete or perform the trial
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Table 3.4: Peak rate of steering input measured during constant speed slalom maneuvers

£ Peak rate of steering input (deg/s)
0
Subject| £ 2 30 knvh 50 kmv/h 70 knvh
85

;‘; Trial 1 |Trial 2 [Trial 3 | mean |Trial 1 |Trial 2 [Trial 3| Mean |Trial 1|Trial 2 |Trial 3 | Mean
1 4 7.74 8.91 - 8.32 - 12.31 - 1231 | 1475 16.19 - 15.47
2 15 6.27 6.93 - 6.60 8.22 9.88 - 9.05 | 13.73 12.75 - 13.24
3 7 9.65 7.61 - 8.63 | 12.00 8.46 - 10.23 | 15.18 12.18 - 13.68
4 3 10.20  8.07 - 9.13 14.37 - 14.37 | 25.00 19.36 - 22.18
5 5 1148 7.21 - 9.35 | 14.56 1041 - 1248 | 17.19 11.71 - 14.45
6 2.5 15.12 8.74 - 11.93 | 17.01 15.25 - 16.13 | 23.71 31.10 - 27.41
7 8 8.69 7.70 - 8.19 | 1432 10.24 - 12.28 - 16.00 - 16.00
8 6 9.84 10.73 - 10.28 | 16.04 11.07 - 13.55 | 26.42 13.11 - 19.77
9 15 8.75 6.88 - 7.81 9.60 7.94 - 8.77 | 12.12 1044 - 11.28
10 10 8.50 7.35 6.43 743 | 13.05 11.09 8.63 1092 - 11.47 10.14 10.80
11 12 8.85 4.74 4.63 6.08 | 12.27 5.80 6.50 8.19 - 10.03 8.84 943
12 9 10.62  8.27 7.75 8.88 | 1522 1142 1066 1243 | 13.81 16.23 14.18 14.74
13 2 9.11 7.47 9.79 879 | 17.24 899 1030 12.18 | 13.14 10.67 1291 1224
14 0.5 7.18 8.04 - 7.61 11.14 9.37 - 10.26 | 15.38 14.21 - 14.80
15 11 7.26 6.37 6.04 6.56 | 10.77 11.81 944 10.68 | 13.08 11.18 10.89 11.72
16 2 8.93 9.12 8.49 8.85 | 1194 11.87 1073 11.51 | 17.09 20.55 11.66 1643

-+ subjects did not successfully complete or perform the trial

Figures 3.4 and 3.5 show the variations in mean peak steering angle and the steering
rate with the driving experience of the participants for the three selected target speeds. In
order to identify the outlier data, Figure 3.4 shows variations in coefficient of variances
(CoV) and correlation coefficient (+”) of peak steering angle, when data corresponding to
a certain subject was removed, presented with black dots together with corresponding
subject numbers in the figure. A data was considered an outlier, when its removal
resulted in notable gain in the 7, as shown in these figures. Analyses of the data for peak
steering angle suggested that exclusion of the data acquired for subjects #13, 14 and 16
considerably improved the correlation coefficient, while 7 enhanced slightly or reduced
by removing data for a subject in addition to the previous outliers (subject #6 at 30 km/h,
subject #12 at 50 km/h and subject #1 at 70 km/h). Based upon examinations of all the
data during slalom maneuvers, the recorded data for subjects #13, 14 and 16 are
identified as outliers and excluded from subsequent analyses.
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Figure 3.4: Correlations of mean peak steer angle, and #° values and variations in CoV

when data corresponding to a certain subject was removed during slalom maneuver

slalom at: (a) 30 km/h, (b) 50 km/h, and (c) 70 km/h
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Figure 3.5: Correlations of mean peak steer rate during slalom maneuvers at: (a) 30 km/h,

(b) 50 k;v/h, and (c) 70 km/h; # values are shown upon removal of outliers

The measured data excluding the identified outliers suggest definite correlations
between the peak steer angle and its rate with the driving experience. Furthermore, the
mean peak steer angle and rate increase substantially when forward speed is increased to
70 km/h, while the increase is relatively small when speed is increased from 30 to 50
km/h. This suggests higher steering effort and mental workload demand for the drivers at
higher speeds, as it would be expected. It is shown that the peak steer angle and rate
decrease with increasing driving experience of the participants suggesting lower physical
workload of experienced drivers compared with novice drivers for the same driving task.
The measured data generally show improved steering performance of the participants
during repetitive driving tasks. The peak values during the second and third trials thus
tend to be lower than those measured during the initial trial

The peak steering angles and rates measured during the 70 km/h maneuver are applied
to classify the driving skills as: ‘novice’ (8pmax > 15" 6p max > 20°/s), ‘average’
(10° < 8 max < 157 14°/s < 8p max < 20°/s) and ‘experienced’ (8pmax < 10°; pmax <
14°/s). These classifications were found to be consistent with those defined on the basis

of number of 'missed' cones during the slalom maneuvers, as discussed in section 3.3.1.
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3.3.3 Steer Angle and Steer Rate Crest Factors

Investigation of the peak steer angle and its rate can stress only a critical instant in
steering response of the driver, while steering input is a continuous control action. This
emphasizes introducing a response measure that helps to examine variation of the driver’s
steering responses throughout the desired driving task. The crest factors of the steering
angle Cs and rate of steering input C; have thus employed in this study. The crest factor
is a non-dimensional parameter and defines as the peak value divided by RMS value of a
response measure. Tables 3.5 and 3.6 summarize the mean crest factors of the magnitudes
and rates of steering input during the constant speed slalom maneuvers together with the
mean values for all trials, respectively. The tables also summarize the RMS and peak
values of the steer angle and steering rate for the three selected speeds. Figure 3.7 show
the variations in crest factors of steering angle and the steering rate with the driving
experience of the participants for the three selected target speeds (30, 50 and 70 km/h). In
order to identify the outlier data, these figures show variations in +° when data
corresponding to a certain subject was removed. In the figures, the identified outliers,
whose removal resulted in notable gain, are presented with black dots together with
corresponding subject numbers.

The measured data excluding the identified outliers suggest that crest factors of steer
angle Cs notably increase with driving experience at 50 and 70 km/h, while the increase
is relatively small at lower speed of 30 km/h. Furthermore, the steer angle crest factors
are substantially lower at 70 km/h compared to those at lower speeds. Almost same
results can be seen for the steering rate crest factors C;. Furthermore, the result acquired

during the slalom maneuvers suggest that both the RMS and peak values of the steer
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angle and steering rate are decreased with increasing driving experience of the
participants. This again suggests higher steering effort of the drivers at higher speeds and
lower physical and mental workload demands of experienced drivers compared with
novice drivers for the same driving task. Since both the peak values and RMS value and
parameters present the almost same trend for variations in driving experience, a strong
correlation between the crest factor and driving experience cannot be provided.

The experimental result thus suggest that the crest factors of steer angle and its rate
during the slalom maneuver at 70 km/h alone may be applied to classify driving skill as:
‘novice’ (Cs <0.3;C5<0.17), ‘average’ (0.3 <C(Cs<0.5;0.17/s <(C5<0.22) and
‘experienced’ (Cs > 0.5; Cz > 0.22). These classifications were found to be consistent
with those defined on the basis of peak values of the steer angle and steering rate even

though the two measures exhibit opposing trends.

Table 3.5: Crest factor of the steer angle measured during slalom maneuvers

g Crest factor of steering angle
Subject g’ : 30 kev/h 50 knv/h 70 ke/h
A E Peak | RMS Mean crest Peak | RMS Mean crest Peak | RMS Mean crest

% factor factor factor
1 4 6.58 10.32 0.64 7.57 1237 0.61 1572 75.16 0.21
2 15 4.17 4.85 0.86 4.86 5.63 0.86 9.18 25.30 0.36
3 7 6.08 6.15 0.99 543 7.47 0.73 1554 5293 0.29
4 3 6.77 8.36 0.81 9.64 15.26 0.63 22.61 149.5 0.15
5 5 7.58 10.76 0.70 830 13.25 0.63 18.11 44.28 0.41
6 2.5 9.24 12.17 0.76 10.30 19.76 0.52 23.52 161.9 0.15
7 8 6.48 7.25 0.89 7.80 10.42 0.75 14.16 42.73 0.33
8 6 7.46 9.71 0.77 8.65 17.03 0.51 18.57 78.43 0.24
9 15 5.24 5.37 0.98 5.74 5.87 0.98 6.65 10.81 0.62
10 10 5.35 6.97 0.77 5.66 8.79 0.64 6.02 11.24 0.54
11 12 487 3.08 1.58 5.27 491 1.07 5.61 8.03 0.70
12 9 7.06 9.21 0.77 8.52 15.50 0.55 13.52  47.00 0.29
13 2 6.02 6.64 0.91 7.05 10.39 0.68 7.94 16.56 0.48
14 0.5 5.30 7.05 0.75 5.58 7.56 0.74 10.96 41.03 0.27
15 11 4.92 4.84 1.02 6.56 7.67 0.86 839 17.12 0.49
16 2 6.49 8.33 0.78 6.89 9.64 0.72 14.55 35.00 0.42

- : subjects did not successfully complete or perform the trial
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Table 3.6: Crest factor of rate of steering input measured during slalom maneuvers

g Crest factor of rate of steering input
| £3 30 km/h 50 km/h 70 km/h
Subject Z 5
a S | Peak | RMS | Crest factor | Peak | RMS | Crestfactor | Peak | RMS | Crest factor
=
[
1 4 8.32 20.85 0.40 11.13  43.17 0.26 15.47 110.7 0.14
2 15 6.60 14.85 0.44 9.05 28.36 0.32 1324 70.13 0.19
3 7 8.63 16.98 0.51 1023 34.58 0.30 13.68 88.46 0.15
4 3 9.13 19.80 0.46 1437 44.41 0.32 22.18 1532 0.14
5 5 9.35 23.84 0.39 12.48  48.86 0.26 14.45  81.85 0.18
6 2.5 1193  23.79 0.50 16.13  73.43 0.22 27.41  165.8 0.17
7 8 8.19 15.68 0.52 12.28 37.16 0.33 16.00 88.96 0.18
8 6 1028  21.24 0.48 13.55 56.78 0.24 19.77 1313 0.15
9 15 7.81 13.35 0.59 8.77 23.22 0.38 1128  50.19 0.22
10 10 7.43 16.48 0.45 1092  41.63 0.26 10.80 51.27 0.21
11 12 6.08 7.70 0.79 8.19 19.84 0.41 943 3224 0.29
12 9 8.88  21.51 0.41 12.43  50.68 0.25 14.74  80.19 0.18
13 2 8.79 1697 0.52 12.18  39.03 0.31 1224 50.22 0.24
14 0.5 7.61 17.02 0.45 1026  34.72 0.30 14.80  90.39 0.16
15 11 6.56 11.51 0.57 10.68  31.89 0.33 11.72 5591 0.21
16 2 8.85 19.09 0.46 11.51 40.77 0.28 1643  76.79 0.21
- : subjects did not successfully complete or perform the trial
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Figure 3.6: Correlations of: (a) mean steer angle crest factor; (b) mean steering rate crest
factor with the driving experience during slalom maneuvers at three selected target speed

(30, 50 and 70 km/h; #* values are shown upon removal of outliers
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3.3.4 Steering Profile Area

An additional response measure, defined as the steering profile area, is introduced to
investigate variations in participants' steering response during the slalom maneuver.
Steering profile area be related to the effort or work done by the driver, and is indicated
by the grey-shaded area in Figure 3.7. Table 3.7 summarizes the steering profile area for
each participant during slalom maneuvers together with the mean of the trials conducted
at three target speeds (30, 50 and 70 km/h). Figure 3.8 show variations in the mean
steering profile area with the driving experience of the participants for the three selected
forward speeds. The figures also show variation in ° and the identified outliers, which
are presented with black dots together with corresponding subject numbers.

The measured data excluding the identified outliers suggest that the steering profile
area substantially increases with increasing forward speed. This increase, however, is
relatively small when speed is increased from 30 to 50 km/h but substantially higher at 70
km/h. This suggests higher steering effort and mental workload demand for the drivers at
higher speeds. Further, it is shown that the steering profile area decreases considerably
with increasing participants’ driving experience suggesting lower physical workload of
experienced drivers compared with novice drivers for the same driving task, as seen in

the results obtained for peak steer angle and rate of steering.
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Figure 3.7: (a) Steering profile of the driver; (b) steering profile area, indicated by the
grey-shaded area
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The results suggest that the steering profile area during the slalom maneuver can be

applied to classify drivers based upon their driving skill as: ‘novice’ more than 450 at 30

km/h, more than 550 at 50 km/h, and more than 1400 at 70 km/h; ‘average’ between 350

and 450 at 30 km/h, between 450 and 550 at 50 km/h, and between 900 and 1400 at 70

km/h; and ‘experienced’ less than 350 at 30 km/h, less than 450 at 50 km/h, and less than

900 at 70 km/h. The proposed classifications are consistent with those defined on the

basis of the peak values and crest factors of the steer angle and steering rate and also with

the maneuver accomplishment, as discussed in sections 3.3.1 to 3.3.3.

Table 3.7: Steering profile area during slalom maneuvers

5 ;ﬁ; Steering profile area (deg.m)
8| 23 30 km/h 50 km/h 70 km/h
2| 2§
5| §2
ZH g Trial 1 [Trial 2|Trial 3| mean | Trial 1 [Trial 2|Trial 3| mean | Trial 1 [ Trial 2 | Trial 3 | Mean
o
]
1 4 4719  555.8 - 513.9 - 502.5 - 502.5 | 1055.8 1937.5 - 1496.7
2 15 346.5 376.8 - 361.6 | 333.6 4259 - 379.7 | 1063.7  672.0 - 867.9
3 7 4432 3247 - 384.0 | 584.1 368.0 - 476.0 | 17194 7169 - 1218.1
4 3 580.6 3513 - 466.0 619.3 - 619.3 | 2948.6 1431.1 - 2189.9
5 5 617.9  459.6 - 538.7 | 664.2 452.6 - 5584 | 2363.8 5538 - 1458.8
6 2.5 5287  505.0 - 516.8 | 746.7 624.3 - 685.5 | 1782.2  2106.7 - 1944.4
7 8 473.8 363.8 - 418.8 | 678.3  394.1 - 536.2 - 1025.5 - 1025.5
8 6 476.7  444.0 - 460.3 | 758.6  538.0 - 648.3 | 3162.6 7814 - 1972.0
9 15 4079  320.0 - 363.9 | 469.6 3279 - 398.7 | 567.7 519.9 - 543.8
10 10 4750 4312 343.6 4166 | 6793 4554 400.1 511.6 - 582.3 522.7 552.5
11 12 331.6 2064 2049 247.6 | 487.0 2689 290.7 348.9 - 507.1 408.1 457.6
12 9 498.6 4248 3856 4364 | 667.1 619.6 576.8 6212 | 920.6 12164 12056 1114.2
13 2 478.7 3294 406.5 4049 | 1008.8 371.0 3923 590.7 | 712.0 453.1 874.6 679.9
14 0.5 3824 4717 - 427.0 | 473.6 4235 - 448.5 | 1066.4 1039.5 - 1053.0
15 11 387.7 3334 3332 3514 | 4334 4418 4217 4323 | 750.0  600.2 656.5 668.9
16 2 4739  393.0 493.6 453.5 | 490.5 536.5 478.6 5019 | 970.6 1576.1 598.0 1048.3
- : subjects did not successfully complete or perform the trial
= 600 = 800 ~ 2500
: 30kmh]| & 50 kmh] E 70 km/h
g 100 logs o 2 600 %5 £ 2000 -
S 400 1413 3 16 5
© N ®14 =) 1500 4
= 300 - = 400 A o lé416
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Figure 3.8: Correlations of mean steering profile area with the driving experience during
slalom maneuvers at three target speeds; 7 values are shown upon removal of outliers
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3.3.5 Mean and Peak Speed Deviations from the Target Speed

Although the participants were instructed to maintain a constant forward speed during a
trial, considerable variations in the speed were observed. The driver’s ability to maintain
a given speed was evaluated considering: (i) deviation of the average speed from the
target speed, termed as ‘mean speed deviation (AVyeqn)’; and (i1) peak difference
between the instantaneous speed from the average speed, termed as the ‘peak speed
deviation (Avy peqr)’. The mean speed deviation indicates participants’ capability to
drive at a pre-defined target speed, while the peak speed deviation represents drivers’
ability to maintain a steady speed. Table 3.8 summarizes the mean of ‘mean’ and ‘peak’
speed deviations observed over all the three trials corresponding to each target speed.

The results suggest only small ‘mean’ speed deviations for 30 and 50 km/h
maneuvers, which revealed poor correlations with the driving experience. The ‘mean’
speed deviation, however, is substantially larger at 70 km/h, and shows a negative
correlation with the driving experience, as seen in Figure 3.9(a). The »° was obtained as
0.44 when outliers data (subjects #13, 14 and 16) were removed. The ‘peak’ speed
deviations are also relatively small at the lower speeds, with a few exceptions, but
significantly higher at 70 km/h. The data also showed negative correlation with the
driving experience, as shown in Figure 3.9(b). Despite the relatively low #° values, the
results show substantially lower ‘mean’ and ‘peak’ speed deviations for the drivers with
higher driving experience. A driving skill classification was thus attempted on the basis
of ‘mean’ and ‘peak’ speed deviations at 70 km/h: novice’ (Avymeqn > 3 km/
h; AVy peqr > 8 km/h), ‘average’ (1km/h < Avyean < 3 km/h; 4 km/h < Avy peqr <

8 km/h) and ‘experienced’ (Avymean < 1 km/h; Avy peqr < 4 km/h).
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Table 3.8: Mean of ‘mean’ and ‘peak’ speed deviations during slalom maneuvers

Subject Years of Mean speed deviation (km/h) Peak speed deviation (km/h)
driving 309wk | 50kavh | 70kavh | 30km/h | 50 km/h | 70 km/h
1 4 0.01 0.25 1.97 0.87 1.12 5.59
2 15 0.74 1.47 0.40 1.02 2.62 1.16
3 7 1.40 0.16 0.83 4.50 2.94 2.52
4 3 0.43 0.34 3.45 2.96 2.87 9.51
5 5 0.03 0.60 2.33 1.31 1.79 7.99
6 2.5 0.36 0.11 4.80 2.77 2.56 11.09
7 8 0.23 1.28 1.85 1.35 2.89 5.50
8 6 0.04 0.84 2.59 1.08 2.24 9.17
9 15 0.45 0.25 0.73 2.60 1.53 1.90
10 10 0.12 0.09 3.13 0.57 0.74 14.81
11 12 0.55 0.54 0.93 1.08 2.30 4.86
12 9 0.54 0.26 0.38 1.47 0.94 2.82
13 2 0.56 0.42 0.79 3.29 433 2.53
14 0.5 0.17 0.24 0.37 0.76 1.32 2.32
15 11 0.04 0.12 0.44 0.56 1.25 1.44
16 2 0.29 0.58 1.36 1.36 2.85 5.21
- 6.0 16.0
S 5o @ g 140 - (b)
3 404 F=0539| E 1209 #=0.318
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Figure 3.9: Correlations of: (a) mean speed deviations; and (b) peak speed
deviations with the driving experience during slalom maneuvers at 70 km/h; #* values are

shown upon removal of outliers

3.3.6 Summary of Skill Classifications

The results suggest good correlations of the driving experience with the five different
measures acquired during slalom maneuvers at different speeds. These include: (1)
maneuver accomplishment at the higher speed of 70 km/h; (i1) peak steer angle and rate
of steering; (ii1) crest factors of steer angle and its rate; (iv) steering profile area; and (v)

the ‘mean’ and ‘peak’ speed variations at the higher speed of 70 km/h. The results also
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suggest strong dependency on the forward speed, as evidenced from large standard
deviations of the mean measures across the three speeds. Irrespective of such variations,
all the five measures can be applied to obtain consistent objective skill classifications, as
seen in Table 3.9.

Table 3.9: Summary of driving skill classification based upon the measures considered during a

slalom maneuvers

Speed Driving skill
Measure (km/h) Novice Average Experienced
Maneuver accomplishment 70 > 3f 1to 3" <1'
Peak steering angle (deg) 70 > 15 10 to 15 <10
Peak steering rate (deg/s) 70 >20 14 to 20 <14
steer angle crest factor 70 <0.3 0.3t0 0.5 >0.5
steering rate crest factor 70 <0.17 0.17 to 0.22 >0.22
30 > 450 350 to 450 <350
Steering profile area 50 > 550 450 to 550 <450
70 > 1400 900 to 1400 <900
Mean speed deviation (km/h) 70 >3 1to3 <1
Peak speed deviation (km/h) 70 > 8 4108 <4
# years of driving experience - <4 4t09 >9

"Number of cones ‘hit’ or ‘missed’

3.4 Measurement of the Braking and Steering Response Times

In general, human reactions to external stimuli exhibit considerable time delays attributed
to perception of the stimuli, neuromuscular dynamics, and decision-making ability. The
driver response time defines the interval between initiation of the stimulus and initiations
of the driver's action, which could be decomposed into two distinct components: (i)

driver perception and processing time delay of the central nervous system; and (ii)
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movement time of the muscle and the limbs. It is widely accepted that the human driver
exhibits time delay in perceiving the information, which is denoted as the perception
delay time, 7,4 [1,94,95]. Further, the human central nervous system involves an
additional delay for analysis of the detected stimuli and subsequently send a control
command to the muscles, which is generally denoted as the processing time delay, T,
[1,95]. Movement time defines the interval to initiate the intended action in response to
the actuation signal of the central nervous system, which mostly depends on muscles
dynamic, age and fatigue [91-95]. In this section, the braking and steering response times
of the participants are examined through three sequential trials of different simulator-

based maneuvers, namely, abrupt braking and obstacle avoidance maneuvers.

3.4.1 Abrupt Braking Maneuver

Participants were asked to drive on a straight-line road segment at three different constant
speeds (30, 50 and 70 km/h) and brake upon detecting a pre-designed visual stimulus
(i.e., a visual stop sign). The driver's overall braking response time (7,) describes the
time interval between display of the visual stimulus and the time at which the participant
initiates braking. It thus represents the sum of perception and processing delays (7,4 +
T,) and the foot movement time (7,,), the time interval between lifting off the foot from
accelerator and initiating the brake pedal actuation. The time-history of brake and
accelerator pedals position was thus recorded throughout the maneuvers to determine the
braking response time of the driver, as shown in Figure 3.10, for one of the participants.
The figure shows the instantaneous positions of the accelerator and brake pedals,
normalized with respect to their total travel. The perception and processing delays are

measured from the instant of the display of a stop sign until the initiation of the
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accelerator pedal release, as indicated by ‘A’ in the figure. The movement time, t,,, the
time lapse between release of the accelerator and depression of the brake pedal, is

indicated by ‘B’ in the figure.

Brake pedal position (A) Perception and processing time

"""" Acclerator pedal position (B) Foot movement time
= 1 T T T T
2
Z2 08 .
e,
= 06 8
[
g 04 Initiation of |
.g the visual sign
= 02 .
g ----------------------
) 0 : I L
“ 7o 1 3 4 5

Time (s)

Figure 3.10: Braking response time in an abrupt braking maneuver

3.4.2 Obstacle Avoidance Maneuver

Participants were asked to drive the vehicle at the same three target speeds on a straight-
line road and avoid an unexpected visual sign by steering only. The driver's overall
steering response time (7g) describes the time interval between initiation of the visual
signal and the time at which participant initiates steering, as indicated by duration ‘C’ in
Figure 3.11. The overall steering response time is described as a summation of the
perception-processing time (7,4 + 7p) and the arm’s movement time (7,,). The visual
signal is designed as a warning road-sign which includes an unexpected direction to
follow. The measured response time, thus, includes a higher level of decision making
process compared with the straight-line braking response time, described in the previous

section.
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(C) Overall steering response time
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Figure 3.11: Steering response time observed during an obstacle avoidance maneuver
3.5 Results and Discussions
3.5.1 Braking Response Time

Table 3.10 summarizes the measured perception-processing and movement times of
participants measured during the straight-line braking maneuvers at three target speeds.
Considerable variations in the pedals positions were observed for many subjects who
periodically decreased or increased the pressure on the accelerator to maintain the desired
vehicle speed. The data for some of the trials thus did not provide clear indications of the
accelerator pedal release following the display of the visual stimulus. Further, one of the
participants (subject #3) did not follow the pre-defined experimental procedure for the
braking maneuver; the data obtained for this participant was thus excluded from the
analyses.

The measured data are analyzed to derive mean perception-processing, and movement
times of all the subjects, corresponding to each speed, as shown in Figure 3.12 (a and b)
together with the error bars (+ standard deviation). The results illustrate that braking
perception-processing time tends to decrease slightly with increase in vehicle speed,

although this trend is not evident when speed is increase from 50 to 70 km/h. The general
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trend of the lower perception-processing time can be attributed to enhanced drivers’
attention at higher driving speeds [1,92]. The results further show only slight effect of
vehicle speed on the foot movement time. The braking response time, obtained from
summation of the perception-processing and movement times, tends to be nearly constant
at all the speeds considered in the study, as seen in Figure 3.12(c). The results suggest
that the drivers tend to compensate for higher perception-processing delay through faster
foot movement. A few studies reporting measured braking times from road tests
suggested decrease in braking time with speed [92,144,145]. The tests in these studies
were mostly conducted at relatively higher speeds, which may be the cause of observed
differences.

Table 3.10: Mean perception-processing and movement times of each participant
performing a straight-line braking maneuver at three different speeds

Subiect Driving Perception-processing time (s) Movement time (s)
e experience (yrs) | 30 km/h | 50 km/h | 70 kmvh | 30 km/h | 50 kmvh | 70 km/h

1 4 0.385 0.271 0.344 0.391 0.479 0.391
2 15 0.343 0.235 0.360 0.344 0.469 0.469

3 7 - - - - - -
4 3 - 0.234 0.235 0.359 0.414 0.414
5 5 0.437 0.251 0.250 0.469 0.500 0.438
6 2.5 0.344 0.234 0.344 0.469 0.368
7 8 0.360 - - 0.352 - 0.469
8 6 - 0.266 0.344 0.469 0.453 0.415
9 15 0.359 0.349 0.360 0.415 0.469 0.414
10 10 0.343 0.276 0.354 0.407 0.469 0.391
11 12 - 0.359 0.234 0.468 0.360 0.422
12 9 0.383 - 0.282 0.430 - 0.453
13 2 0.390 0.235 0.344 0.407 0.532 0.485
14 0.5 0.360 0.234 0.352 0.399 - 0.360
15 11 0.386 0.343 0.307 0.352 0.453 0.360
16 2 0.328 0.344 0.290 0.468 0.453 0.427
Average 7 0.368 0.279 0.314 0.409 0.460 0.418
SD 4.66 0.030 0.050 0.047 0.047 0.042 0.040

- : The perception and movement times could not be identified since the subject did not follow the
experiment protocol

The measured perception-processing and foot movement times were subsequently

analyzed to examine correlations with the driving experience of participants. Owing to
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relatively small effect of the speed, the correlations are examined considering the mean
data obtained for all the three speeds. Figure 3.13 illustrates variations in the mean
perception-processing and movement times with the participants’ driving experience. The
results show nearly constant perception-processing and foot movement times of the

participants with varying driving experience, suggested insignificant effect of the driving

experience.
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Figure 3.12: Variations in: (a) mean perception-processing times, (b) mean foot

Figure 3.13: Variations in: (a) mean perception-processing, and (b) movement time with
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3.5.2 Steering Response Time

Table 3.11 summarizes mean steering response times (t;) of participants measured
during the obstacle avoidance maneuver at three constant forward speeds. Figure 3.14(a)
and 3.14(b) illustrate the mean steering response times of all the subjects together with
the standard deviations as functions of the forward speed and driving experience,
respectively. The results suggest that the mean steering response time decreases with
increase in speed nearly linearly, while it remains nearly constant with the driving
experiences. This suggests a higher level of driver’s attention at higher speeds leading to
lower steering response time, while driving experience does not significantly influence

the steering response time of participants.

Table 3.11: Mean steering response time of each participant performing an obstacle

avoidance maneuver at three different speeds

Subiect Driving Steering response time (s)
) experience (yrs) | 30km/h | 50km/h | 70 km/h
1 4 0.524 0.500 0.406
2 15 0.523 0.523 0.344
3 7 0.532 0.469 0.469
4 3 0.532 0.469 0.469
5 5 0.539 0.469 0.578
6 2.5 0.594 0.461 -
7 8 0.594 0.469 0.469
8 6 0.469 0.438 0.469
9 15 0.469 0.578 0.406
10 10 0.476 0.461 0.406
11 12 0.594 0.524 0.555
12 9 0.508 0.453 0.461
13 2 0.563 0.474 0.359
14 0.5 0.578 0.453 0.344
15 11 0.578 0.459 0.523
16 2 0.532 0.562 0.420
Mean 7 0.537 0.485 0.445
SD 4.66 0.043 0.040 0.071

- : subjects did not successfully perform the trial
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Figure 3.14: Variations in the steering response time due to variations in: (a) the forward

speeds and (b) driving experience
The measured data suggest negligible variations in the overall steering response time
across the participants, which was also evident from relatively small standard deviations
of the mean at all three speeds (Table 3.11). Greater variations in the steering response
time, however, were observed with speed for all the participants. The measured data are
thus further analyzed to study the inter-subject variability and statistical significance of
the vehicle speed using single-factor ANOVA and to formulate a regression model of
steering response time as a function of the forward speed. For this purpose, the data
corresponding to each trial was carefully examined to detect outliers. A trial was
considered an outlier when the response time was observed beyond one standard
deviation. A total of 19 out of 127 successful trials were found to exceed one standard
deviation. The measured data revealed considerable inter-subject variability, ranging
from 25% at 30 km/h to 32% at 70 km/h. This variability reduced to 11.2% and 18.2%,
respectively, when the outlier trials were excluded from the analysis. The single-factor
ANOVA and pairwise comparisons of the data revealed strongly significant effect of the

forward speed (p<0.05) and negligible effect of the driving experience (p>0.3). Nearly
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linear decrease in the steering response time with increase in vehicle speed is also evident
from Figure 3.14(a) (+'=0.981), suggesting the following relation:
s = 0.605 — 0.0023 v, (3.2)

where v, is the forward speed in km/h.

3.6 Characterization of Drivers’ Control Properties

The analysis of measured data on human driving behavior during slalom and obstacle
avoidance maneuvers, presented in sections 3.4 and 3.5, suggest that drivers’ steering
responses in terms of peak steer angle and its rate are strongly influenced by the driving
experience and the forward speed of vehicle. It is thus desirable to seek relation of the
driver response parameters with the speed and driving experience. For this purpose,
subsequent experiments were conducted to measure driver responses in terms of peak
steer angle and steer rate while negotiating a standard double-lane change maneuver
[127], as shown in Figure 3.15. The measured data are used to obtain a regression model
relating selected response parameters with the vehicle speed and driving experience.
Owing to the considerable inter- and intra-subject variability observed in the measured
data, analyses of variance (ANOVA) of the data is also performed to enhance
understanding of the main factors that significantly affect driver’s steering response,
namely, (1) peak steer angle; and (ii) peak rate of steering input.

Variations in steering control actions and path tracking responses of participants
during the selected maneuver are also investigated under poor visibility condition to
study the effect of visibility on participants’ perception and compensation ability. The

participants with different level of driving experiences were thus asked to perform the
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standardized double-lane change maneuvers at three steady speeds (30, 50 and 70 km/h)

in clear as well as foggy road conditions.

b : vehicle width

Lane Cfiset
* 3.5m
__________________ .}
i L1bH+025 :
___________ A A \

+
15m 30m 25m

Figure 3.15: Standard course of the double-lane change maneuver [127]

3.6.1 Peak Steer Angle

Table 3.12 presents the peak steer angle, 8r 4y, measured during the first two trials of
the double-lane change maneuvers at each speed. The results suggest that the peak
steering angle is strongly influenced by variations in the driving speed. This trend is
consistent with that observed during the slalom maneuvers (Table 3.3). The results also
show considerable variations in the peak steering angle across different participants
leading to inter-subject variability of 25%, 24% and 29% at 30, 50 and 70 km/h,
respectively. This variability is in-part attributed to variations in the participants’ driving
experience. Further, larger variations in the peak steer angle at the higher speed of 70
km/h suggest the effect of driving experience. The measured data are thus analyzed to
examine the statistical significance of vehicle speed and participants’ driving experience
on peak steer angle using ANOVA. A regression model is subsequently formulated for
peak steer angle as a function of forward speed and driving experience. Although the
slalom test trials with subjects #13, 14 and 16 were considered outliers (section 3.3.2), the

removals of these trials in this case resulted in only small changes in the inter-subject
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variability. The data corresponding to all the subjects were thus retained for subsequent
analyses.

Table 3.12: Peak steer angle measured during the first two trials of constant speed
double-lane change maneuvers

g Peak steer angle (deg)
R 30 km/h 50 km/h 70 km/h
Subject| = £
a 8| Trial 1 | Trial2 | Mean | Trial1 | Trial2 | Mean | Trial 1 | Trial 2 Mean
=
[
1 4 3.27 3.19 3.23 3.89 4.83 4.36 6.64 6.64 6.64
2 15 2.56 2.94 2.75 3.57 1.94 2.75 3.13 2.70 2.92
3 7 3.13 2.44 2.78 3.89 4.51 4.20 3.44 3.63 3.54
4 3 - 4.69 4.69 - - - 4.63 6.39 5.51
5 5 5.32 432 4.82 - 3.38 3.38 8.33 3.20 5.77
6 2.5 - 5.82 5.82 6.32 - 6.32 - - -
7 8 4.76 4.00 438 - 3.69 3.69 6.76 4.69 5.73
8 6 2.75 3.50 3.13 5.63 3.52 4.58 - 6.58 6.58
9 15 3.88 3.45 3.67 3.39 2.88 3.13 2.77 2.75 2.76
10 10 5.02 3.25 4.14 6.14 2.63 4.38 5.15 2.83 3.99
11 12 2.75 2.13 2.44 3.19 3.00 3.10 - 3.44 3.44
12 9 - 3.50 3.50 4.14 3.01 3.57 8.08 6.83 7.45
13 2 3.94 2.89 3.42 4.14 3.19 3.67 7.65 3.27 5.46
14 0.5 - 5.07 5.07 6.26 3.96 5.11 - 4.52 4.52
15 11 3.27 2.58 2.92 2.69 3.25 2.97 4.64 4.71 4.68
16 2 4.00 2.94 3.47 3.75 3.82 3.79 8.83 3.57 6.20
Mean 7 3.62 3.87 5.03
SD |4.66 0.96 1.12 1.94

- : subjects did not successfully complete or perform the trial

The measured data suggest a negative correlation of peak steer angle with the driving
experience at 50 and 70 km/h, while the correlation is relatively small at lower speed of
30 km/h. Furthermore, the peak steer angles are substantially greater at 70 km/h
compared to those at lower speeds, suggesting considerable effect of speed on peak steer
angle, particularly at higher speeds. The single-factor ANOVA and pairwise comparisons
of the data also revealed significant effect of the forward speed (p<0.005) on peak steer
angle at 70 km/h. The effect of variations in vehicle speed on peak steer angle at 30 km/h,
however, were observed to be negligible (p>0.7).

In order to investigate the influence of variations in driving experience on peak steer

angle, the participants were grouped in three groups based upon their years of driving
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experience as: novice, with less than 4 years of driving experience; average with 4 to 9
years of driving experience; and experienced with more than 9 years of driving
experience. These classifications were found to correlate well with the measured data
derived from the slalom maneuvers, as illustrated in Table 3.9. The results suggested
significant differences in peak steer angle among all the three groups of drivers, while the
difference between the novice and average, and average and experienced were smaller
compared to those observed between the novice and experienced drivers. The variations
in peak steer angle with varying vehicle speed and driving experience during a double-
lane change maneuver suggest the following relation:
8¢ max = 1.662 +1.342 D + 0.057 v, — 0.012 Dv, — 0.370 D? (3.3)

where v, is the forward speed in km/h and D is an index related to the driving experience
(D=1,2,3 for novice, average and experienced drivers, respectively). The above
regression model resulted in very good fit with the measured data (* =0.907), as shown

in Figure 3.16(a).

3.6.2 Peak Steer Rate

Table 3.13 summarizes the peak steer rate, SF,max, measured during the first two trials of
the double-lane change maneuvers performed at each speed. As it would be expected, the
results suggest strong influence of the speed and participants’ driving experience on the
peak steer rate. The data suggest trends that are identical to those observed during the
slalom maneuvers (Table 3.4). The efficient of variances of the data were observed to be

nearly 23%, 21% and 19% corresponding to 30, 50 and 70 km/h maneuvers.
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Table 3.13: Peak rate of steering input measured during the first two trials of constant
speed double-lane change maneuvers

g Peak steer rate (deg/s)
N ER 30 km/h 50 km/h 70 km/h
Subject| = &
52
§ Trial 1 | Trial 2 Mean Trial 1 | Trial 2 Mean Trial 1 | Trial 2 Mean
o
1 4 5.44 4.68 5.06 7.92 6.36 7.14 10.13 9.92 10.02
2 15 3.30 3.69 3.49 5.29 3.96 4.63 6.32 5.79 6.05
3 7 4.24 3.56 3.90 6.18 5.09 5.63 6.68 8.14 7.41
4 3 - 7.02 7.02 - - - 5.73 9.13 7.43
5 5 4.82 4.99 4.90 - 5.36 5.36 11.14 7.82 9.48
6 2.5 - 6.92 6.92 7.89 - 7.89 - - -
7 8 5.17 4.40 4.79 - 5.47 5.47 9.80 7.54 8.67
8 6 4.24 4.28 4.26 8.99 6.53 7.76 - 10.71 10.71
9 15 5.30 5.08 5.19 522 5.54 5.38 5.71 5.61 5.66
10 10 5.05 4.09 4.57 8.69 5.11 6.90 8.22 7.31 7.77
11 12 3.84 3.47 3.66 4.76 4.74 4.75 7.89 7.89
12 9 - 4.48 4.48 8.27 8.02 8.15 7.30 8.33 7.81
13 2 6.09 4.78 - 6.91 4.89 - 11.98 7.27 -
14 0.5 - 5.24 - 7.51 7.03 - - 9.99 -
15 11 4.63 3.85 4.24 4.55 5.65 5.10 9.33 9.47 9.40
16 2 4.25 3.10 - 5.71 5.56 - 8.72 5.80 -
Mean | 7 4.81 6.18 8.19
SD | 4.66 1.09 1.30 1.53

- : subjects did not successfully complete or perform the trial

The measured data suggest definite correlations of the peak steer rate with the driving
experience and forward speed. The peak steer rate increased with increasing speed, while
it shows negative correlations with the driving experience. The pairwise comparisons and
single-factor ANOVA of the data revealed significant effect of the forward speed and
driving experience (p<0.05) on the peak rate of steering input. Pairwise comparisons of
the 30 and 70 km/h data with the data for 50 km/h revealed relatively lesser difference,
although the effect was significant (p<0.05). The similar trend was also observed from
pairwise comparison of the data for novice and experienced drivers with the ‘average’
drivers data. The variations in the peak steer rate with varying vehicle speed and driving
experience for the double-lane change maneuvers also resulted in the following

regression model in v, and D, with * =0.98, as shown in F igure 3.16(b):

8¢ max = 4.637 — 0.001v, + 0.188D — 0.004Dv, — 0.187D% + 0.001v,2  (3.4)
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Figure 3.16: (a) Peak steer angle; and (b) peak steer rate as functions of the forward speed

and driving experience during double-lane change maneuvers

3.6.3 Coupled Driver-Vehicle responses - Clear Visual Situation

The path tracking performance of the drivers undertaking the standardized double lane-
change maneuvers was evaluated in terms of measured time histories of the lateral
vehicle position and steer angle input. The recorded data shows that the majority of the
‘novice’ drivers revealed substantial path deviations and very high frequency of the
steering input. These variations were even greater under the foggy road condition, which
resulted in continuous steering oscillation or path hunting by the novice drivers. The data
analyses were thus limited to those obtained for the ‘average’ and ‘experienced’ drivers.
Figure 3.17 illustrate the time histories of the mean lateral path coordinate of the vehicle
together with the mean steer angle input of the ‘average’ and ‘experienced’ drivers
groups corresponding to the three selected speeds. The results suggest negligible
differences in path tracking responses of the two groups, although drivers’ data revealed
substantially higher peak steer angle and steer rate compared to ‘experienced’ drivers,
which is also observed in Tables 3.12 and 3.13. The observed trends are also identical to

those obtained from the slalom maneuver data (Tables 3.3 and 3.4). The results suggest
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considerably higher effort by the ‘average’ drivers’ group to maintain central lane
position, which can be attributed to higher compensation by the drivers to reduce the
lateral position error. The greater compensation by the ‘average’ drivers to minimize the
path deviation has also been reported in a number of simulations studies [7,18]. The
results also suggest that the ‘experienced’ drivers employ a relatively larger preview
distance to track a desired path. The smoother steering and path tracking responses of the
‘experienced’ drivers group also suggest the use of distant road information to track the

desired trajectory.
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Figure 3.17: Comparisons of path tracking and steering responses of ‘average’ (solid line)
and ‘experience’ (dashed line) drivers groups under a double lane-change maneuver at

different speeds: (a) 30 km/h; (b) 50 km/h; and (c) 70 km/h (clear visual situation)
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3.6.4 Coupled Driver-Vehicle responses - Restricted Visual Situation

Figure 3.18 illustrates the mean steering and path tracking responses of the ‘average’ and
‘experienced’ drivers group during a double lane-change maneuver in a limited visibility
condition at the three target speeds. The simulator was programmed to limit the road
visibility to a maximum of 20 m by introducing a foggy condition. The results suggest
similar control actions by both the groups at 30 km/h, as observed for the clear road
condition. The steer angle responses, however, exhibit larger oscillations at 50 and 70
km/h compared to those observed for the clear road conditions, for the experienced
drivers. The steering control actions of the ‘average’ drivers group, however, are similar
to those measuring for the clear road condition for all the three speeds. The greater steer
input and path deviation of the ‘experienced’ driver in the foggy road situation can be
primarily attributed to the reduced preview distance. The effect of limited visibility on the
‘experienced’ drivers is substantial since the ‘experienced’ drivers tend to rely on greater
preview distances [9,18,46].. An ‘average’ driver, on the other hand, does not employ
distance preview of the road. The limited visibility thus does not greatly alter the
‘average’ drivers’ steering and path tracking performance under foggy road condition.
The greater reliance of the ‘experienced’ drivers on the far preview of the road also yields
a delayed steering action of the ‘experienced’ drivers compared to the ‘average’ drivers,
which is clearly evident at the higher speed of 70 km/h. This additional delay contributes
to relatively higher path deviation at 70 km/h, and greater compensation by the
‘experienced’ drivers, which may suggest the use of a near preview in addition to the far

preview for tracking the desired path in limited visibility situation.
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different speeds: (a) 30 km/h; (b) 50 km/h; and (c) 70 km/h (limited visibility condition)

3.7 Summary

Experiments were performed on a limited motion-based driving simulator of a single-unit
vehicle to measure the human drivers’ reaction times under different steering and braking
inputs, and steering responses and path tracking performance of the drivers at different
forward speeds. Owing to observed dependence of the measured data on forward speeds
and driving experience of the participants, single-factor ANOVA and pairwise
comparisons of the data were performed to enhance understanding of significant factors

that affect control actions of drivers. The results showed that the steering responses of
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Figure 3.18: Comparisons of mean path tracking and steering responses of average (solid
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human drivers are significantly affected by the forward speed and the participants’
driving experience. Subsequently, a regression model was defined to relate the drivers’
steering response time with the forward speed. Regression models are also obtained to
describe peak steer angle and peak steer rate of the human drivers during a double lane-
change maneuver as function of the forward speed and drivers’ experience. These
regression models are applied in the following chapter for deriving a coupled driver-
vehicle model based on two-stage preview strategy. The measured data are also used to
examine the validity of the coupled driver-single-unit vehicle model. Furthermore, the
path tracking and steering responses of ‘average’ and ‘experienced’ drivers groups were
compared under two different road visibility conditions, which suggested considerably
poor path tracking performance of ‘experienced’ drivers at 70 km/h due to reduced path

preview distance.
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CHAPTER 4

DEVELOPMENT OF THE COUPLED DRIVER-VEHICLE MODEL

4.1 Introduction

The human decision making process is a highly adaptive controller which is strongly
influenced by a number of situational and environmental conditions in a very complex
manner. It is suggested that formulations of driver-vehicle models that emulate human
driving behaviour can help to identify driver performance limits and contribute to
enhanced driver control performance through developments in effective driver-assist
systems (DAS) and driver-adaptive vehicle designs [7-9]. Considerable efforts have thus
been made to develop more reliable driver models applicable to automobiles. Such
efforts, however, have been very limited to commercial articulated vehicles, where the
control performance of the driver is more crucial. These studies have focused on control
requirements of the driving task through minimization of the lateral displacement
between the tractor cg and the desired path using a single preview point strategy [25,26].
A single preview point strategy, however, may lead to unsatisfactory path tracking
performance and stability limits, particularly under high speed directional maneuvers
coupled with a relatively short preview distance [18,66].

A human driver would exhibit superior control performance when a preview of the
entire roadway is available. A few studies have thus proposed the multi-point preview
strategy employing simultaneous preview of a number of equally spaced target points for
mapping of the required path information [15]. Measurements performed under restricted

visual situations have shown that human drivers observing only two segments of the
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roadway achieve improved path tracking performance that is similar to that realized with
the entire roadway being visible [70]. A two-preview point strategy is thus considered
adequate to describe the driver preview as opposed to the more complex multi-point
approach. A few studies have employed two-preview point strategy to develop coupled
single-unit vehicle-driver models [45,65,72,73]. These have also suggested that the
vehicle driver needs only two target points ahead of the vehicle to obtain the required
roadway coordinates. While the human driver exhibits limited ability to estimate the path
curvature, particularly on short-radius curves [80], these models, invariably, obtain the
road information on the basis of the previewed path curvature. Considering automobile
dynamics, these driver models thus aim to track the desired path with little or no
considerations of the cognitive behavior and control limits of the human driver.

In this section, a modified two-stage preview strategy is proposed for identifying the
coordinates of the preview points. The preview model involves simultaneous previews of
a near- and a far-point on the road, and is applied to develop a driver model applicable to
single as well as multiple unit articulated vehicles. The proposed driver-vehicle model
involves essential elements of the human driver, such as perception, prediction, path
preview, error estimation, decision making and hand-arm dynamics in conjunction with
yaw-plane models of the single-unit and articulated vehicles. The path preview of the
model is realized using near and far preview points, where the near preview helps
maintain central lane position and the far preview helps control vehicle orientation. The
driver model parameters are identified by minimizing a composite performance index

subject to constraints imposed by the human driver’s control and compensation limits.
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4.2 Yaw-plane Vehicle Models

In this dissertation, yaw-plane models of two different vehicles are considered: (i) a two
DoF single-unit vehicle model, as described in Chapter 2; and (ii) a three DoF articulated
vehicle model. The single-unit vehicle model is integrated with the proposed two-stage
preview driver model to examine the validity of the model using the simulator measured
data (sections 3.6.3 and 3.6.4) under double lane-change maneuvers at different speeds
and visibility conditions. A single-track yaw-plane model of the articulated vehicle is also
derived to develop a linear state-space ‘internal vehicle model’ for predicting the future
trajectory of the vehicle. The driver model employing the proposed two-stage preview
strategy and the ‘internal vehicle model’ path predictor are subsequently applied to the
articulated freight vehicle model to study its directional response characteristics, and
performance and control limits, and steering control demands of the human driver during
the double lane-change maneuvers at different speeds.

4.2.1 Yaw-Plane Model of the Articulated Vehicle

A number of in-plane and three-dimensional models of varying complexities have been
developed to characterize lateral and longitudinal dynamics of articulated freight
vehicles. These vary from simplified constant speed linear yaw-plane model to the
several DoF multi-body dynamic models [147-151]. It has been shown that a simple yaw-
plane model could yield accurate prediction of the lateral dynamics of the vehicle in a
highly efficient manner [150]. A nonlinear yaw-plane is thus considered appropriate to
study lateral dynamics of the articulated vehicle coupled with the driver model. A simple
single-track model of the five-axle articulated vehicle is initially formulated assuming

constant speed and linear cornering characteristics of tires. This model is applied as the
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reference ‘internal vehicle model’ to simulate the driver's prediction process.
Subsequently, a comprehensive yaw-plane model of the articulated vehicle is formulated
incorporating the nonlinear tire cornering properties. The model incorporates two DoF of
the three-axle tractor (lateral velocity, v,;; and yaw velocity, 7;) and one DoF of the two-
axle semi-trailer unit (yaw velocity, r,), as presented in Figure 4.1. The yaw-plane model
is formulated assuming constant speed (vy;), small side-slip and steering angles,
negligible contributions due to vehicle roll and pitch motions, and free relative yaw
motions of the two units at the articulation joint, as described in a number of earlier
studies [9,25,147, 151-152]. The equations of motion for the two yaw-plane models are
presented in Appendix A. The well-known Magic Formula is used to derive cornering
forces and aligning moments developed by the tires as nonlinear functions of the side-slip
and vertical load [125,153-156].

The measured tire data reported by Ervin and Guy [148] was used to identify the
model parameters of the magic formula, as illustrated in Appendix A. The validity of the
two yaw-plane vehicle models was examined by comparing their directional responses
with the reported measured responses of a five-axle tractor-semitrailer combination
subject to a constant speed lane-change maneuver [149]. The measured front wheel steer
angle time-history, shown in Figure 4.2, was applied to the vehicle model in an open-loop
manner. The steering responses of the two yaw-plane models are compared with the
reported measured data in Figure 4.2. From the comparison, it was deduced that both the
models used in this study can provide reasonably good prediction of the yaw directional
responses of the vehicle to driver’s steering inputs. The observed deviations between the

measured and model responses were mostly attributed to simplifying assumptions and
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lack of precise parameters of the vehicle used in the field-measurements. In Figure 4.2,

ay; and a,, are lateral accelerations of the tractor and trailer units, respectively, and

Or and yare the front wheel steer angle and articulation angle, respectively.

y-

Y
Axle 3 Axle 2
X

—

Figure 4.1: Three DoF yaw-plane model of the articulated vehicle
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4.3 Formulation of the Two-Stage Preview Driver Model

For the purpose of driver model formulation, the driver steering process is generalized by
four essential elements: (i) perception; (ii) prediction; (ii) preview; (iii) decision making
process; and (iv) limb motion, as shown in Figure 4.3. In the following subsections each
element of the driving process is mathematically described. The element models are
subsequently integrated to formulate the two-stage preview driver model. The proposed
driver model is then coupled with the single-unit vehicle model as well as the articulated

vehicle model.
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Figure 4.3: The structure of the proposed two-stage preview driver model

4.3.1 Driver's Perception and Prediction

The human perception of the vehicle states could be described considering two essential
characteristics: (1) perception delay time [32]; and (i1) a perception threshold that relates
to the minimum value of a state that can be sensed by the human driver [5]. The delay
time to perceive vehicle states can be mathematically expressed as:

D(s) = e 5vd 4.1)

where 7,4 is the driver’s perception delay time, which could vary depending upon the

driver’s sensory channels and environmental factors, and ranges from 0.1 to 0.2 s
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[5,9,144]. The magnitude of a vehicle state, however, must exceed its threshold value to
be detected by the human driver. The threshold values vary for different sensory channels
[32]. The perception threshold of the human driver can be mathematically expressed by a

dead-zone operator (Figure 1.2) such that [5]:

max{l, - T;,0} ; T;>0
(1) = b =0 42)
min{/; - T;,0} ; T; <0

where [; and §; are respectively, the instantaneous and perceived motion states, and T; is
the perceptive threshold of vehicle state j (j=1,..., n); n being the number of motion states
to be perceived.

The transfer function describing the drivers’ perception of vehicle states, Gy(s), is
formulated as a combination of perception time delay and perception threshold, such that:

Gi(s) = S;(1;, T)) D(s) (4.3)

Apart from the path perception, a human driver continually predicts vehicle coordinates
at a future instant in a qualitative sense on the basis of the perceived information related
to primary and secondary cues such as heading angle, forward speed and lateral
coordinates of the vehicle [8,40]. It is suggested that the human drivers may employ a
previously learnt pattern of vehicle response to predict the vehicle coordinates at a future
instant [18,22,28]. This prediction process is mathematically described using the linear
state-space model of the vehicle, also referred to as the ‘internal vehicle model’ [40].
Assuming the vehicle driver can perceive the necessary motion states of the vehicle, in
this study, the single-unit vehicle model and the simplified single-track articulated
vehicle model are used to predict the future coordinates of the vehicle cg and the tractor

cg, respectively. The vehicle model is expressed by the following stat-space equation:
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x(t) = [AJZ(0) + [B,](t) (4.4)
where X and U are the state and input vectors of the state-space model of vehicle, and 4,
and B; (/=1 for the single-unit vehicle model, and /=2 for the single-track articulated
vehicle model) are respectively the state and input matrices of the vehicle model. The

homogenous and non-homogenous solutions of the vehicle motion can be obtained from:
t

X(0) = [0t — t)1%(to) +f [0(¢ — DB Ju(v)dr (4.5)

to

where t, is the initial time. Assuming time invariant vehicle parameters, the state

transition matrix [@(¢)] = el4dt is estimated using the Taylor series approximation:
- ([4don
(4t — ([l—
elade = " =L (4.6)
n=0

Considering Eq. (4.5) and (4.6), the predicted motion states of the vehicle at a future
instant T}, are obtained as follow:
, - ([47,)" . - ([407)" |
X(t+T,) = (z 0 x(t) + T, Z ICEEE [B;]u(t) (4.7)
n=0 n=0
Using the above equation the predicted vehicle cg coordinates (Xp, Yp) at a future

instance T, can be determined, as indicated by point ‘P’ in Figure 4.4(b).

4.3.2 Two-Stage Preview and Parameters Estimations

A two-stage strategy is used to describe the human drivers’ path preview process, which
involves simultaneous previews of a near- and far-point on the roadway. The human
driver previews path coordinates in the near visual field to minimize the lateral position
error between the vehicle trajectory and the desired roadway. The preview of a distant

location, on the other hand, is used to control the relative orientation error between the
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direction of motion of the vehicle and the far preview point on the roadway. The two-
stage preview strategy is formulated to identify locations of the near and far preview
points, in three sequential steps involving: (i) identifications of the near and far visual
fields; (ii) locating the near preview point with respect to driver’s position; and (iii)
locating the point of tangency and far preview point with respect to driver’s position.
These are described below considering the path geometry.

The majority of the reported studies have defined path coordinates with respect to the
vehicle cg, assuming that the driver is located at or near the vehicle cg. This, however,
may lead to substantial errors, particularly for articulated vehicles. The coordinates of the
driver’s seat (point D in Figure 4.4) can be determined from the lateral (W)p) and
longitudinal (Lp) position of the seat with respect to the tractor cg:

XD = Xg + LD COSl/)l - WD SiTll/Jl
(4.8)
Yp =Y, + Lpsiny, + Wp cos,

where 1, is the tractor heading angle, and (X,, Y,) and (Xp, Yp) are, respectively, the
coordinates of the vehicle cg and the driver’s seat in the global axis system (OXY).
Referring to Figure 4.4(a), the driver's overall visual field is described as a circular
sector centered at the driver’s seat position. The overall visual field is defined by the field
angle @ and its radius, which is determined through minimization of a performance
index, as described in the following sections. In the two-stage preview strategy, it is
hypothesized that the driver determines the coordinates of the roadway at two target
points within the overall visual field in consideration of the road curvature. These include
a near preview point and a far preview point. The overall visual field is thus represented

by near and far visual fields, indicated by radii Ly and L, respectively, in Figure 4.4(a).
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Through measurements, it has been shown that the visual field angle of human drivers is
in the order of 120°, while the temporal field of vision describing the left/right rotation of
the driver’s head is approximately 35° [157].

A methodology is developed for locating the near and far preview points considering
straight-line and curved roadways. For a straight-line road segment, the driver aims to
maintain a central lane position, while compensating for the environmental disturbances.
In this situation, the near and far preview points are located at the intersection of the
boundaries of the near and far visual fields with the centerline of the road, respectively,
as shown in Figure 4.4(a). The near and far preview distances are thus obtained equal to
the visual field radii, Dpy=Ly and Dpr=Lp, respectively. Assuming constant driving
speed within the preview interval, the preview distance is generally expressed in terms of

preview time 7p, where Tp =D,/v, and D, is the preview distance.

Far visual field

Near visual field

\I; b <« P(x)
L

<Y

o < X o
(a) (b)
Figure 4.4: Estimation of the near and far preview points on: (a) a straight-line roadway;

and (b) a curved path

During curve negotiation, the driver aims at near and far preview points within the
overall visual field so as to minimize the lateral position and orientation errors of the

vehicle, while maintaining a central lane position. The near preview point ‘N’, located at
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the near visual field boundary, is described by a function P,.(x), such that Dpy = Ly. The
driver’s preview process to locate the near preview point on the centerline of the road
P.(x) as a function of driver’s seat coordinate (Xp,Yp) and the near preview distance Ly,

can be mathematically expressed as:

P.(Xy) = min {LN - (\/ (x — Xp)? + (P(x) — YD)2)|x=XN} (4.9)

where (Xy, P.(Xy)) are coordinates of the near preview point on the centerline of the
desired path. In the above equation, P.(x), may be described a function or by a look-up
table.

For a given forward speed, the near preview distance is assumed to be a constant for
both the straight-line and the curved paths, while the far preview distance varies
substantially with the path curvature. The driver locates the far preview point by
projecting a tangent line to the inside edge of the previewed path (line DF), as shown in
Figure 4.4(b). The coordinates of the tangent point 7 on the inside edge of a curved
roadway P;(x), can be related to the driver’s seat coordinate (Xp,Yp) in the following

manner:

Pi(x) —Yp dP(x)
x—Xp,  dx )

Pi(X7) = min{< } (4.10)

where (X7, P;(Xr)) are coordinates of the tangent point 7, and P;(x) describes the inside
edge of the roadway, which is parallel to P.(x) but shifted laterally by 1.85 m for a
standard lane width of the high-speed divided highways [159].

The intersection of the tangent line with P.(x) within the far preview field is
considered as the far preview point F, as shown in Figure 4.4(b). During curve

negotiation, the far preview distance, Dpr, is generally less than Ly, but approaches Ly on
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straight-line segments. The point ' may also lie beyond the far visual field for relatively
large curve radius. In this case, the far preview point is considered to lie on the boundary
of the far visual field, leading to Dpr = Lp. The temporal field of vision is employed when
the driver fails to identify the preview points on the road surface within the overall visual
field of 120° due to possibly excessive road curvature or vehicle orientation [157].

The instantaneous lateral position error of the vehicle, Y., is assessed by the driver
from the predicted tractor path, shown as point P in Figure 4.5, with respect to the near
preview point N. The coordinates of point P, (Xp, Yp), are obtained using the ‘internal
vehicle model’, described in section 4.3.1, considering the near preview interval

Tpn=Ln/vx. This position error is normal to line (DN), and is given by (Figure 4.5):

Y, = (V& —Xp)Z+ (Wy — Yp)?) sin6, 4.11)
where:
Yv —Yp Yy — YP>
_ -1(N__ "D -1(N__ P
0, = tan <XN _XD) + tan <XN =X, 4.12)

The far preview point is also applied to determine the instantaneous orientation error of
the vehicle, ¥,, defined as the angle between the vehicle longitudinal axis passing
through point D (4D) and the far preview distance line (FD), as seen in Figure 4.4(b).

YA

0 X

Figure 4.5: Estimation of the lateral position error

128



4.3.3 Decision Making Process

The decision making process involves the driver's strategy to simultaneously compensate
for both the estimated lateral position and orientation errors, which have been described
by a first-order lead-lag and a proportional gain function, respectively [72]. The
compensation functions corresponding to the lateral position and orientation errors have
been widely expressed by the well-known crossover model [29], which implies that the
driver undertakes compensations so as to realize a stable and well-damped non-
oscillatory vehicle response in the vicinity of the crossover frequency. The crossover
model, however, may lead to substantial tracking errors and a directional instability at
frequencies distant from the crossover frequency, which are mostly attributed to the lead-
lag compensation strategy [9,32]. The decision making process of the human driver,
Gs(s), as shown in Figure 4.3, may thus be expressed as a function of the position and

orientation errors together with the perception of vehicle states Z;:

T,S+1 4.13
G3(s) = | Ky Y+K'P+ZKZ e S (4.13)
() = KigrggYe Ko
j=3
where K; (j=1 to 7) represent proportional compensatory actions of the driver with
respect to the estimated lateral deviation and orientation errors of the tractor unit, and the
selected perceived motion states of both the tractor and semi-trailer units, Z; (j=3 to 7).

Under medium- and low-speed steering maneuvers, it is hypothesized that driver is
able to track the desired path by considering only the lateral position and orientation
errors of the vehicle that has been commonly employed in reported studies on two-axle

vehicles [7,8,10,12-26]. The driver’s perception of the lateral position and orientation

errors alone, K;=0 (j=3 to 7), is thus used to formulate the ‘baseline driver model’. In the
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case of articulated vehicles, it is suggested that a qualitative perception of additional
vehicle states can help the driver to improve the path tracking performance during high
speed emergency situations [11]. Considering only the lateral dynamics of the articulated
vehicle using the yaw-plane vehicle model, the additional vehicle states in the above
formulation are limited to lateral accelerations and yaw rates of the tractor and semi-
trailer units (ayq, a7, 77 and 1) and articulation rate (y). The effect of human driver's
perception on the path-tracking performance are further investigated by considering
combinations of nine different motion cues of the vehicle in Chapter 6. In Eq. (4.13), 1,
is the processing time delay of the human’s central nervous system, which is determined
using the regression model formulated on the basis of the simulator-measured data, Eq.
(3.2). The compensation gains, K; to K7, are identified through minimization of a
composite performance index comprising the steering effort, path tracking and directional
dynamic measures of the vehicle.

The driver’s compensatory command is subsequently transmitted to the vehicle
steering system through the limb motions. The limb and steering motion function, G,(s),
is a coupled function of the muscles and steering dynamic G (s), reference model R,,(s),
the muscles reflex model H,,(s) and active muscle stiffness function K,,(s) [67]. Each
element of the limb and steering motion function is mathematically expressed in Egs.
(1.11) to (1.13), described in section 1.2.5. The coupled muscles and steering dynamic is
characterized considering muscular dynamics of the human hand-arm and the steering
system relating the front-wheels steering, &, to driver's steering command, &4, as shown

in Figure 4.3, is described in the following manner:

Op(s)  Rm(S)Gi(S) + Hn(S)Gin(S) + KinGin(s) — G (s)
54(s) 1+ Hpy(5)Gpy + Ky G (5)

Gu(s) = (4.14)
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4.4 Coupled Driver-Single-Unit Vehicle Model

It is hypothesized that the driver can effectively track a desired path by considering the
lateral position and orientation errors of the vehicle. A ‘baseline driver model’ structure is
thus initially formulated using the lateral position and orientation errors together with the
proposed two-stage path preview strategy. The driver model coupled with the single-unit
vehicle model, as shown in Figure 4.6, includes four essential elements of the driver
steering process, G(s), G2(s), Gs(s) and Gy(s), described in section 4.3. In the figure, Y
and Y7, are the perceived lateral coordinates and the predicted position of the vehicle cg
at a future instant, respectively. This initial model was limited to a two-axle vehicle so as
to examine the validity of the proposed driver model using the simulator-measured data.
The simulations are performed assuming a constant perception time 7,4, selected as 0.1 s
[5,144]. The minimum perceivable heading error and lateral position error of the driver,
reported by Bigler and Cole [37], are set as 0.025 deg and 0.025 D,; (i=N.F),
respectively, where D,; is the preview distances corresponding to the near and far target
points. The baseline driver model parameters are identified through minimization of a
performance index. A generalized performance index comprising different vehicle
dynamic and driver characteristics has been formulated and solved subject to inequality
constraints describing practical ranges of human control parameters (Table 1.7).

Perceived heading angle

~ — — inele-unit
Roadway Two stage Decision making Limb-steering Slngh? 111n1 Perception
coordinates, preview rocess, Gs(s) dynamics, vehicle Gils)
Pe(x) P 7 Gy(s) model

process Y,
—

A

Torque feedback

" - lPrediction, Gfs, I< - X
Predicted coordinate of the l 2 ’ Perceived motion states of
vehicle, Y7, the vehicle, vy, rand Y

Figure 4.6: The two-stage preview driver coupled with the single-unit vehicle model
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The validity of the identified human driver model is illustrated for the standardized
double lane-change maneuvers for a range of operating and visual conditions at different
forward speeds (30, 50 and 70 km/h). As it was discussed in section 3.6.3, the data
obtained with majority of the ‘novice’ drivers revealed substantial path deviations and
steering oscillations, particularly under the foggy road condition. For the purpose of
model validation, the data obtained for only ‘average’ and ‘experienced’ drivers, were

thus considered.

4.4.1 A Generalized Performance Index
A generalized performance index for a single-unit vehicle was formulated as a composite
function of normalized lateral deviation, orientation error, magnitude and rate of steering
angle, lateral acceleration and yaw rate of the vehicle, such that:

Je=Jy +Jw +Js +]5+]a, I (415)
where Jy and Jy are the weighted mean square lateral deviation and orientation error of

vehicle cg, given by:

-7 B =3[ 2] e

where T is the simulation time, and Y, ;4 and ¥, .4, are the maximum allowable
deviations in the lateral displacement and orientation errors, selected as 0.5 m and 10 deg,
respectively. These have been selected on the basis of the geometrical specification of the
roadway and the vehicle track width.

The indices /s and /5 in Eq. (4.15) describe the weighted mean squared steering angle

and its rate, which relate to the driver's steering effort:

1 (7[68:(01 1 (T
=R
TO (SF,max TO
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where 8p g, and SF,max represent the steer angle and steer rate corresponding to the
front wheels of the vehicle, which are established from the regression models, Egs. (3.3)
and (3.4), in forward speed and driving experience, ranging from 3.2 deg for
‘experienced’ at 30 km/h to 5.7 deg for ‘novice’ at 70 km/h, and 4.2 deg/s for
‘experienced’ at 30 km/h to 9.1 deg/s for ‘novice’ at 70 km/h. The reported studies,
however, observed wider ranges of the drivers' peak steer angles and peak steer rates that
are invariably measured on the steering wheel. Considering the steering ratio equal to 15
for the single-unit vehicle considered in this study, the peak steer angle and peak steer
rate could range from 5.3 to 12.5 deg, and 10.7 to 49.7 deg/s, respectively [132]. The
wide ranges of observation are mostly attributed to variations in the forward speed, driver
skill and objective of the experiment. For instance, the peak steer rate of 49.7 deg/s is
acquired during a high speed double lane-change maneuver performed by experienced
drivers to examine the active safety features of the vehicle.

The indices Ja, and J, are the weighted mean squared lateral acceleration and yaw rate

of the vehicle, given by:

1 (T[a® ], r(t) (4.18)
]ay _FJO lay,maxll dt ']r— f [rmaxl

where @y max1 and Tpgyq are the maximum lateral acceleration and yaw rate of the

vehicle, which are selected as 0.7g and 10 deg/s. These values are determined based upon
the measured responses acquired through the driving simulator experiment, described in

section 3.6, which are considered similar to the reported studies [5,158].
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4.4.2 Validation of the Coupled Driver-Vehicle Model - Clear Visual Field

The ‘baseline driver model” based on the lateral position and orientation errors is
integrated with the yaw-plane model of the single-unit vehicle, presented in section 2.2,
to obtain the coupled driver-vehicle model. The control parameters of the driver model
are determined through minimization of the generalized performance index, as described
in Eq. (4.15). These include the compensatory gains corresponding to the lateral position
and orientation errors, K; and K>, lead and lag time constants, 7; and 7}, and near and far
preview times, 7pr and Tpy. Variations in the peak steer angle and peak steer rate, Egs.
(3.3) and (3.4), in the generalized performance index relate to variations in the driving
skill of the driver model. Figure 4.7 illustrates the driver model parameters obtained for
the two-stage preview driver model corresponding to ‘experienced’ and ‘average’ drivers

for the standardized double lane-change maneuvers at three selected forward speeds.

3 3
@30 km/h 030 km/h
2.5 1| m50 km/h 2.5 1| m50 km/h
5 [ ®70 km/h 2 4 @70 km/h i
O Q ]
= % 15 n
S 151 > ' :I
1 A 1 '
I.
0.5 m 0.5 "
0 - 0 =
K;*100 K, Tpy Tpr T.*10 T;*10 K;*100 K, Tpy Tpr T,*10 T;*10
Driver model parameters Driver model parameters
(a) (b)

Figure 4.7: Variations in control parameters of the driver model during a double lane-
change maneuver at different speeds: (a) ‘experienced’ driver; and (b) ‘average’ driver

(clear visual field)

The results suggest that the ‘average’ driver requires notably greater lateral position
(K;) and relatively higher orientation errors compensatory gains (K,) compared to the

‘experienced’ driver, suggesting greater effort by the ‘average’ driver to minimize the
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path deviation and orientation error, irrespective of the forward speed. The results suggest
that the near and far preview times, Tpy and Tpr, decrease with increase in speed, while
the near and near preview distances (Dpy and Dpr) increase with speed for both the
‘experienced’ and the ‘average’ driver models. While the ‘experienced’ drivers employ
greater far preview distances (Dpr=19.9, 25.2 and 29.4 m for 30, 50 and 70 km/h,
respectively) compared to the ‘average’ driver (Dpr=17.1, 22.8 and 23.7 m for 30, 50 and
70 km/h, respectively), the ‘experienced’ drivers employ lower near preview times
compared to the ‘average’ drivers in the entire range of the selected speeds. This suggests
that ‘average’ drivers tend to employ a smaller segment of the previewed roadway to
obtain the path information. The ‘experienced’ drivers, on the other hand, simultaneously
look at both the distant and very near segments of the roadway.

The results also suggest that the lead time constant 77 increases and the lag time
constant decreases with increase in speed for both the driver models, suggesting a higher
level of prediction and faster steering responses at higher speeds. Furthermore, the results
suggest relatively higher lead time constant of the ‘average’ driver compared to the
‘experienced’ driver, particularly at higher speeds that shows a higher level of predictive
control and thus mental workload of ‘average’ drivers at higher speeds driving [78,131].
The results clearly show notable differences between the ‘average’ and ‘experienced’
drivers in terms of: (1) lateral position error compensatory gain; (ii) far and near preview
times; and (iii) the lead time constant, which are primarily attributed to varying steering
responses of drivers with different driving skills.

The time histories of the measured lateral vehicle position and steer angle were further

examined to determine validity of the proposed driver model in view of the path tracking
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and steering responses. Figures 4.8 and 4.9 compare the model responses with the
measured data for the average and experimental drivers, respectively. The figures show
mean measured data together with the error bars (ranges of measured data). Comparison
of the simulation and measured responses suggest that the proposed two-stage driver
model provides relatively good predictions of the drivers’ steering response with varying

driving skills.
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Figure 4.8: Comparisons of measured path tracking and steering responses (solid line)
with the model responses (dashed line) for the ‘average’ driver group under a double
lane-change maneuver at different speeds: (a) 30 km/h; (b) 50 km/h; and (c) 70 km/h

(clear visual field)
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Figure 4.9: Comparisons of measured path tracking and steering responses (solid line)
with the model responses (dashed line) for the ‘experienced’ driver group under a double
lane-change maneuver at different speeds: (a) 30 km/h; (b) 50 km/h; and (c¢) 70 km/h
(clear visual field)

4.4.3 Validation of the Coupled Driver-Vehicle Model - Limited Visual Field

The validity of the proposed driver model in the limited visibility condition was also
examined by comparing the model responses with the measured responses for both driver
groups. The control parameters of the two drivers groups were identified through

minimization of the generalized performance index, described in Eq. (4.15). The limited

visual field corresponding to the foggy condition was simulated by limiting the maximum
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previewed distance to 20m. The far preview times were thus limited to 2.4, 1.4 and 1.0 s
for the 30, 50 and 70 km/h speeds, respectively. The parameters obtained for two groups
of driving skills (average and experienced) and three selected forward speeds are shown

in Figure 4.10.

3 3
D30 km/h 30 km/h
2.5 1| W50 km/h 25 1| m50 km/h
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Driver model parameters Driver model parameters
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Figure 4.10: Variations in control parameters of the driver models during a double lane-
change maneuver at different speeds: (a) ‘experienced’ driver; and (b) ‘average’ driver
(limited visibility field)

The results yield similar path tracking and steering responses of both drivers groups at 30
km/h, since the far preview distances were lower than the defined limit (20 m). The
‘average’ driver model revealed only minimum changes in the control parameters at 50
km/h, when compared to those obtained for clear visual field. At the higher speed of 70
km/h limiting the preview distance resulted in more than 50% increase in the lateral
position compensatory gain. This suggests higher steering effort by the driver at the
higher speed to track the desired roadway in limited visibility condition. Very similar
preview times for both the far and near preview are also evident for the ‘average’ drivers,
suggesting that the driver previews a smaller segment of the roadway to obtain the

required path information. The variations in the all control parameters (K;, K>, Tpy, Tpr,
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Ty and T;) with changing of the speed revealed trends comparable to those obtained in
clear visibility condition (section 4.4.2).

While decrease in visible road distance yields only slight influence on the path
tracking and steering responses of the ‘average’ driver model, the ‘experienced’ driver
model shows considerable variations in all the control parameters, particularly at the
higher speed of 70 km/h. Introducing the foggy road condition yields substantial increase
in lateral position compensatory gain of the 'experienced' driver model at the higher speed
of 70 km/h. The gain value is over 130% of that obtained for clear visibility condition.
Further, in the absence of the far target point, owing to the limited far preview, the near
preview time of the 'experienced' driver model increases with speed. Comparable near
and far preview times are thus identified for the higher speeds, suggesting similar
preview strategy of the ‘experienced’ as well as ‘average’ drivers under limited visual
field. The lower lateral position error compensatory gain of the ‘experienced’ driver
compared to the ‘average’ driver model at 50 and 70 km/h also results in notable increase
in the lead time constant. This suggests that while the ‘experienced’ driver model tends to
employ less steering effort to minimize the path deviation, the driver needs to employ
considerably greater predictive control to achieve satisfactory path tracking performance.

The time histories of the measured lateral position and front wheel steer angle of the
vehicle for the double lane-change maneuvers under foggy condition are compared with
the responses of the ‘average’ and ‘experienced’ driver models in Figures 4.11 and 4.12,
respectively. The error bars in the figures indicate the ranges of the measured data. From

the comparisons, it is deduced that the proposed two-stage driver model can provide
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reasonably good predictions of the human steering control actions under limited visibility

conditions.
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Figure 4.11: Comparisons of measured path tracking and steering responses (solid line)
with the model responses (dashed line) for the ‘average’ driver group under a double
lane-change maneuver at different speeds: (a) 30 km/h; (b) 50 km/h; and (c) 70 km/h

(limited visual field)
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Figure 4.12: Comparisons of measured path tracking and steering responses (solid line)
with the model responses (dashed line) for the ‘experienced’ driver group under a double
lane-change maneuver at different speeds: (a) 30 km/h; (b) 50 km/h; and (c) 70 km/h
(limited visual field)

4.5 Coupled Driver-Articulated Vehicle Model

The coupled driver-articulated vehicle model is developed by integrating the proposed
two-stage preview baseline driver model, based on the lateral position and orientation
errors, to the three DoF yaw-plane articulated vehicle model, described in section 4.2.1
(Figure 4.13). The coupled model is evaluated to study the path-tracking performance,

steering responses and control limits of the vehicle driver in conjunction with a
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commercial freight vehicle. In Figure 4.13, Y and Y7, are the perceived instantaneous
lateral coordinates and the predicted position of the tractor cg at a future instant 7p,
respectively.

Perceived heading angle of the tractor, ¥;

ayy Ay T r2and y

———— e e e e e e —— —

Roadway Two-stage | ¥e . . o . . Yaw-plane .
) ; »| Decision making d Limb-steering articulated Perception
coordinates, preview »| process, Gy(s) dynamics, G(s) : Gi(s)
Pe(x) process Y, vehicle model
—/

Torque feedback

IP diction, G I‘ - -
Predicted coordinate of the l rediction, Ga(5) ]‘ Perceived motion states of

tractor, Y7, the vehicle, vy, 7, roand Y

Figure 4.13: The baseline driver model coupled with an articulated vehicle model (solid
line) and the additional perceived motion states of the vehicle (dashed line)

corresponding to structures 2 to 10

The control parameters of the driver model are identified by minimizing a generalized
performance index, subject to limit constraints on the driver control parameters (Table
1.7). The generalized performance index for the articulated vehicle system, however, may
involve additional driver cues arising from directional responses of the units. The
performance index is thus formulated considering the articulation rate, lateral

accelerations and yaw rates of both the units in addition to the indices related to Y,, ¥,,
8 and 8, such that:

Jo =Ty +Jw +Js +J5 + Iy +Jay, +Jay, +Jry + I, (4.19)
where Jy and Jy refer to the weighted mean square lateral deviation and orientation error
of the tractor cg. These are identical to those defined for the single-unit vehicle in Eq.
(4.16). The /s and ], indices describe the weighted mean squared steering angle and its

rate, which relate to the driver's steering effort:
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_ 1 (T8 ® 8:(] (4.20)
TfolAsF de; Js = f[A(SF

where 6 and 8 are the steer angle and steer rate of the front wheels, respectively, and
A8 and ASy represent the corresponding maximum values as per the human driver’s
capabilities, which are obtained from the reported measured data (Adp=6.2 deg and
AS8;=24.8 deg/s) [132]. The steering gear ratio is assumed to be 30 [149]. The terms A8y
and ASp differ from those measured in this study using the single-unit vehicle, which
were denoted as simulator 8¢ 4, and (S"F,max in Eq. (4.17). The differences are likely due
to wide variations in the steering system design, steering dynamics of various vehicles
and experiment conditions. Furthermore, measured data revealed considerable variations
in 6p mqy and ) Fmax With varying vehicle speed and drivers’ skill. Consequently, the
reported constant values of the peak steer angle and peak steer rate, A8y and ASy, are
employed considered in the generalized performance index for the coupled driver-
articulated vehicle system model.

The term J;, in Equation (4.23) describes the weighted mean squared articulation rate

Yy, given by:

=11T[ 4 ]Zdt 4.21)
T 0 T’max

where ¥4, 1 the maximum allowable articulation rate, which is selected as 8 deg/s and
is related to the jackknife limit of articulated vehicles [159]. The weighted mean squared
lateral accelerations (a,, and a,,) and yaw rates (r; and ;) of both the tractor and the

semi-trailer units are also integrated within the proposed performance index, such that:

Jo, =2 f lay,(t) = f [ (0|’ j=12 (4.22)

ay max?2 Tmax2
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where ay maxz and Typgx, are defined as the maximum allowable lateral acceleration and
yaw rate of unit j (j=1 for tractor and 2 for the semi-trailer unit), which are selected as
0.3g and 10 deg/s. The quantity @, pqy, is related to the rollover threshold limits for the
five-axle tractor-semitrailer combinations, which could range from 0.25g to 0.5g
depending upon the vehicle loading and height of the vehicle cg [16,160-162]. The
quantity 7,442 18 also related to the maximum reported yaw rates for both the units of the
tractor-semi trailer vehicle during [9,16,163]

Figure 4.14 illustrates the front wheel steer angle, 6, and the path coordinates of the
tractor cg coupled with the proposed ‘baseline’ driver model during a lane-change
maneuver at a steady speed of 80 km/h. The control parameters of the driver model are
obtained through minimization of the performance index, Eq. (4.19). Further discussions
on the ‘baseline driver model’, and the influences of variations in selecting design and
operating parameters on the driver control parameters are evaluated and presented in
chapters 5 and 6. In Figure 4.14(a), the dashed line represents the centerline of the
roadway, while the solid line describes the trajectory of the tractor cg.

The proposed two-stage preview 'baseline driver model' in conjunction with the
equations of motion for the nonlinear three DoF articulated vehicle, presented in section
4.2.1, are solved under a lane-change maneuver, shown in Figure 4.14(a), at a steady
speed of 68.8 km/h. The resulting steering response is compared with the measured data,
reported by Fancher et al. [149], as shown in Figure 4.14(b), to demonstrate the validity
of the proposed model and the identified parameters. The generalized performance index,
Eq. (4.19), is minimized for identifying the driver model parameters of the two-stage

baseline driver model, namely, K;, K5, Tpyn, Tpr, T, and T;. Table 4.1 summarizes the
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identified driver model parameters as well as the constant limb, steering and driver model
parameters. The results suggest a good agreement between the model responses and the

measured data.
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Figure 4.14: Comparisons of: (a) path tracking response; and (b) front wheel steer angle
of the coupled driver-articulated vehicle model (solid line) with the measured data
(dashed line) during a lane-change maneuver at a constant speed of 68.8 km/h [149]
(Dotted line: centerline of the roadway)
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Table 4.1: The steering system and the limb dynamic parameters, and the identified
control parameters of the coupled driver-articulated model during a lane-change
maneuver at 68.8 km/h

Parameter (unit) Identified from Value
Jy (kg.m?) Ervin and Guy [148] 1.67
Steering dynamics K (N.m/rad) Ervin and Guy [148] 5.68
By (N.m.s/rad) Ervin and Guy [148] 6.56
Jur (kg.m®) Pick and Cole [67] 0.064
Ky (N.m/rad) Pick and Cole [67] 3.8
By, (N.m.s/rad) Pick and Cole [67] 0.56
K, (kg.m?) Pick and Cole [67] 20
Driver limb dynamics B, (N.m.s/rad) Pick and Cole [67] 1
K. (N.m/rad) Pick and Cole [67] 10
W, (rad/s) Pick and Cole [67] 20
T, s Pick and Cole [67] 0.04
K (kg.m?) Pick and Cole [67] 0.2
Perception delay time Tpd s Triggs and Harris [144] 0.1
Processing delay time 7, s Eq. 3.2) 0.285
K; m/rad Minimization of Eq. (4.19) 0.016
. K, rad/rad Minimization of Eq. (4.19) 0.651
Driver model Tor s Minimization of Eq. (4.19) 1.105
parameters Tpy s Minimization of Eq. (4.19) 1.727
T S Minimization of Eq. (4.19) 0.131
T; S Minimization of Eq. (4.19) 0.091
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4.6 Summary

The primary goal of this chapter was to formulate a two-stage preview driver model
integrated with the single-unit vehicle model as well as the articulated vehicle model. The
proposed model, referred to as the ‘baseline driver model’ aims to control the lateral
position and orientation errors of the vehicle and involves four essential elements of the
human driving process together with known control limits of the driver. Validity of the
coupled driver and single-unit vehicle model was examined by comparing its path
tracking and steering responses with the simulator-measured data under standardized
double lane-change maneuvers at different selected speeds and two different visibility
conditions. The results suggested reasonably good prediction of the human control
actions using the proposed driver model. The baseline driver model was subsequently
integrated to the articulated vehicle model. The steering responses of the coupled driver-
articulated vehicle model during a steady speed lane-change maneuver were evaluated
and compared to the reported measured data in order to examine the validity of the
proposed two-stage preview driver model.

In the subsequent chapter, the two-stage preview baseline driver model is applied to
investigate control characteristics of the human driver, and influences of variations in
selected vehicle design parameters and the driving speed on the driver control
characteristics. In chapter 6, a qualitative perception of additional vehicle states, namely,
lateral accelerations and yaw rates of the tractor and semi-trailer units and articulation
rate, are also integrated to the 'baseline driver model' to further investigation of relative
contributions of different motion feedbacks to improve the path tracking performance of

the vehicle during high speed steering maneuvers.
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CHAPTER 5

IDENTIFICATION OF DRIVER’S CONTROL LIMITS

5.1 Introduction

The safety dynamic performance of a road vehicle is strongly influenced by the driving
skill and control limits of the driver. The human driver is known to exhibit limited control
capabilities in terms of reaction time and path error compensation, particularly in
situations demanding critical steering maneuvers. These control limits have been
associated with unsafe vehicle operations and may contribute to road accidents [1,9]. The
reported studies related to human driving behavior mainly focus on formulation of
steering control actions of the driver considering an ideal controller that can adjust its
driving strategy to different operating conditions [7,9]. These ideal controllers, in general,
perform specific steering maneuvers with little or no considerations of control limits of
the human driver. A few studies have attempted to identify a range of driver control
limits, although these have been mostly limited to single-unit vehicles [7,30,45,76]. The
control of an articulated vehicle, however, may pose considerable demands on the
drivers, due to their large dimensions and weight, and thus relatively lower stability limits
compared to the light vehicles [26,151]. Further, the directional performance of an
articulated vehicle is greatly influenced by its design parameters as well as the operating
conditions. Considerable attempts are thus being made towards designs of active safety
enhancement systems for such vehicles, while the contributions of the driver and its

control limits are mostly ignored [25,26].
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The human drivers, in general, have the capability to adapt to the vehicle through a
qualitative assessment of the path tracking performance depending upon their driving
skill and experience [16]. The vehicle driver can thus perform a steering maneuver within
its control and performance limits, with varying vehicle design parameters and operating
conditions. It is suggested that the directional and safety performance of the coupled
driver-vehicle system can be improved by incorporating the control characteristics of the
human driver in the vehicle design process [16]. Ideally, these parameters may be
selected such that the driver can satisfy the path tracking and safety requirements under
extreme conditions by minimum steering effort.

In this chapter, the proposed two-stage preview driver model structure, described as
the ‘baseline driver model’ in chapter 4, is coupled with a yaw-plane articulated vehicle
model. The two-stage preview is referred to as the driver's strategy to simultaneously
compensate for both the estimated lateral position and orientation errors using two target
points ahead of the vehicle. The coupled driver-articulated vehicle model is studied to
investigate the control characteristics and steering effort demands of the human driver,
and the influences of variations in selected vehicle design parameters and the driving
speed on directional responses of the vehicle in clear visibility condition. The driver
model parameters are identified through minimization of the generalized performance

index, Eq. (4.19), considering variations in the vehicle parameters and the forward speed.

5.2 Identification of the Driver’s Control Parameters

Assuming clear visibility condition, the performance characteristics of the coupled
driver-articulated vehicle system are investigated under the standardized double lane-

change steering maneuver [127] subject to different steady speeds and various vehicle
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design parameters. The vehicle design parameters are lumped in two different groups: (i)
geometry parameters (wheelbase, L, ,, and tandem axle spread, ¢, ,, of both the tractor and
trailing units); and (ii) inertial parameters (the tractor and semi-trailer masses, m;>), as

shown in Figure 5.1.

Tandem axle spread Tandem axle spread
of the tractor, ¢, ? of the semi-trailer, ¢,
‘ ; l [ | v
; my;g |
v h 1
1

m; g 1
|« »e
| Wheelbase of the |
tractor unit, L;

»|
d

Wheelbase of the semi-trailer unit, L,

Figure 5.1: Schematic of a tractor and semi-trailer combination illustrating geometric and

inertial parameters of interest

The ‘baseline driver model’ structure, formulated in section 4.3, is employed to study
the control characteristics and performance limits of the driver in conjunction with the
articulated vehicle model. The baseline driver model structure involves driver’s
estimations of the lateral position and orientation errors alone. Various control parameters
of the driver model, namely, the lateral position and orientation error compensatory
gains, near and far preview times, and the lead and lag time constants are identified
through minimization of the generalized performance index, as described in Eq. (4.19),
subject to limit constraints listed in Table 1.7. The peak values of a number of selected
motion states of the coupled driver-articulated vehicle system and steering control action
of the driver are then analyzed to identify threshold values of the human driver control

measures under variations in the vehicle design parameters and operating conditions.
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The performance index minimization process employs a constrained multi-variable
optimization method with a set of ‘initial values’ of the driver model parameters. Due to
the nonlinearity of the performance index function, which involves a number of local
minimums, the accuracy of the minimization process depends upon the selection of the
‘initial values’. Different initial values were thus considered in the parameter
identification process. The model parameters were subsequently identified from different
solutions of the minimization problem that resulted in lowest value of the performance
index.

As an example, Figure 5.2 illustrates the solutions attained for three different sets of
initial values, denoted as the ‘estimated values’. The solutions were obtained for a double
lane-change maneuver at a constant forward speed of 100 km/h. The results suggest that
the compensatory gains associated with the lateral position and orientation errors, and
near and far preview times of the driver model converge to nearly similar solutions. The
estimated values of the lead and lag time constants, however, converge to somewhat
different values for each set of initial values. A sensitivity analysis of the driver model
parameters was thus undertaken to further investigate the relative contributions of the
driver model parameters on the defined generalized performance index. The sensitivity
analysis is also performed to study influences of variations in vehicle design parameters
and forward speed on peak directional responses of the vehicle during a constant speed

step-steer maneuver performed in an open-loop manner.
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Figure 5.2: Variations in the optimization problem solutions corresponding to three
different sets of initial values: (a) lateral position and orientation gains; (b) far and near

preview times; and (c) lead and lag time constants

5.3 Sensitivity Analysis - Driver Model Parameters

In this section, influences of variations in the driver control parameters on various
constituents of the generalized performance index are investigated. A set of driver model
parameters is initially identified through minimization of the generalized performance
index, referred to as the ‘nominal driver model parameters’. The corresponding
individual indices are referred as the ‘nominal performance indices’. Subsequently, each
of the driver model parameter is varied by £20%, while all other parameters are held at
their nominal values, and the resulting performance measures are determined. Percent
variations in a performance index due to variations in a driver model parameter are

determined from:
2 :]i(ﬁo + KI;) — Ji (o)
Ji Ji(Bo)

where S’}i refers to the sensitivity of an index J; (]t’]Y’]"P’]ayl’]ayz’]rl’lrz’]7’]8 and J5)

* 100% (5.1)

to variations E?) in the driver model parameter about the nominal values p,, while the
parameter vector for the two-stage baseline driver model is given by:

ﬁ = (Kp K3, Tpn, Tpp, T, TI) (5.2)
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Table 5.1 summarizes the percentage variations in the total and individual
performance indices with respect to their respective nominal values. A negative
percentage value represents decrease and thus improvement in a performance measure
with respect to its nominal value. The percentage variation in a performance measure
could help determine the significance and influence of each driver model parameter on
the coupled driver-vehicle system performance.

The results suggest that variations in each of the driver model parameter yield a higher
value of the total performance index (J;) suggesting the validity of the solution of the
minimization problem. Increasing the lateral position and orientation compensatory gains
(K; and K;) help reduce the corresponding indices, Jy and Jy, by -1.7% and -9.1%,
respectively. Enhanced path tracking performance, however, is achieved at the expense of
greater steering effort of the driver, which can be seen from the substantially higher
positive values of /s and /5. Employing more distant path information by increasing the
near and far preview time (7py and 7Tpr) yields lower performance measures related to
vehicle directional responses, namely, the articulation rate (J; ), lateral accelerations (/44
and J4,,) and yaw rates (/1 and J,,) of both the units, while the path and orientation
measures (Jy and Jy) tend to be substantially higher. The lower peak values of the motion
states of the tractor and the trailing units suggest smoother steering input by the driver,
which is also evident from lower value of Js. The rate of steering maneuver, /5, however,
tends to be substantially higher. Increasing 77 and decreasing 77 by 20% yield only slight
reductions in Jy by 1.6% and 0.4%, respectively, the performance measures
corresponding to steering effort of the driver (/s and J5) and motion variables of both

units (Jy, Jay1, Jayz» Jr1 and J;2), however, increased. These suggest greater steering effort
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demands of the driver and relatively poor directional performance of the coupled driver-

vehicle system.

Table 5.1: Percentage change of the total performance index and its constituents with

variations in the driver model parameters

Gt || Verdeem Percentage change of the performance measures (%)
parameter | (%) | S | Sy | S | Siayr | Sjayz | S | Spz | Sy | Sis | Sps
-20 02| 25 35 | 28 | 27 | 31 | 27 | 45 | 43 | -177
& +20 03 | -1.7 | -11 2.4 2.3 3.0 | 23 54 | 49 | 257
%, -20 108 | 286 37 | -76 | -88 |-103| -88 |-19.1 | -12.5 | -17.7
+20 82 | 88 9.1 5.1 6.4 84 | 64 | 191 | 112 | 203
-20 15| 34 56 | -18 | -1.8 | -1.1 | -18 | 1.7 | 08 | 64
T +20 17| 66 78 | 53 | 53 | 49 | 53 | 3.0 | 35 | 222
.. -20 30.1 | -249 | -19.0 | 957 | 99.6 | 103.7 | 99.6 | 127.9 | 106.9 | 65.1
+20 166 | 672 | 212 | -459 | -46.2 | 433 | -46.2 | -32.0 | -34.4 | 62.0
-20 01 ] 23 19 | 26 | 26 | 29 | 26 | 40 | 35 |-11.7
& +20 02| -16 | 07 | 20 20 | 25 20 | 43 | 37 | 182
-20 01 ] -04 1.0 0.5 0.5 0.5 0.5 07 | 06 | 3.1
T +20 01 ] o8 05 | 09 | 09 | 09 | 09 | 08 | -08 | -1.2

The results also reveal that variations in the far preview time and orientation error
compensatory gain yield the greatest effect on the performance measures of the coupled
system and steering effort of the driver, while variations in the lead and lag time
constants have the lowest influences on the total performance index J;. The greater
dependency of the estimated values of the 7, and 7; on their initial values, shown in
Figure 5.2, is thus attributed to relatively lower influences of these two parameters on J;.
The lead and lag time constants, however, have greater effects on the path tracking
performance (Jy and Jy) and steering effort of the driver (/s and J5) and thus cannot be

excluded in formulation of the driver model (Table 5.1).
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5.4 Sensitivity Analysis - Variations in Speed and Vehicle Design Parameters

The directional dynamic behavior of the vehicle is generally dependent on a number of
design parameters and forward speed of the vehicle [135,159]. A sensitivity analysis of
the selected motion states of the vehicle is thus undertaken with respect to variations in
the vehicle design parameters and the driving speed. For this purpose, the forward speed,
mass, wheelbase and tandem axle spread of both the units are increased by 20 percent
with respect the nominal values, while the other parameters were held at their respective
nominal values. Due to nearly linear variations in peak directional responses of the
vehicle in the vicinity of the nominal design parameters, the sensitivity analyses in this
section are limited to 20% increase in the vehicle parameters alone. Variations in the
vehicle directional responses are evaluated in terms of (i) peak lateral accelerations of
both units, ay,and a,,; (ii) peak yaw velocities of both units, r;and r,; and (iii) peak
articulation rate, y. Table 5.2 summarizes the variations in the vehicle design and
operating parameters considered in the sensitivity analysis.

It is suggested that variations in the wheelbase and mass of the tractor and the trailing
units affect the yaw moment of inertia of the respective units [148]. Two empirical
relations proposed by Ervin and Guy [148] are used to determine the yaw moment of
inertia of the tractor and the semi-trailer units (I,,; and I,,,) with different wheelbases.

The formulations are based on the load distributions of both the units, given by:

Fp F22+FZ3) Fyp + Fp3\ (a; +as “\1
o = (w0 B2 gy (Pt ) ()L
71 ((g +0 7 a,;”+ 0.6 7 > 7 (5.3)

2

F,,+F L

IZZZ = 2 25 ( 2 > IZZZ,O (54)
Fpa0+ Fz50\ Loy
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where a;, is the longitudinal distance from axle £ (k=1,2 and 3) to the center of gravity of
the tractor, F,; is normal load on K" axle (k~=1,2,3,4,5) of the articulated vehicle
combination and L; represents wheelbase of the semi-trailer. In the above formulation,
the subscripts “0” refer to nominal values of the yaw moment of inertia, wheelbase and
normal axle loads of the semi-trailer unit, respectively.

It should be noted that considering fixed distribution of the weights on different axles,
variations in the wheelbases of both the units do not affect the cg position of the
respective unit. Equations (5.3) and (5.4) further suggest that variations in the geometric
parameters yield greater influences on yaw moment of inertia compared to variations in
the inertial parameters. In this study variations in yaw moment of inertia of both the units

are thus assumed to vary only due to considered changes in the geometric parameters.

Table 5.2: Range of vehicle parameters and the nominal values employed in sensitivity

analysis

Nominal value Parameter values

100
Forward speed, v, (km/h) 100 120
7269.6
Mass of the tractor, m; (kg) 7269.6 2773.5
. 18416
Mass of the semi-trailer, m, (kg) 18416 220992
3.6
Wheelbase of the tractor, L; (m) 3.6 43
. 10.4
Wheelbase of the semi-trailer, L, (m) 10.4 12.5
1.27
Tandem axle spread of the tractor, ¢; (m) 1.3 152
. 1.27
Tandem axle spread of the semi-trailer, ¢, (m) 1.3 152

Considering the yaw-plane articulated vehicle model, described in Appendix A, as a

time-invariant system, the response vector of the vehicle can be expressed as:
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X=fEpt) (5.5)
where X = (vyl,rl,rz) is the state vector and p = (py, Py, ..., py) is the r-dimension
vector of the vehicle design parameters and the forward speed. The influences of
parameters variations on steering characteristics of the vehicle are investigated by
considering:

5= s +Bp (5.6)
where E is the variation about the nominal vector py, while the parameter vector for the
articulated vehicle model is given by:

P = (U, my,my, Ly, Ly, ty, t5) (5.7)
The sensitivity of the peak response (§x,max) of the open-loop articulated vehicle to
variations in vehicle parameters is described by the percentage change in a peak response,

Xmax = 9(P), with respect to its nominal value, Xo max = g(Do):

. g(Bo+bp) —g®y)
Sxmax = g(Bo)

Figure 5.3 illustrates the coordinates of the tractor cg during a step-steer input (6 =

*100% (5.8)

1.0 deg) at a speed of 100 km/h subject to 20% increase in each of the vehicle design
parameter, as listed in Table 5.2. The results suggest considerable variations in the
steering characteristics of the vehicle. The results suggest that steering characteristics of
the vehicle tend to vary from understeer to oversteer with increase in the semi-trailer
mass. Increase in the tractor’s mass and wheelbase, on other hand, increase the understeer
tendency of the vehicle. Variations in wheelbase of the trailing unit and tandem axle
spreads of both units, however, yield negligible changes in steering characteristics of the

vehicle.
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Figure 5.3: Path coordinates of the tractor cg during an open-loop step-steer maneuver at

100 km/h with 20% increase in selected geometric and inertial parameters

Table 5.3 summarizes the results from the sensitivity analysis of the vehicle model
subject to 20 percent increase in selected vehicle design parameters. The percentage
variations in the peak directional responses of the articulated vehicle are evaluated using
Eq. (5.8). A positive and negative percentage value, respectively, represents an increase
and decrease in the peak motion state with respect to that obtained for the nominal
vehicle design parameters.

The results suggest that the peak directional responses of an articulated vehicle are
primarily affected by variations in the forward speed and mass of the trailing unit, while
increase in the wheelbase and tandem axle spread of the semi-trailer have the lowest
effect. Increasing in mass, wheelbase and the tandem axle spread of the tractor unit
resulted in decrease in all the peak directional responses of vehicle. This can be attributed
to increasing understeer tendency of the vehicle. A 20 percent increase in the mass and
tandem axle spread of the semi-trailer unit yields an increase in all the selected responses

of the vehicle, although the influences of tandem axles spread are relatively small
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compared to that of the semi-trailer mass. Further, an increase in the semi-trailer
wheelbase yields slight reduction in lateral accelerations and yaw rates of both the tractor
and semi-trailer units, while it increases the articulation rate of the vehicle. This suggests
that an increase in the semi-trailer wheelbase may slightly improve the roll stability of the

vehicle, the jackknife potential may increase with a longer trailing unit.

Table 5.3: Percent changes in peak directional responses of the articulated vehicle with

20% increase in the selected parameters

Percentage change of the peak directional responses (%)

ay1 £ Ay &) y
Forward speed, v,; 61.1 39.8 67.1 39.1 25.5
Tractor mass, m; -18.2 -17.5 -18.0 -18.0 9.9
Tractor wheelbase, L; -14.7 -14.7 -14.7 -14.7 -12.6
Tractor tandem axle spread, ¢, -5.5 5.4 -5.5 -5.5 -4.5
Semi-trailer mass, m, 32.5 33.0 33.1 33.0 16.1
Semi-trailer wheelbase, L, -0.2 -0.3 -0.2 -0.2 1.9
Semi-trailer tandem axle spread, 7, 04 04 04 04 0.1

5.5 Identification of Control Limits of the Driver

The identified driver model parameters and the peak directional response quantities of the
coupled driver-articulated vehicle system are evaluated considering variations in the
selected geometric and inertial parameters, and the forward speed. The model parameters
and peak response measures are compared with those obtained using the nominal vehicle
design parameters under the same maneuver and forward speed. The directional
responses of the coupled driver-articulated vehicle model are further studied to determine
a set of vehicle parameters that could improve the directional performance measures of

the coupled driver-vehicle system.
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The selected design parameters of the vehicle are permitted to vary within ranges
specified in the weights and dimensional regulations. These regulations include
geometric specifications and axles load limits of different combination vehicles
[160,161]. Owing to variations in the provincial and territorial weights and dimensions
regulations in Canada, a set of standards for the weight and dimension limits of trucks,
which is generally referred as the ‘Memorandum of Understanding (MOU)’, is used to
define the limiting values of geometric and inertial parameters [160].

The simulations are performed assuming a constant perception time (7,,4) selected as
0.1 s [5,144], while the processing time delay (7,) of the human’s central nervous system
is determined from the regression model formulated in section 3.5.2, as a function of the
vehicle forward speed. The driver’s hand-arm parameters are taken as those reported in
[67]. The peak steer angle and peak steer rate in the generalized performance index, Eq.
(4.22), are limited to those reported by Breuer [132] on the basis of the measured data
(A8;=6.2 deg and A6;=24.8 deg/s) considering the steering ratio equal to 30 for the

articulated vehicle, as described in section 4.5.

5.5.1 Variations in the Forward Speed

The performance characteristics of the coupled driver-vehicle system are investigated
under a double lane-change steering maneuver at four different forward speeds (50, 80,
100 and 120 km/h). Figure 5.4 illustrates the driver model parameters obtained for these
speeds, while the time histories of the front wheels steer angle, o, and the tractor cg
coordinates are shown in Figure 5.5. In Figure 5.5, the centerline of the desired roadway

is shown by the thin solid line.
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The results suggest that vehicle operation at higher forward speeds involves only
slightly higher orientation error compensatory gain K>, but a substantially lower lateral
position compensatory gain, K;. This suggests that the driver is required to undertake
lower compensation to minimize the lateral position error and relatively higher
compensation of the orientation error at higher speeds. Increasing the forward speed also
implies slightly higher compensatory lead time constant of the human driver but
considerably lower lag time constant. This suggests that the driver is required to respond
faster and employ a higher level of prediction at higher speeds. Such trends in driver
control characteristics have also been reported for single unit vehicles [9].

The results also suggested that considering the known ranges of the driver control
limits (Tablel.7), the coupled driver-vehicle system would not be able to track the
desired roadway. The minimization problem failed to converge for the maneuver at 120
km/h. The limit constraints on the driver control parameters were thus relaxed in a
sequential manner and the minimization problem was solved. The solutions revealed that
slight relaxation in the lower limit of the lag time constant (77) could help realize the path
tracking performance in a stable manner. The results thus suggest that the human driver is
required to employ a lower lag time constant (7)) to perform the desired steering
maneuver at the higher speed of 120 km/h, when compared to the maneuvers at lower
speeds. This lag time constant, however, is beyond the reported limits for the human
driver, and suggests that the driver may not be able to perform the double lane-change
maneuver at 120 km/h with acceptable path tracking performance.

The results also suggest that the near and far preview times, 7Tpy and 7pr, decrease

with increase in the driving speed, although the resulting near and far preview distances,
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Dpy and Dpp, generally increase with the speed. The near preview distance, however,
formed an exception at 120 km/h; it was lower than that obtained at 100 km/h. This can
be attributed to higher 7 and considerably lower 77 at this speed. The results also show
that increasing the speed invariably yields greater path deviation and relatively lower
peak steer angle (Figure 5.5), which is mostly attributed to employing the lateral
accelerations perception of the human driver within the generalized performance index.
At the higher driving speeds, the proposed driver model, thus, deviates considerably from
the centerline of the desired roadway to minimize the lateral accelerations and yaw

velocities of both the units.
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Figure 5.4: Influence of variations in the forward speed on the driver control parameters

during a double lane-change maneuver (50, 80, 100 and 120 km/h)

........... 120 km/h "
8
~ { A
2 TN
g ."~.,[7 FRRIR N 13
o 18
S i
8 7
—_ 7
o
2
(]
-
0 50 100 150 0 50 100 150
Longitudinal coordinate (m) Longitudinal coordinate (m)

(2) (b)

Figure 5.5: Influence of variations in the forward speed on: (a) path tracking response;

and (b) steer angle of the tractor unit during double lane-change maneuvers
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Table 5.4 summarizes variations in the path tracking measures that can be described by:
(1) peak lateral deviation between the desired path and tractor cg, Y,; (ii) peak path
deviation in the median segment, Y,,,,; and (iii) peak heading error, ¥, (Figure 5.6). The
peak directional responses of the coupled driver-articulated vehicle system are also
summarized in Table 5.5. The grey shaded areas in the tables indicate the peak directional
responses in terms of path deviation and lateral accelerations of both the units beyond the
selected threshold levels, presented in section 4.5.
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Figure 5.6: Path deviation and orientation error of the articulated vehicle

The peak errors in path tracking measures of the driver-vehicle system, as shown in
Table 5.4, suggest that the vehicle driver can successfully perform the selected double
lane-change maneuver for the given vehicle only at 50 and 80 km/h. The driver, however,
exhibits limited control performance at the higher speeds of 100 and 120 km/h. At these
speeds, the peak path deviation of the tractor cg during the median segment, Y,,,, is
greater than the maximum permissible path deviation (0.5 m, as described in section 4.5).
At 100 and 120 km/h, the peak lateral acceleration of the trailing unit also approaches the
permissible limit of 0.3g, as described in section 4.5. The control of the vehicle at these

speeds would necessitate greater compensation by the driver beyond the known ranges of
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the driver control limits listed in Table 1.7. The driver would thus be expected to reduce
the speed to execute such a maneuver or relax the path tracking error requirements [14].

Further, the results suggest that the peak articulation rate, peak lateral accelerations
and peak yaw rates of both the tractor and the semi-trailer units increase with increase in
the forward speed. The similar trends were also observed in the open-loop step-steer
responses, presented in section 5.3.2. The results also imply that the peak steer rate
increases with speed, while the peak steer angle decreases with increase in the forward
speed. This suggests that the human driver is required to perform faster steering actions at
the higher driving speeds. It should be also noted that the nominal tractor unit is
understeer (K,; = 0.003) and the semi-trailer unit is oversteer (K, ,= -0.007). In this case,
the articulation angle of the vehicle remains finite for all the driving speeds considered
[124].

Table 5.4: Influence of variations in the forward speed of the vehicle on peak errors in

path tracking measures tracking responses of the driver-vehicle system

Peak errors in path tracking measures

Forward speed

Yem Ye I’Ue
(tan/b) (m) (m) (deg)
50 0.08 0.81 7.39
80 0.27 1.07 7.93
100 0.54 1.22 8.67
120 0.80 1.44 9.71

Table 5.5: Influence of variations in the forward speed of the vehicle on peak directional

responses of the driver-vehicle system

Peak directional responses

Forward speed (km/h) ay 7 Ay, T y Sk S
(m/s®)  (deg/s) (m/s?) (deg/s) (deg/s) (deg) (deg/s)
50 1.50 6.16 1.26 5.20 4.70 60.40 115.38
80 2.86 8.10 2.70 6.98 4.85 52.44 138.57
100 3.39 8.85 3.71 7.65 4.87 46.96 142.71
120 3.88 9.80 5.12 8.80 5.36 42.52 269.55
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5.5.2 Variations in Tractor Design Parameters

The influences of variations in the tractor design parameters on the driver control
demands and directional responses are further evaluated. These include the variations in
the wheelbase (L;), mass (m;) and tandem axle spread (t;) of the tractor unit. The
simulation results may help in identifying the parameters of a driver-adaptive design of a

vehicle.

Tractor Mass

The nominal value of the tractor mass (m;=7270 kg) is increased by 29 percent to 9376
kg, so that the load on the tractor steering axle reaches the maximum allowable load of
5500 kg [160]. The nominal value of the tractor mass is then decreased by 29 percent to
obtain the lower value of 5162 kg. Figure 5.7 shows the driver model parameters
obtained for three different tractor masses, while the time-histories of the front wheels
steer angle (6r) and path coordinates of the tractor cg are shown in Figure 5.8.

The results show that a tractor unit with larger weight imposes relatively lower
position compensatory action from the driver to maintain the central lane position (K;),
while a greater steering action is required to minimize the orientation error of the vehicle.
Increasing the tractor mass m, also implies relatively lower near and far preview times
Tpy and Tpr, suggesting longer near and far preview distances of the driver. The tractor’s
understeer coefficient tends to increase with increase in the tractor mass, when the
articulation load is held constant, as seen in Figure 5.3. The results thus suggest that a
driver with a longer preview distance would be more suited for control of the vehicle
with relatively oversteer tractor. Such a trend has also been reported for articulated

vehicles [16]. The results also show greater lead (77;) and lower lag time constants (77) of
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the vehicle driver, when driving a tractor with larger weight. This suggests that an
articulated vehicle with heavier tractor requires a higher level of prediction and faster

steering responses of the driver to effectively track the desired path.
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Figure 5.7: Influence of variations in the tractor mass on the driver control parameters

during a double lane-change maneuver (speed=100 km/h)
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Figure 5.8: Influence of variations in the tractor mass on: (a) path tracking response; and

(b) steer angle during a double lane-change maneuver (speed=100 km/h)

Tables 5.6 and 5.7 summarize the peak errors in path tracking measures and peak
directional responses of the driver-articulated vehicle system, respectively. The grey
shaded areas in the tables indicate the identified values that are beyond the selected
threshold levels in terms of lateral deviation and lateral accelerations of both the units,
presented in section 4.5. Considering the acceptable peak lateral deviation, Y,,,,= 0.5 m,
the results suggest that the vehicle driver can successfully perform the given steering

maneuver only with the lowest tractor mass (m;=5162.5 kg). The results also suggest that
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increasing the tractor mass increases the path deviation and orientation error of the
vehicle with respect to the desired path (Table 5.6). Further, the peak steer angle
increases with increase in the tractor mass, while the peak steer rate remains nearly
constant, as indicated in Table 5.7. This suggests greater steering effort of the driver
when driving a vehicle with a heavier tractor. The results also reveal decrease in the peak
articulation rate, peak lateral accelerations and peak yaw rates of both the tractor and the
semi-trailer units with increase in the tractor mass. The similar trends were also observed

from the open-loop step-steer response of the vehicle (section 5.3.2).

Table 5.6: Influence of variations in the tractor mass on peak errors in path tracking

measures of the driver-vehicle system (speed=100 km/h)

Peak errors in path tracking measures

Tractor mass

Yem Ye lIIe
(ke) (m) (m) (deg)
5162.5 0.48 1.13 8.28
7269.6 0.54 1.22 8.67
9375.7 0.58 1.31 9.09

Table 5.7: Influence of variations in tractor mass on peak directional responses of the

driver-vehicle system (speed=100 km/h)

Peak directional responses

Tractor mass

(kg) ayl n ay2 &) ]/ 6F 5[:
(m/s>)  (deg/s)  (m/s’)  (deg/s) (deg/s)  (deg)  (deg/s)
5162.5 3.43 8.98 3.79 7.81 5.26 41.69 141.18
7269.6 3.39 8.85 3.71 7.65 4.87 46.96 142.71
9375.7 3.35 8.56 3.61 7.44 4.59 53.72 142.92
Tractor Wheelbase

The various weight and dimensions regulations limit the tractor wheelbase (L) in the 3 to
6.25 m range [160]. The nominal value of the wheelbase of the tractor unit (L;=3.6 m) is
thus decreased by 17 percent to the minimum allowable value of 3.0 m. This value is also

increased by 17 percent to obtain the longer value of the tractor wheelbase of 4.2 m. It
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should be noted that the steering characteristics of the tractor unit tend to vary from
understeer to oversteer, if the vehicle cg is permitted to move toward the rear tandem
axle. This would increase the possibility of a directional instability of the trailing unit,
e.g., jackknifing, if the driving speed approaches the critical value of the tractor.

Figure 5.9 illustrates influence of variations in the tractor wheelbase on the driver
model parameters, which are identified through minimization of the performance index
under the double lane change maneuver at 100 km/h. The results show trends similar to
those observed with increasing the tractor mass. The results suggest that increasing of the
tractor wheelbase yields slightly lower lateral position compensatory gains (K;) but
slightly higher orientation error compensatory gain (K3). This suggests that a tractor unit
with lower wheelbase will impose a slightly higher lateral position compensation demand
on the driver to minimize lateral position error. Increasing the tractor wheelbase also
implies slightly lower near preview time, while the far preview time remains nearly
constant. This suggests that a slightly lesser near preview distance is required for longer
tractor units. The lead time constant, however, increases considerably, while the lag time
constant decreases with increasing tractor wheelbase. The driver is thus required to
respond faster and employ a higher level of prediction, when driving a vehicle with
longer tractor. Figure 5.10 shows time-histories of the front wheels steer angle and
coordinates of the tractor cg obtained for three different values of the tractor wheelbase.
The results show that the vehicle driver tracks nearly the same trajectory, while applying

slightly lower steering effort with a shorter wheelbase tractor unit.
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Figure 5.9: Influence of variations in the tractor wheelbase on the driver control

parameters during a double lane-change maneuver (speed=100 km/h)
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Figure 5.10: Influence of variations in the tractor wheelbase on: (a) path tracking
response; and (b) steer angle during a double lane-change maneuver (speed=100 km/h)
Tables 5.8 and 5.9 summarize the influence of variations in the tractor wheelbase on the
peak errors in path tracking measures and peak directional responses of the driver-
articulated vehicle system, respectively. In the tables, the grey shaded areas indicate the
identified values that are beyond the selected threshold levels in terms of lateral deviation
and lateral accelerations of both the units, presented in section 4.5. The results suggest
that the peak path deviations, Y, and Y., , and peak orientation error ¥, of the tractor
unit increases slightly with increase in the tractor wheelbase (Table 5.8). The peak
articulation rate, peak lateral accelerations and peak yaw rates of both the units, however,

decrease with increase in the wheelbase (Table 5.9). The similar trends were also
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observed from the open-loop step steer maneuver responses (section 5.3.2). The
reductions in the directional responses of the vehicle are mostly attributed to increase in
the tractor yaw moment of inertia and understeer coefficient of the vehicle with increase
in the tractor wheelbase. The results also show that the peak steer angle and peak steer
rate increase with increase in the tractor wheelbase, suggesting greater steering effort

from the driver when driving a vehicle with relatively more understeer tractor.

Table 5.8: Influence of variations in tractor wheelbase on peak errors in path tracking

measures of the driver-vehicle system (speed=100 km/h)

Tractor Peak errors in path tracking measures

wheelbase Yom Y, ¥,
(m) (m) (m) (deg)
3.00 0.51 1.14 8.55
5.61 0.54 1.22 8.67
4.21 0.55 1.26 8.72

Table 5.9: Influence of variations in tractor wheelbase on peak directional responses of

the driver-vehicle system (speed=100 km/h)

Peak directional responses

Tractor wheelbase

(m) ayl N ayZ &) )/ 6F 5}:
(m/s?)  (deg/s)  (m/s®)  (deg/s)  (deg/s)  (deg)  (deg/s)
3.00 3.53 9.22 3.83 7.90 4.96 44.07 139.87
5.61 3.39 8.85 3.71 7.65 4.87 46.96 142.71
4.21 3.34 8.67 3.64 7.50 4.70 51.09 147.64

Tractor Tandem Spread

The weights and dimensions regulations permit the tractor tandem axle spread (t;) in the
1.2 to 1.85 m range [160]. The nominal value of tandem axle spread of the tractor unit
(t4=1.3 m) is thus increased by 42 percent to attain the maximum permissible value of
1.85 m. The sensitivity analysis also considered an alternate spread of 1.6. Figure 5.11
summarizes the influence of variations in the axle spread on the driver control

parameters. Figure 5.12 shows the time-histories of the corresponding front wheels steer
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angle (6r) and path coordinates of the tractor cg. The results suggest only minimal effect
of axle spread on the control demands of the driver, except for the lead time constant, 77,
which tends to be lower with higher tandem spread. This suggests some relaxation on the
predictive steering control action of the driver when the tractor tandem axle spread is
increased. The results also show nearly negligible effect on the front wheels steer angle

and the path tracking response.
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Figure 5.11: Influence of variations in the tractor axle spreads on the driver control

parameters during a double lane-change maneuver (speed=100 km/h)
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Figure 5.12: Influence of variations in the tractor axle spreads on: (a) path tracking

response; and (b) steer angle during a double lane-change maneuver (speed=100 km/h)

Tables 5.10 and 5.11 summarize the influence of variations in the tractor tandem axle
spread on the peak errors in path tracking measures and peak directional responses of the

driver-articulated vehicle system. The grey shaded areas indicate that the response
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measures in terms of Y., a,, and a,, exceed the threshold levels, presented in section

4.5. The results suggest that the peak path lateral deviations, Y, and Y,,,, and orientation
error of the vehicle increase only slightly with increase in the tractor tandem axle spread
(Table 5.10), which is mostly attributed to lower lead time constant of the driver. The
results also show that the peak steer angle and peak steer rate increase slightly with
increase in the tractor tandem axle spread, suggesting greater steering effort demand on
the driver. The peak articulation rate, peak lateral accelerations and peak yaw rates of
both the units decrease slightly with increase in the tandem axle spread (Table 5.11), as
observed for the open-loop step-steer responses. The minimal effect of tandem axle
spread on the driver control parameters and thus the directional responses of the vehicle
can be attributed to its minimal effect on the steering characteristics and understeer

coefficient of the tractor.

Table 5.10: Influence of variations in tractor axle spreads on peak errors in path tracking

measures of the driver-vehicle system (speed=100 km/h)

Tractor tandem  Peak errors in path tracking measures
axle spread Y Y. y

em e e
(m) (m) (m) (deg)
1.3 0.54 1.22 8.67
1.6 0.56 1.25 8.79
1.85 0.58 1.27 8.85

Table 5.11: Influence of variations in tractor axle spreads on peak directional responses

of the driver-vehicle system (speed=100 km/h)

Tractor tandem Peak directional responses
axle spread Ay 7 ay; Ty y S S
(m) (m/s’)  (deg/s)  (m/s’)  (deg/s)  (deg/s)  (deg)  (deg/s)
1.3 3.39 8.85 3.71 7.65 4.87 46.96 142.71
1.6 3.34 8.68 3.64 7.50 4.55 48.89 148.38
1.85 3.30 8.56 3.58 7.39 427 50.71 154.06
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5.5.3 Variations in Semi-Trailer Design Parameters
Influence of variations in selected semi-trailer design parameters on the driver control
and directional responses of the coupled driver-vehicle system are investigated in the
similar manner. The design parameters include the semi-trailer mass (m,), wheelbase
(L) and tandem axle spread (t,).
Semi-Trailer Mass
The semi-trailer mass (m,) includes the mass of the trailing unit with the payload and
mass of the rear tandem axles. The nominal value of the semi-trailer mass (26018 kg) is
increased by 14 percent, so that the load on the tandem axle of the trailing unit
approaches the maximum allowable axle load of 17000 kg [160]. The semi-trailer mass is
also decreased by 14 percent to achieve the semi-trailer mass of 22434 kg. A ‘0 kg’
payload condition is also considered to examine the driver control demands and
responses of an unloaded vehicle. The semi-trailer mass in this condition is taken as 7602
kg, which includes the mass of the trailing unit and that of rear tandem axles. It should be
noted that a higher payload can lead to a greater oversteer tendency of the semi-trailer
unit, which may result in lower roll and yaw stability limits of the vehicle combination.
Figures 5.13 and 5.14, respectively, illustrate the influences of variations in the semi-
trailer mass on the driver control parameters, and time-histories of the front wheels steer
angle (8r) and the path coordinates of the tractor cg. The results suggest that increasing
the semi-trailer mass can lead to lower lateral position and orientation compensatory
gains. This is likely due to lower understeer coefficient of the trailer with greater mass or
payload. Increasing the semi-trailer mass, however, would require greater near and far

preview times, Tpy and Tpr, and thus the respective distances. The driver would thus be
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required to employ longer preview distances. Furthermore, a heavier trailer would impose
a higher level of path prediction by the driver, as it is seen from the increasing lead time
constant (77). The lag time constant of the driver (7;), however, decreases with increase
in the trailer mass. The results thus suggest that driving a vehicle combination with
higher payload would require the driver to employ longer preview distances, faster
reaction and higher level of path prediction. The steering and path tracking responses of
the driver show that increasing the payload tends to reduce the peak steer angle, while the

effect on path tracking performance is minimal, as shown in Figure 5.14.

4
B Semi-trailer mass (7602 kg)

3.5 1 B Semi-trailer mass (22434 kg)

3 | @Semi-trailer mass - Nominal (26018 kg)
2.5 -{{ BSemi-trailer mass (29602 kg)

2
1.5

1
0.5

0

Value

Driver model parameters

Figure 5.13: Influence of variations in the semi-trailer mass on the driver control

parameters during a double lane-change maneuver (speed=100 km/h)

Centerline ===== Trailer mass (7602 kg) ===~ Trailer mass (22434 kg) Trailer mass (26018 kg) =***=**** Trailer mass (29602 kg)
~ 4 2
é ety
o 3 1 A
2 / 58
£ 2 > 0 4
° D
S 1 / / E'-L 1
5 // \\ar- a
o
Q 0 o -2
©
— A 3
0 50 100 150 0 50 100 150
Longitudinal coordinate (m) Longitudinal coordinate (m)
(a) (b)

Figure 5.14: Influence of variations in the semi-trailer mass on: (a) path tracking
response; and (b) steer angle during a double lane-change maneuver (speed=100 km/h)
Tables 5.12 and 5.13 summarize variations in the peak errors in path tracking

measures and peak directional responses of the coupled driver-articulated vehicle system,
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respectively. The grey shaded areas indicate that the response measures in terms of Y,,,,
ay; and a,,, exceed the threshold levels, presented in section 4.5. The results suggest that
increasing the semi-trailer mass increases the path deviation and orientation error of the
vehicle with respect to the desired path (Table 5.12). The results also show that the peak
steer angle and peak steer rate of the driver decrease with increase in the semi-trailer
mass. This suggests that the driver tends to relax on the path deviation in order to limit
the magnitudes of lateral acceleration and yaw rate of the trailing unit. This is also
evident from the relatively lower compensation gains (K; and X)), and steer angle and
steer rate of the heavier semi-trailer. Increase in the semi-trailer mass also yields higher
magnitudes of a,, and 7,. The corresponding tractor yaw rate also increases only
slightly. The relatively lower steer angle and rate also results in lower tractor lateral

acceleration and articulation rate of the combination.

Table 5.12: Influence of variations in semi-trailer mass on peak errors in path tracking

measures of the driver-vehicle system (speed=100 km/h)

Peak errors in path tracking measures

Semi-trailer

Yem Ye I‘Ue
mass (kg) () (m) (deg)
7602 0.45 1.20 8.58
22434 0.53 1.22 8.68
26018 0.54 1.22 8.67
29602 0.57 1.26 8.78

Table 5.13: Influence of variations in semi-trailer mass on peak directional responses of

the driver-vehicle system (speed=100 km/h)

Peak directional responses

Semi-trailer

Kk ay1 4] Qy> 2 14 O SF
mass (kg) (m/s%) (deg/s) (m/s?) (deg/s) (deg/s) (deg) (deg/s)
7602 3.93 8.62 3.28 6.77 4.92 73.96 213.76
22434 3.45 8.65 3.56 7.34 4.89 51.51 165.73
26018 3.39 8.85 3.71 7.65 4.87 46.96 142.71
29602 3.26 8.95 3.81 7.86 4.58 42.01 135.73
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Semi-Trailer Wheelbase

The various weight and dimensions regulations limit the semi-trailer wheelbase (L) in
the 6.25 to 12.5 m range [160]. The nominal wheelbase of the trailer unit (L,=10.4 m) is
thus increased by 20 percent to the maximum allowable value of 12.5 m. This value is
also decreased by 20 percent to obtain a lower value of the trailer wheelbase of 8.3 m.
Figure 5.15 illustrates influence of variations in the semi-trailer wheelbase on the driver
control parameters, identified through minimization of the performance index under the
double lane change maneuver performed at 100 km/h. The time-histories of the front
wheels steering angle and the coordinates of the tractor cg obtained for three different
values of the semi-trailer wheelbase are illustrated in Figure 5.16.

The results show that increasing the semi-trailer wheelbase yields lower lateral
position compensatory gain (K;), while orientation error compensatory gain (K>) remains
almost constant. This suggests a lower lateral position compensation demand on driver
when driving a vehicle with longer semi-trailer wheelbase. Increasing the semi-trailer
wheelbase also implies greater near and far preview times, 7py and Tpr, suggesting that
more distant near and far target points are required. Further, the compensatory lead time
constant (77) increases considerably, while the lag time constant (77) decreases slightly
with increasing semi-trailer wheelbase. It is thus concluded that a shorter trailing unit can
be best adapted to a driver with lower prediction skill, slower reaction time and shorter
preview distances. Yang et al. [16] also observed a similar trend in a study of driver-
adaptive commercial vehicle designs. The results show that the vehicle driver tracks
nearly the same trajectory, irrespective of the trailer wheelbase, although a slightly higher

steering angle is applied for a longer wheelbase trailing unit.
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Figure 5.15: Influence of variations in the semi-trailer wheelbase on the driver control

parameters during a double lane-change maneuver (speed=100 km/h)
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Figure 5.16: Influence of variations in the semi-trailer wheelbase on: (a) path tracking

response; and (b) steer angle during a double lane-change maneuver (speed=100 km/h)

Tables 5.14 and 5.15 summarize the influence of variations in the semi-trailer

wheelbase on the peak errors in path tracking measures and peak directional responses of

the driver-articulated vehicle system, respectively. The results reveal that a 20 percent

decrease in the semi-trailer wheelbase yields considerably lower path deviation in the

median segment, in the order of 16%. The peak lateral path deviation and orientation

error, Y, and ¥,, of the tractor unit also decreases, although the changes are very small

(Table 5.14). The results also suggest that the peak steer angle increases only slightly

with increase in the semi-trailer wheelbase, while the peak lateral accelerations and yaw
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rates of both the units decrease (Table 5.15). The articulation rate of the vehicle,
however, increases with the semi-trailer wheelbase, which is mostly attributed to increase
in the peak steer rate. The similar trends were also observed from the open-loop step steer
maneuver responses presented in section 5.3.2. The substantial reductions in directional
responses of the vehicle with increase in the trailer wheelbase are mostly due to

considerable increase in the semi-trailer yaw moment of inertia.

Table 5.14: Influence of variations in semi-trailer wheelbase on peak errors in path

tracking measures of the driver-vehicle system (speed=100 km/h)

Semi-trailer ~ Peak errors in path tracking measures

wheelbase Yom Y, ¥,
(m) (m) (m) (deg)
8.3 0.45 1.20 8.65
10.4 0.54 1.22 8.67
12.5 0.57 1.23 8.76

Table 5.15: Influence of variations in semi-trailer wheelbase on peak directional

responses of the driver-vehicle system (speed=100 km/h)

Peak directional responses

Semi-trailer

ay1 L] Qay> T 14 O SF
wheelbase (kg) (m/s?)  (degls)  (m/s’)  (deg/s) (deg/s) (deg)  (degs)
8.3 3.74 9.53 4.28 8.83 410 4642  130.51
10.4 3.39 8.85 3.71 7.65 487 4696  142.71
125 3.15 8.28 3.28 6.76 551 4775  166.67

Semi-Trailer Tandem Spread

The weights and dimensions regulations permit the semi-trailer tandem axle spread (t,) in
the 1.2 to 1.85 m range [160]. The nominal tandem axle spread of the trailer unit (t,=1.3
m) is thus increased to attain the maximum permissible value of 1.85 m. The sensitivity
analysis also considered an alternate spread of 1.6 m. Figure 5.17 summarizes the
influence of variations in the semi-trailer tandem axle spread on the driver control

parameters, while Figure 5.18 shows time-histories of the corresponding front wheels
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steer angle and path coordinates of the tractor cg under the double-lane change
maneuvers at 100 km/h.

The results suggest that increasing the semi-trailer axle spread yields greater lateral
position compensatory gains (K;), while the orientation error compensatory gain (K>)
remains nearly constant. This suggests that a trailing unit with longer axle spread will
impose greater lateral position compensation demand on the driver to minimize the lateral
position error. Variations in the semi-trailer axle spread also yield only minimal effect on
the near as well as far preview times. While the compensatory lead time constant
decreases considerably, the lag time constant increases slightly with increase in the trailer
axle spread. The driver is thus required to respond faster and employ a higher level of
prediction, when driving a vehicle with shorter semi-trailer axle spread. The results also

show nearly negligible effect on the front wheels steer angle and path tracking responses.

a
B Trailer tandem axle spread - Nominal (1.3 m)
35 W Trailer tandem axle spread (1.6 m)
3 B Trailer tandem axle spread (1.85 m)
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Figure 5.17: Influence of variations in the semi-trailer axle spreads on the driver control

parameters during a double lane-change maneuver (speed=100 km/h)
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Figure 5.18: Influence of variations in the semi-trailer axle spreads on: (a) path tracking

response; and (b) steer angle during a double lane-change maneuver (speed=100 km/h)

Tables 5.16 and 5.17 summarize the influence of variations in the semi-trailer tandem
axle spread on the peak errors in path tracking measures and peak directional responses
of the driver-articulated vehicle system. The results suggest that the peak lateral
deviations, Y, and Y,,, , and orientation error of the vehicle (¥,) decrease with increase in
the semi-trailer tandem axle spread (Table 5.16), which is mostly attributed to greater
lateral position compensation gain (K;). The improved path tracking performance,
however, is achieved at the expense of increase in the peak articulation rate, peak lateral
accelerations and peak yaw rates of both the units. The peak steer angle and peak steer
rate also increase, suggesting greater steering effort demand on the driver with increase in
axle spread of the trailing unit (Table 5.17).

Table 5.16: Influence of variations in semi-trailer axle spread on peak errors in path

tracking measures of the driver-vehicle system (speed=100 km/h)

Semi-trailer Peak errors in path tracking measures
tandem spread Yom Y, v,
(m) (m) (m) (deg)
1.3 0.54 1.22 8.67
1.6 0.52 1.20 8.62
1.85 0.49 1.20 8.54
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Table 5.17: Influence of variations in semi-trailer axle spread on peak directional

responses of the driver-vehicle system (speed=100 km/h)

Semi-trailer tandem Peak directional responses
spread ay1 o Ay, T y 8p Sp
(m) (m/s?) (deg/s) (m/s?) (deg/s)  (deg/s)  (deg)  (deg/s)
1.3 3.39 8.85 3.71 7.65 4.87 46.96 142.71
1.6 3.49 9.06 3.79 7.82 5.06 47.88 154.05
1.85 3.61 9.34 3.90 8.04 5.34 49.08 158.99

5.6 Summary

A yaw-plane model of a five-axle articulated vehicle is developed and coupled with a
two-stage preview driver model, referred to as the ‘baseline driver model’, which
involves simultaneous control of lateral position and orientation errors of the vehicle. The
driver’s control limits are investigated considering variations in a number of selected
vehicle design parameters under the standardized double lane-change maneuver
performed at different forward speeds.

The results suggested that at the higher speeds of 100 and 120 km/h, the lateral path
deviation and the lateral accelerations of both the tractor and semi-trailer units are beyond
the defined threshold limits. The results further showed that a light-weight tractor with
shorter wheelbase and shorter tandem axle spread yields improved path tracking
performance of the vehicle and reduced steering effort of the driver. The results also
suggest that the driver can effectively track the desired roadway while driving a shorter
semi-trailer with lower payload. Increasing the tandem axle spread of the semi-trailer unit
can also improve the path tracking performance of the vehicle, while it may result in
greater rate of tire wear. Table 5.17 summarizes the influences of variations in the
forward speed and vehicle design parameters on the peak path deviation, and peak steer

angle and peak steer rate of the driver. The positive and negative signs indicate increase
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and decrease in a response quantity with increasing of a design or operating variable,
respectively.

It has been suggested that enhancing the driver's perception of vehicle motion
variables may help the driver to improve its path tracking performance. Considering
different motion feedbacks to improve the path tracking and directional responses of the

vehicle will be examined in the subsequent chapter.

Table 5.18: Influences of variations in the forward speed and vehicle design parameters

on path tracking performance and steering response of the driver

Peak lateral Peak steer

Vehicle unit Variable S Peak steer rate
deviation angle
Forward speed + - +
Tractor Mass - h -
Wheelbase + + +
Axle spread + + +
Payload + - -
Semi-trailer Wheelbase + + +
Axle spread - + +
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CHAPTER 6

IDENTIFICATION OF EFFECTIVE MOTION CUES PERCEPTION

6.1 Introduction

Under certain driving speeds, a severe vehicle response may occur as the driver tracks the
desired roadway, such as rollover or excessive articulation rate of the articulated vehicle.
The vehicle driver, in general, controls these critical responses of the vehicle by
decreasing the forward speed of the vehicle or by relaxing the path tracking error
requirements. These imply that the human driver control actions depend not only to the
path information, but also on the driver's perception of directional responses of both the
tractor and trailing units. It is thus suggested that considering or enhancing the driver's
perception of vehicle motion variables may help the driver to improve its path tracking
performance while limiting its control demands. This can be examined by involving
different motion states of the vehicle in formulation of the driver model and in evaluating
the driver’s steering effort demands and the path tracking performance of the coupled
driver-vehicle system. For this purpose, the proposed two-stage preview driver model,
referred to as the baseline driver model, is modified by adding the driver's perception of
different vehicle motion cues.

A number of driver model structures are formulated by integrating different
combinations of perceived motion cues to the baseline driver model coupled with the
yaw-plane articulated vehicle model. The relative contributions of additional sensory
feedbacks are investigated through careful examinations of the directional response

quantities and corresponding performance measures in order to identify secondary cues
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that could facilitate vehicle path tracking. The driver control parameters are identified
through minimization of the generalized performance index, Eq. (4.19), subject to
constraints imposed by the human driver’s compensation limits (Table 1.7). The sensory
feedback cues that help to reduce path deviation and steering effort demands of the driver
can be utilized as additional sensory feedbacks that provide important guidance for

designs of driver-assist systems (DAS).

6.2 Perception of Different Vehicle States by the Human Driver

It is hypothesized that under medium- and low-speed steering maneuvers the driver is
able to track the desired path by considering only the lateral position and orientation
errors of the vehicle relative to its surroundings. These errors can be predicted and
perceived through the driver’s path prediction process and visual sensory cues,
respectively [7,8,10]. At higher speeds, the human drivers, however, exhibit limited
control performance that generally impose greater demands on the drivers’ decisions and
control abilities. It is suggested that in these situations, a qualitative perception of
additional vehicle states can help the driver to improve its path tracking performance
[11]. In the case of articulated vehicles, the human driver can perceive the linear
acceleration and rotational velocity of the tractor unit in a qualitative manner through its
vestibular and body-distributed kinesthetic cues [32]. The perception of the various
motion states of the trailing units also assists the human driver to undertake effective
steering control actions. These feedback cues may include articulation rate, lateral
accelerations, yaw velocities, roll angles and roll rates of both the units, which can be
perceived through in-vehicle sensors or from the driver’s experience [9]. Considering

only the lateral dynamics of the articulated vehicle, additional vehicle states in this study
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are limited to lateral accelerations and yaw rates of the tractor and semi-trailer units (a4,

ayq, 1y and ;) and articulation rate (y).

A total of 10 model structures are formulated by adding different motion cues

corresponding to directional responses of both the units of the vehicle to the baseline

model, as illustrated in Table 6.1. The baseline driver model (structure 1) only involves

the driver’s perception of the lateral position and orientation errors that have been

commonly employed in reported driver models. Nine combinations of motion cues

perception, which are described by structures 2 to 10, describe the driver’s perception of

different motion cues in a sequential manner.

Table 6.1: The proposed driver model structures employing driver’s perceptions of

different motion cues

Path information

Perceived feedback variables

Tractor unit

Semi-trailer unit

Structure Ye Ve Ay1 4] Ay2 ry y
;;)astiiirzil Heading lateral. yaw lateral. yaw articulation
error error acceleration rate acceleration rate rate
Structure 1 ] [ |
Structure 2 [ ] ] -
Structure 3 ] [ ]
Structure 4 [ ] [ ]
Structure 5 ] [ ]
Structure 6 | [ |
Structure 7 [ ] [ ] ]
Structure 8 ] [ ] |
Structure 9 | [ |
Structure 10 [ ] [ ] ]

The human perception of instantaneous

vehicle states is invariably described

considering two essential characteristics: (i) perception delay time [5]; and (ii) perception

threshold value [32], as described in section 1.2.1. The simulations are performed
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assuming a constant perception delay time, selected as 0.1 s. The minimum perceivable
linear accelerations and yaw rates of both the units, which can be perceived either by the
driver’s body-distributed sensors or via in-vehicle sensors, are set as 0.06 m/s* and 0.7

deg/s, respectively [5,32].
6.3 Identification of Effective Motion Cues Perception

Relative significance of additional sensory feedbacks related to the path tracking
performance and directional dynamic measures of the vehicle is examined by adding
different motion cues to the baseline driver model structure (structure 1). These feedback
variables, which are related to the selected tractor and semi-trailer motions cues, are
integrated in the decision making function, G(s), described in Eq. (4.13). Considering a
clear visibility condition, simulations are performed to determine the vehicle responses
and the individual performance indices while considering nine different combinations of
perceived motion cues (Table 6.1). For this purpose, the driver control parameters for
each structure are identified through minimization of the generalized performance index,
Eq. (4.19), within the practical ranges of control gains that relate to the human driver’s
characteristics, which are summarized in Table 6.2. The peak directional responses and
different performance measures of the vehicle coupled with different driver model
structures are then compared to those obtained using the baseline driver model in order to
evaluate the relative significance of each set of motion perception at different speeds and
various vehicle design parameters. The vehicle design parameters include the variations
in the wheelbases, masses and tandem axle spreads of the tractor and the semi-trailer

units.
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Table 6.2: Range of human driver’s control parameters

Control variables Unit Range
Near and far preview times, Ty and Tr S 0.10-2.50
Lead time constant, 7; S 0.02 - 3.00
Lag time constant, 7; S 0.02 -0.80
Lateral position error compensatory gain, K; rad/m le-5-1.40
Orientation error compensatory gain , K, rad/rad 0.10-1.85
Lateral acceleration compensatory gains, K;and K, rad.s’/m 0.00-1.00
Yaw rate compensatory gains, Ksand Kg rad.s/rad 0.00-1.00
Articulation rate compensatory gain, K; rad.s/rad 0.00-1.00

6.3.1 Influence of Additional Feedback Cues - High Speed Driving

During double lane-change maneuvers at the higher speeds of 100 and 120 km/h, the
baseline driver model coupled with the articulated vehicle model suggested that the path
deviation of the tractor cg in the median segment is greater than the permissible threshold
value, 0.5 m (Table 5.4). Further, at 120 km/h the vehicle driver is required to employ a
considerably low lag time constant beyond its limit constraints and the driver failed to
perform the selected maneuver. The results thus suggest that the vehicle driver exhibits
limited control capabilities to perform the selected maneuver at the speeds of 100 and 120
km/h. In such situations, introducing the perception of the vehicle motion variables may
help the driver to improve its path tracking performance and to perform the desired
maneuver in a controlled and stable manner. Contributions of additional feedback cues to
improve the path tracking performance and directional response measures of the coupled
driver-vehicle system are discussed considering nine combinations of vehicle motions
cues that are integrated with the baseline driver model.

Table 6.3 summarizes the influence of integrating different motion variables to the
baseline driver model on the total performance index (J;) together with its various
constituents during double lane-change maneuvers at the speed of 100 km/h. Table 6.4
presents the percent changes in the peak errors of the path tracking measures and peak
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directional responses of the vehicle relative to those obtained using the baseline model
structure (structure 1) at 100 km/h. A negative and positive value of the percent change
indicates a decrease and increase in the response quantity compared to that of the baseline
model, respectively. The grey shaded areas in the tables indicate the notable variations in
the selected measures when different motion states of the vehicle are involved in

formulation of the driver model.

Table 6.3: Variations in the total performance index and its constituents by considering

different driver model structures considering nominal vehicle parameters at a constant

speed of 100 km/h

Performance index constituents

Structure

Iy Jw ]ay1 ]ayz Jr1 Jr2 ]1'/ Is ]is Tt

Structure 1 | 0.7515 0.0758 0.1906 0.2119 0.0916 0.0779 0.0513 0.0068 0.0028 | 1.4603
Structure 2 | 0.7542 0.0780 0.1889 0.2095 0.0904 0.0770 0.0499 0.0067 0.0029 | 1.4577
Structure 3 | 0.7520 0.0786 0.1901 0.2100 0.0891 0.0772 0.0454 0.0063 0.0020 | 1.4509
Structure 4 | 0.7336 0.0753 0.1960 0.2181 0.0942 0.0802 0.0525 0.0069 0.0027 | 1.4595
Structure 5 | 0.7332  0.0763 0.1953 0.2167 0.0931 0.0797 0.0505 0.0068 0.0026 | 1.4541
Structure 6 | 0.7065 0.0749 0.2040 0.2271 0.0979 0.0835 0.0544 0.0071 0.0027 | 1.4582
Structure 7 | 0.7372  0.0777 0.1942 0.2150 0.0914 0.0790 0.0470 0.0065 0.0019 | 1.4500
Structure 8 | 0.7183 0.0772 0.1980 0.2191 0.0933 0.0806 0.0484 0.0066 0.0021 | 1.4436
Structure 9 | 0.7192  0.0776  0.1996 0.2210 0.0940 0.0813 0.0487 0.0067 0.0021 | 1.4502
Structure 10 | 0.7504 0.0790 0.1902 0.2099 0.0891 0.0772 0.0454 0.0063 0.0022 | 1.4497

At the constant speed of 100 km/h, involving the lateral acceleration of the tractor unit
(ay1) alone, as seen in structure 3, and the lateral accelerations of both the units (a,; and
ay,) together with the articulation rate of the vehicle (y), structure 10, yield the most
beneficial effects to enhance the performance indices related to a4, a,,, 1y, 13,y and 6,
and corresponding peak directional responses (Tables 6.3 and 6.4). The results further
suggest that the lowest values of the path tracking performance ( Jy and Jy) and peak path
deviation in the median segment (Y,,,), can be achieved by using the yaw rate (r) of the

trailing unit alone (structure 6). Including the r; and r, also reduce the peak steer rate of
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the driver, while its effect on peak steer angle is minimal. It can be thus suggested that
combining the trailer yaw rate and lateral accelerations of the tractor and trailing units
may leads to considerable improvement in path tracking and performance indices
corresponding to directional responses of the vehicle. Employing a,, and 7, (structure 8)
and a,; and 7, (structure 9) in addition to the lateral position and orientation errors of the
baseline driver model greatly improve the total performance index of the vehicle ( J;),

and considerably reduce the path deviation (Y,,,) of the coupled driver-vehicle system.

Table 6.4: Relative changes in path tracking and directional response measures of the
coupled driver-vehicle system integrating different feedback cues compared to those
obtained from the baseline model (structure 1) considering nominal vehicle parameters at

constant speed of 100 km/h

Structure Percentage variations in the peak path deviations and peak directional responses (%)
Yem l‘Ue ayl n ayz &) ]/ 6 6
(m) (deg) | (m/s?) (degls) (m/s?) (deg/s)  (deg/s) (deg) (deg/s)
Structure 2 0.28  -0.01 -0.73 -1.16 -1.27 -1.27 0.25 -1.47 6.83
Structure 3 2.61 -0.89 | -3.24 -10.27 -5.98 -5.98 -17.95  -10.52 19.79
Structure 4 -341  -0.66 0.76 0.68 0.79 0.79 0.45 0.73 -2.62
Structure 5 -2.13  -091 -2.42 -2.05 -1.65 -1.65 -2.30 -1.65 5.56
Structure 6 -7.86  -1.28 3.01 1.84 2.48 2.48 3.38 0.85 -2.16
Structure 7 -1.40  -1.23 -0.57 -8.72 -3.59 -3.59 -14.71 -10.07 9.38
Structure 8 -4.53 -0.72 | -2.30 -5.72 -2.55 -2.55 -9.80 -5.87 6.10
Structure 9 341 -147 0.19 -8.56 -3.42 -3.42 -12.25 -9.52 12.58
Structure 10 344  -0.80 | -3.10 -10.36 -6.28 -6.28 -17.80  -10.52 24.01

Table 6.5 summarizes the influence of involving different combinations of feedback
cues on the total performance index ( J;) together with its various elements at 120 km/h.
At the same driving speed, Table 6.6 presents the percent changes in the peak errors and
peak directional responses of the vehicle relative to those obtained using the baseline
model structure (structure 1). A negative and positive value of the percent change in the

table indicates a decrease and increase in the response quantity, respectively. The grey
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shaded areas indicate the significant variations in the selected response quantities
compared to those obtained from the baseline driver model.

The results suggest that including the feedback cues from lateral accelerations and
yaw rates of both the units (structures 7 to 10) improves the total performance index of
the coupled driver-vehicle system (Table 6.5). At the higher speed of 120 km/h,
employing only the lateral position and heading angle errors, as described in structure 1,

yields the lowest performance measure related to the tractor lateral acceleration (Jqy4),

while its peak path deviation (Y,,,) is greater than the maximum permissible value, 0.5 m

(Table 5.4).

Table 6.5: Variations in the total performance index and its constituents by considering
different driver model structures considering nominal vehicle parameters at a constant

speed of 120 km/h

Performance index constituents

Structure

% Jw ]U—y1 ]ayz Jn Jr2 ]}'/ Is Is Je

Structure 1 | 0.9391 0.0797 0.2081 0.2750 0.0793 0.0702 0.0541 0.0040 0.0060 | 1.7155
Structure 2 | 0.9247 0.0796 0.2114 0.2796 0.0806 0.0714 0.0550 0.0040 0.0055 | 1.7118
Structure 3 | 0.8901 0.0785 0.2192 0.2892 0.0831 0.0738 0.0557 0.0041 0.0060 | 1.6997
Structure 4 | 0.8828 0.0794 0.2224 0.2954 0.0854 0.0754 0.0592 0.0043 0.0062 | 1.7106
Structure 5 | 0.8933 0.0792 0.2180 0.2888 0.0834 0.0737 0.0572 0.0042 0.0061 | 1.7040
Structure 6 | 0.8522 0.0756 0.2373 0.3108 0.0881 0.0793 0.0552 0.0039 0.0041 | 1.7064
Structure 7 | 0.8406 0.0764 0.2353 0.3060 0.0863 0.0781 0.0521 0.0037 0.0041 | 1.6826
Structure 8 | 0.7814 0.0728 0.2584 0.3374 0.0953 0.0861 0.0584 0.0042 0.0044 | 1.6982
Structure 9 | 0.7938 0.0737 0.2535 0.3309 0.0931 0.0844 0.0561 0.0039 0.0041 | 1.6936
Structure 10 | 0.9324 0.0737 0.2103 0.2677 0.0751 0.0683 0.0428 0.0033 0.0037 | 1.6773

At a constant speed of 120 km/h, the simulation results show almost similar trends as
those obtained for the different driver model structures at the speed of 100 km/h and
summarized in Tables 6.3 and 6.4. For instance, employing the yaw velocity of the
trailing unit (r,) alone (structure 6) or combinations of the lateral accelerations of both

the units (a,, or a,,) and yaw rate of the trailing unit (structures 8 and 9, respectively)
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yield substantial enhancement in Y,,, and ¥, (Table 6.6) and a good improvement of
corresponding performance measures, Jy and Jy (Table 6.5). These improvements,
however, are achieved at the expense of increasing the peak directional responses of the
vehicle (a4, 7y, ay, and r3). Further, adding the lateral accelerations of both the units
together with the articulation rate, as seen in structure 10, yields the greatest
improvement in the total performance index (J;) and also improve the performance
indices related to a,,, 14,73, ¥, 6 and 8, while the contribution of these feedbacks to the
path tracking performance are minimal. At 120 km/h, the peak the articulation rate of the
vehicle can be effectively reduced by adding the feedback cues of a,; and r; (structure
7), ayy and 1, (structure 8), and a,q, a,, and y (structure 10) to the baseline driver

model.

Table 6.6: Relative changes in path tracking and directional response measures of the
coupled driver-vehicle system integrating different feedback cues compared to those
obtained from the baseline model (structure 1) considering nominal vehicle parameters at

a constant speed of 120 km/h

Percentage variations in the peak path deviations and peak directional responses (%)

Structure Yom v, ay 7 ay; 7 4 5 5
(m) (deg) | (m/ sz) (deg/s) (m/sz) (deg/s)  (deg/s) (deg) (deg/s)

Structure 2 -1.94 035 0.55 1.00 0.98 0.98 0.29 1.85 0.66
Structure 3 -0.01 -0.87 3.76 0.55 1.39 1.39 0.49 4.44 3.69
Structure 4 -4.12 -1.24 3.67 1.96 2.52 2.51 6.68 3.83 0.34
Structure 5 0.17 -0.72 3.21 1.13 1.89 1.89 3.40 3.52 2.21

Structure 6 -12.19  -3.82 6.40 3.55 4.47 4.46 -6.03 2.21 -7.79
Structure 7 -1.25 -2.85 6.28 -3.41 -0.55 -0.55 -10.26 -3.11 1.83
Structure 8 -11.57  -6.11 10.20 5.52 7.17 7.16 -11.34 5.75 -1.06
Structure 9 -8.34 -4.68 | 10.75 2.09 5.21 5.20 -7.39 0.95 -2.84

Structure 10 1.80 -3.22 | -0.76 -19.51  -13.47  -13.45 -10.78  -20.65 -3.27

The simulation results suggested considerably low lag time constant (7;) was demanded
to perform the selected steering maneuver at the higher speed of 120 km/h, as described

in section 5.5.1. Relative significance of involving different motion cues on the lag time
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constant of the driver model is investigated (Figure 6.1). The results suggest that
introducing the driver's perception from each feedback cue invariably increases the lag
time constant of the driver. The most significant increase is observed for structures 7 and
10 of the driver model involving perceptions of a,; and 11, and ayq, a,, and vy,
respectively.

The results for employing additional feedback cues show a number of commonalities
between two driving speeds of 100 and 120 km/h: (i) the total performance index can be
invariably improved by introducing the driver's perception from each one of the vehicle
motion cue; (i1) Involving the yaw rate of the trailing unit (7,), which can be seen in
structures 6, 8 and 9, is most beneficial when improvement in peak errors of path tracking
measures (Y,,, and ¥,) has the highest priority, as shown in Tables 6.4 for 100 km/h and
6.6 for 120 km/h; (ii1) Perception of the lateral accelerations of both the units and the
articulation rate (structure 10) is most desirable when the driver aims to reduce its
steering efforts and the peak directional responses of the vehicle, namely, a4, 11, ay,,
r,and y.

0.12
0.10
0.08
0.06
0.04
0.02
0.00 -

Lag time constant (s)

1 2 3 4 5 6 7 8 9 10
Driver model structures

Figure 6.1: Influence of employing different combinations of feedback cues on variations

in the lag time constant (7}) at a constant speed of 120 km/h
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6.3.2 Influence of Additional Feedback Cues - Heavier Tractor Unit

The peak errors in path tracking measures of the coupled driver-vehicle system, as
summarized in Table 5.6, suggested that increasing the tractor mass generally increases
the path deviation and the peak steer angle and the peak steer rate of the driver, while
decreases slightly the peak responses of the vehicle in terms of a4, a,,, 11, 1, and y.
Influences of different combinations of feedback cues, when integrated to the baseline
driver model, on variations in the path tracking performance and peak directional
responses of the vehicle are examined considering the higher tractor mass (m;=9376 kg)
during a double lane-change maneuver at the constant speed of 100 km/h. Table 6.7
summarizes the variations in total performance index (J;) together with its various
elements obtained for each driver model structures. The grey shaded areas indicate the
significant variations in the performance measures compared to those obtained from the

baseline driver model.

Table 6.7: Variations in the total performance index and its constituents by

considering different driver model structures for a heavier tractor unit (100 km/h)

Performance index constituents

Structure

Iy Jw ]ayl ]ayz Jr Jr2 Ty Is Is Je

Structure 1 | 0.8377 0.0803 0.1717 0.1921 0.0835 0.0706 0.0491 0.0089 0.0030 | 1.4969
Structure 2 | 0.7687 0.0780 0.1887 0.2117 0.0926 0.0778 0.0560 0.0099 0.0037 | 1.4870
Structure 3 | 0.7589 0.0783 0.1873 0.2084 0.0903 0.0766 0.0518 0.0097 0.0038 | 1.4651
Structure 4 | 0.7823 0.0780 0.1851 0.2076 0.0906 0.0763 0.0544 0.0097 0.0034 | 1.4875
Structure 5 | 0.7470 0.0764 0.1915 0.2038 0.0926 0.0786 0.0535 0.0098 0.0033 | 1.4666
Structure 6 | 0.7433 0.0767 0.1946 0.2181 0.0951 0.0802 0.0567 0.0101 0.0035 | 1.4783
Structure 7 | 0.7444 0.0764 0.1922 0.2145 0.0927 0.0789 0.0530 0.0098 0.0032 | 1.4652
Structure 8§ | 0.7237 0.0765 0.1981 0.2208 0.0955 0.0812 0.0545 0.0101 0.0035 | 1.4638
Structure 9 | 0.7476 0.0767 0.1907 0.2131 0.0924 0.0784 0.0537 0.0098 0.0034 | 1.4659
Structure 10 | 0.7511 0.0791 0.1892 0.2100 0.0903 0.0772 0.0498 0.0096 0.0034 | 1.4597

The results show that the driver's perception of only the lateral position and orientation

errors, referred to as the baseline driver model, yield the lowest performance measures
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related to directional responses of the vehicle and steering effort of the driver. Employing
only these two visual feedbacks, however, results in a high level of path deviation, which
is seen from the terms Jy and Jp in Table 6.7. The results suggest that the total
performance index is invariably improved by adding each of the vehicle feedback cues
combination. The most significant decrease is observed for structures 8 and 10 involving
perceptions of a,, and 7, and a,4, a,, and y, respectively. Integrating yaw rate of the
trailing unit alone (structure 6) and the lateral acceleration and yaw rate of the trailing
unit (structure 8) yields the most beneficial effect on the path tracking performance of the
vehicle (Jy) and also decreasing the peak path deviation in the median segment (Yg,,).
These two model structures, however, have minimal contributions to improve the
performance indices related to the lateral acceleration and yaw rate of both the units.
Considering the driver’s perception of different motion cues, Table 6.8 summarizes
the percentage variations in the peak errors of the path tracking measures as well as peak
directional responses of the coupled driver-vehicle systems compared to the baseline
driver model. A negative and positive value of the percent change in the table indicates a
decrease and increase in the response quantity, respectively, and the grey shaded areas
indicate the significant percent variations. The results show that the driver's perceptions
of only the yaw rate of the trailing unit (structure 6) and the lateral acceleration and yaw
rate of the semi-trailer (structure 8) yield the most significant reduction of the peak path
deviation, in the order of 12%, while these sensory cues help the driver to reduce its peak
steer rate, which is desirable in sudden steering maneuvers. Addition of the lateral
acceleration of the tractor unit, as seen in structures 3, 7 and 10, is most beneficial to

decrease the peak orientation error of the vehicle. Further, the model structure 10, which
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integrates the lateral accelerations of both the units and articulation rate of the vehicle to
the baseline driver model, yield significant reductions in the peak directional responses of
the vehicle as well as decreasing the peak steer angle and peak steer rate.

It can be concluded that in the case of a heavy tractor mass, structures 6 and 8, which
employs the lateral acceleration and yaw velocity of the trailing unit, can be most
beneficial to improve the path tracking performance of the vehicle. The driver's
perception of the lateral accelerations of both the units and articulation rate (structure 10),
on the other hand, would be most beneficial when the driver’s aim is to reduce the peak
directional responses of the vehicle in high speed driving. In addition, the results
suggested that incorporating a feedback from lateral acceleration of each vehicle unit
yield significant decrease in peak lateral acceleration of the corresponding unit (Table
6.8). This is mostly attributed to greater compensatory actions of the driver with respect
to a certain state of the vehicle, when integrated as a secondary feedback cue. This further
suggests the driver may use the feedback from critical states of each unit to effectively

control the vehicle.

Table 6.8: Relative changes in path tracking and directional response measures of the
coupled driver-vehicle system with respect to those obtained from the baseline model

(structure 1) considering different feedback cues for a heavier tractor unit (100 km/h)

Percentage variations in the peak path deviations and peak directional responses (%)

Structure Yom w, ayq n Ay Ty y ) )
(m) (deg) | (m/s?) (deg/s) (m/s?) (deg/s) (deg/s) (deg) (deg/s)

Structure 2 -8.30 -1.79 7.12 7.16 6.88 6.88 5.76 7.07 -44.12
Structure 3 -3.58 -3.57 -4.18 -0.16 -1.62 -1.62 9.39 0.82 -29.07
Structure 4 -6.58 -2.07 6.30 6.83 6.29 6.29 0.91 6.76 -48.07
Structure 5 -7.35 -5.71 -4.18 2.48 -2.59 1.59 4.08 3.44 -35.53
Structure 6 -11.82 -2.49 7.42 7.80 7.60 7.59 7.14 7.98 -44.68
Structure 7 -8.79 -5.46 -1.10 1.77 1.17 1.17 3.94 1.97 -36.67
Structure 8 -11.77  -4.89 0.23 2.80 2.07 2.07 9.39 3.89 -37.29
Structure 9 -5.83 -3.13 -0.20 2.64 1.99 1.99 4.68 2.83 -34.46
Structure 10 -5.42 -5.15 -4.92 -2.42 -2.50 -2.50 -0.47 -1.59  -26.63
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6.3.3 Influence of Additional Feedback Cues - Longer Tractor Unit

The path tracking responses of the baseline driver model (structure 1) coupled with the
articulated vehicle model suggest that increasing the tractor wheelbase increases the peak
path deviation (Table 5.8), while decreases slightly the peak responses of the vehicle
related to ayq, ay,, 11, 1, and y (Table 5.9). During a double lane-change maneuver at a
constant speed of 100 km/h, contributions of different feedback cues to improve the path
tracking performance and peak directional responses of the vehicle are carefully
examined by integrating nine combinations of vehicle motion cues to the baseline driver
model considering the longer tractor wheelbase (L;=4.2 m). Table 6.9 summarizes the
variations in the total performance index (J;) together with its various constituents
obtained for each driver model structure during the selected maneuver at 100 km/h. Table
6.10 summarizes the percentage variations of the peak errors in path tracking measures
and peak directional responses for different driver model structures compared to the
baseline driver model. The grey shaded areas in these tables indicate the significant
variations in the selected response quantities compared to those obtained from the
baseline driver model.

It is evident that the performance index is invariably enhanced by adding feedback
from each feedback cues. The most significant decrease is observed when the baseline
driver model is integrated to the lateral acceleration of the tractor unit alone (structure 3),
lateral acceleration and yaw rate of the tractor unit (structure 7) and lateral accelerations
of both the units and articulation rate (structure 10). This emphasizes the significance of
employing the lateral acceleration of the tractor unit to improve the total performance

index of the vehicle, and performance measure related to the path tracking (Jy) and steer
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rate (J5), as seen in Table 6.9. Employing the tractor lateral acceleration (structures 3, 7
and 10) also yields the greatest reduction in peak steer angle of the driver (Table 6.10).
These suggest that introducing the lateral acceleration of the tractor units as an additional
feedback cue could help the driver to improve its path tracking performance while
reduces its steering workload in a high demanding steering maneuver. Adding only the
yaw rate of the trailing unit (structure 6) is most beneficial to reduce the path tracking
performance of the vehicle, J, and Jy (Table 6.9), and the peak path deviations of the
tractor cg, Y,,,, and ¥, (Table 6.10). The similar trends have been seen for heavier tractor

unit and higher driving speeds of 100 and 120 km/h.

Table 6.9: Variations in the total performance index and its constituents by considering

different driver model structures for a longer tractor unit (100 km/h)

Performance index constituents

Structure

Iy Jw ]ay1 ]ayz Jn Jr2 ])‘/ Is ]é; It

Structure 1 | 0.7800 0.0764 0.1826 0.2043 0.0875 0.0751 0.0482 0.0080 0.0030 | 1.4651
Structure 2 | 0.7557 0.0764 0.1890 0.2115 0.0905 0.0778 0.0495 0.0082 0.0030 | 1.4615
Structure 3 | 0.7432 0.0785 0.1920 0.2138 0.0905 0.0786 0.0469 0.0081 0.0026 | 1.4543
Structure 4 | 0.7338 0.0755 0.1957 0.2194 0.0941 0.0807 0.0524 0.0086 0.0032 | 1.4633
Structure 5 | 0.7363 0.0772 0.1947 0.2168 0.0921 0.0797 0.0483 0.0083 0.0032 | 1.4567
Structure 6 | 0.6969 0.0745 0.2073 0.2322 0.0993 0.0854 0.0544 0.0090 0.0032 | 1.4623
Structure 7 | 0.7271 0.0777 0.1966 0.2194 0.0930 0.0807 0.0486 0.0083 0.0026 | 1.4541
Structure 8 | 0.7291 0.0767 0.1967 0.2192 0.0930 0.0806 0.0487 0.0084 0.0030 | 1.4553
Structure 9 | 0.7218 0.0764 0.1989 0.2218 0.0942 0.0816 0.0496 0.0085 0.0030 | 1.4558
Structure 10 | 0.7540 0.0796 0.1891 0.2101 0.0886 0.0772 0.0447 0.0079 0.0026 | 1.4538

The driver's perception of only the lateral acceleration of the tractor unit (structure 3)
significantly reduces the peak dynamic responses related to a,q, ay,, 11, 7 and § (Table
6.10). The similar trend can be seen in structures 7 and 10 that both use the lateral
acceleration of the tractor as one of their feedback cues. Employing the lateral
accelerations of both the units and the articulation rate of the vehicle (structure 10) yields

the greatest reduction of the peak articulation rate, while it also improves the peak
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directional responses of the vehicle. Introducing the feedback cue from the articulation
rate of the vehicle thus can helps the driver to satisfy its safety requirements
corresponding to the excessive articulation rate that may leads to increasing the

possibility of a directional instability of the trailing unit, e.g., jackknifing.

Table 6.10: Relative changes in path tracking and directional response measures of the
coupled driver-vehicle system with respect to those obtained from the baseline model

(structure 1) considering different feedback cues for a longer tractor unit (100 km/h)

Structure Percentage variations in the peak path deviations and peak directional responses (%)
Yem l‘Ue ayl £} ayz 4] ]/ 9 5
(m)  (deg) | (m/s®) (deg/s) (m/s’) (deg/s) (deg/s) (deg) (deg/s)
Structure 2 -1.80 -1.16 1.44 1.36 1.58 1.58 -0.89 1.72 -4.60
Structure 3 -0.75 -240 | -2.26 -9.80 -4.65 -4.65 -4.16 -9.55 20.47
Structure 4 -4.30 -1.47 2.74 2.78 3.31 3.30 3.40 2.90 -0.97
Structure 5 -1.18 -1.20 | -1.74 -4.89 -2.51 -2.51 -7.98 -3.86 15.03
Structure 6 -10.06  -4.78 3.09 3.38 4.11 4.11 6.83 3.74 1.83
Structure 7 -2.39 277 | -1.27 -1.79 -3.44 -3.44 -3.64 -7.56 17.15
Structure 8 -4.92 -2.46 | -0.95 -3.09 -0.24 -0.24 -4.94 -2.59 9.95
Structure 9 -3.90 -2.64 0.81 -7.33 -2.70 -2.70 -2.99 -7.04 16.69
Structure 10 0.02 -0.82 | -1.81 -7.85 -3.67 -3.67 -13.67  -7.74 17.96

6.3.4 Influence of Additional Feedback Cues - Higher Tractor Tandem Spread
Considering the baseline driver model coupled with the articulated vehicle model,
higher tandem axle spreads in the tractor unit yields increasing the peak path deviation of
the tractor cg in the median segment of the double lane-change maneuver at 100 km/h.
Relative significance of additional feedback cues to improve the path tracking
performance of the vehicle is examined considering the maximum tractor tandem axle
spread (t;=1.85 m). Table 6.11 summarizes the total performance index ( J;) together
with its various constituents obtained for each driver model structure during a double
lane-change maneuver at 100 km/h. The grey shaded areas in the table indicate the
significant variations in the performance measures compared to those obtained from the

baseline driver model.
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The results clearly suggest that the total performance index (J;) and the path tracking
performance measures of the vehicle (Jy and Jy) are invariably enhanced by adding
feedback from each of the feedback cues. The most significant decrease in the total
performance index is observed for structure 10 of the driver model involving perceptions

of ay;, a,, and y. Employing the driver model structure 10 further results in the lowest

performance measures related to ¥ and 8. Further, integrating the yaw rate of the trailing
unit alone to the baseline driver model (structure 6) yields the greatest decrease in the
path tracking performance (Jy and Jy ), while its contribution to improve the performance

indices related to the directional responses of the vehicle is minimal.

Table 6.11: Variations in the total performance index and its constituents by considering

different driver model structures for higher tandem axle spread of the tractor (100 km/h)

Performance index constituents

Structure

]Y ]lI’ ]ayl ]ayz ]T'l ]r2 ])’/ ]6 ]S ]t

Structure 1 | 0.8036 0.0790 0.1760 0.1947 0.0837 0.0716 0.0444 0.0076 0.0028 | 1.4633
Structure 2 | 0.7621 0.0773 0.1874 0.2075 0.0892 0.0763 0.0475 0.0081 0.0026 | 1.4580
Structure 3 | 0.7249 0.0762 0.1978 0.2182 0.0934 0.0803 0.0485 0.0085 0.0033 | 1.4510
Structure 4 | 0.7402 0.0757 0.1940 0.2151 0.0926 0.0791 0.0498 0.0084 0.0029 | 1.4579
Structure 5 | 0.7396 0.0768 0.1929 0.2129 0.0912 0.0783 0.0475 0.0083 0.0030 | 1.4504
Structure 6 | 0.7145 0.0755 0.2013 0.2229 0.0958 0.0820 0.0509 0.0087 0.0031 | 1.4548
Structure 7 | 0.7315 0.0761 0.1957 0.2160 0.0922 0.0794 0.0474 0.0083 0.0030 | 1.4498
Structure 8 | 0.7154 0.0768 0.1992 0.2211 0.0938 0.0826 0.0498 0.0086 0.0029 | 1.4502
Structure 9 | 0.7202 0.0759 0.1992 0.2200 0.0941 0.0809 0.0487 0.0085 0.0031 | 1.4505
Structure 10 | 0.7537 0.0790 0.1889 0.2080 0.0882 0.0765 0.0435 0.0078 0.0022 | 1.4479

Considering different driver model structures, Table 6.12 presents the percentage
variations of the peak path deviations together with the peak direction responses of the
vehicle compared to the baseline model when the tractor tandem axle spread is selected
as 1.85 m. The results show that perception of the yaw rate of the trailing unit alone, 7,
in structures 6 would help the driver to significantly reduces the peak path deviations

measures (Y., and ¥,). Further, involving the lateral acceleration from each unit of the
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vehicle in structures 3 and 5 yields the greatest reduction in peak lateral acceleration of
the corresponding units, suggesting significance of enhancing the driver’s perception
from critical states of the vehicle. This is mostly attributed to greater compensatory
actions of the driver to minimize the lateral accelerations of each unit. Considering only
the articulation rate in structure 2 and yaw rate of the tractor unit alone as of structure 4
are most beneficial to decrease the driver’s peak steer rate and thus its steering effort. The
model structure 10, which employs the lateral accelerations of both the units together
with the articulation rate of the vehicle yields considerable decrease in the peak values of

the directional responses of the vehicle (a4, 1, a,,, 7, and y) and peak steer angle.

Table 6.12: Relative changes in path tracking and directional response measures of the
coupled driver-vehicle system with respect to those obtained from the baseline model
(structure 1) considering different feedback cues for higher tandem axle spread of the

tractor (100 km/h)

Percentage variations in the peak path deviations and peak directional responses (%)

Structure Yom Y, ayq n ay; Ty 14 8 §
(m) (deg) | (m/s?) (degls) (m/s’) (deg/s) (deg/s) (deg) (deg/s)

Structure 2 -6.93 -1.41 4.26 3.15 3.54 3.54 3.94 2.12 -9.77

Structure 3 -7.11 -3.75 -2.05 -4.79 -2.52 -2.52 7.31 -4.30 14.71
Structure 4 -9.26 -2.84 4.88 4.09 4.53 4.53 9.73 3.32 -9.72
Structure 5 -6.58 -2.33 -0.63 0.24 -3.03 0.23 5.27 0.61 13.41
Structure 6 -11.29 422 4.38 4.61 4.78 4.77 10.56 4.74 -1.92
Structure 7 -6.74 -3.72 0.32 -6.40 -3.02 -3.02 6.15 -6.92 11.85
Structure 8 -9.80 -3.75 1.69 1.69 2.66 2.66 6.80 1.76 2.63

Structure 9 -9.02 -3.92 0.84 -4.11 -1.35 -1.35 8.24 -4.48 12.55
Structure 10 -5.25 -1.85 -2.04 -6.03 -2.35 -2.35 -4.96 -7.41 12.48

6.3.5 Influence of Additional Feedback Cues - Heavier Trailer Unit

The peak errors in path tracking measures of the coupled driver-vehicle system, as
summarized in Table 5.12, suggested that increasing the semi-trailer mass increases the
path deviation and also the peak responses of the vehicle in terms of a,, and 7.

Influences of additional feedback cues, when integrated to the baseline driver model, on
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variations in the path tracking performance and directional response measures of the
vehicle are examined considering the higher value of the trailer (m,=29602 kg) during a
double lane-change maneuver at the constant speed of 100 km/h. Table 6.13 summarizes
the total performance index ( J;) together with its various constituents obtained for each
driver model structure. Considering different combinations of motion feedback cues,
Table 6.14 summarizes the percentage variations in the peak errors of the path tracking
measures and peak directional responses of the coupled driver-vehicle systems compared

to the baseline driver model.

Table 6.13: Variations in the total performance index and its constituents by considering

different driver model structures for a heavier trailer unit (100 km/h)

Performance index constituents

Structure

]Y ]lI’ ]ayl ]U—yz ]T'l ]r2 ]}'/ ]6 ]8 ]t

Structure 1 | 0.7795 0.0775 0.1840 0.2169 0.0910 0.0797 0.0517 0.0052 0.0026 | 1.4882
Structure 2 | 0.7751 0.0765 0.1848 0.2175 0.0912 0.0800 0.0515 0.0052 0.0026 | 1.4843
Structure 3 | 0.7522 0.0792 0.1922 0.2230 0.0900 0.0820 0.0472 0.0047 0.0010 | 1.4715
Structure 4 | 0.7516 0.0757 0.1921 0.2269 0.0949 0.0834 0.0535 0.0053 0.0023 | 1.4856
Structure 5 | 0.7502 0.0796 0.1909 0.2226 0.0919 0.0818 0.0473 0.0049 0.0019 | 1.4713
Structure 6 | 0.7294 0.0764 0.1970 0.2317 0.0965 0.0852 0.0527 0.0053 0.0022 | 1.4764
Structure 7 | 0.7345 0.0784 0.1963 0.2292 0.0946 0.0843 0.0490 0.0051 0.0019 | 1.4733
Structure 8 | 0.7230 0.0772 0.1994 0.2329 0.0962 0.0856 0.0499 0.0051 0.0019 | 1.4711
Structure 9 | 0.7372  0.0778 0.1956 0.2284 0.0943 0.0840 0.0488 0.0050 0.0019 | 1.4730
Structure 10 | 0.7617 0.0801 0.1874 0.2184 0.0901 0.0803 0.0462 0.0048 0.0017 | 1.4706

The results suggest that the total performance index (J;) and the path tracking
performance of the vehicle (Jy) invariably improves by considering different
combinations of feedback cues. The most significant decrease is observed for structures 8
and 10 of the driver model involving perceptions of a,, and 7,, and a,,, a,, and vy,
respectively. In addition, considering the lateral acceleration of the tractor unit, as seen in
driver model structures 3 and 10, improves the performance measures related to the

steering effort of driver (Js and /), tractor yaw rate (/1) and articulation rate (J;) of the
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vehicle compared to the baseline driver model (Table 6.13). Integrating the yaw rate of
the trailing unit alone (structure 6) and the lateral acceleration and yaw rate of the trailing
unit (structure 8) yield the greatest reduction of the path tracking performance (Jy). These
feedbacks, however, have minimal contribution to improve the performance indices

corresponding to the lateral acceleration and yaw rate of both the units.

Table 6.14: Relative changes in path tracking and directional response measures of the
coupled driver-vehicle system with respect to those obtained from the baseline model

(structure 1) considering different feedback cues for a heavier trailer unit (100 km/h)

Percentage variations in the peak path deviations and peak directional responses (%)

Structure Yo v, ayq 6] Qy2 T2 14 8 8
(m) (deg) | (m/s?) (deg/s) (m/s?) (deg/s)  (deg/s) (deg) (deg/s)
Structure 2 -1.08  -0.42 0.23 -0.85 -0.55 -0.55 1.53 -0.84 15.60
Structure 3 -0.57  -0.73 -1.04 -13.37 -4.59 -5.59 -9.72 -15.90 -1.23
Structure 4 -4.09  -1.10 2.27 0.83 1.68 1.68 1.76 0.82 10.10
Structure 5 -1.87  -0.37 | -0.06 -9.16 -5.43 -4.43 -7.89 -10.48 25.05
Structure 6 -7.76  -1.30 4.04 -4.39 -1.19 -1.19 6.29 -5.46 10.95
Structure 7 -429  -1.27 5.65 -11.56 -4.15 -4.15 -5.89 -14.02 22.31
Structure 8 -8.21  -2.99 4.98 -6.72 -2.16 -2.16 -2.98 -8.05 14.58
Structure 9 -5.08  -2.59 5.20 -11.39 -3.89 -3.89 -6.55 -14.70 16.76
Structure 10 | -1.65  -0.34 3.54 -9.88 -4.26 -4.26 -8.54 -11.97 20.66

The results suggest that the driver's perception of only the lateral acceleration of the
tractor unit (structure 3) yield significant decrease in the peak directional responses
related to ay,, 1y, 1, and y as well as the peak steer angle of the driver. Integration of the
lateral acceleration of the trailer unit alone (structure 5) to the baseline driver model
further yields greatest reduction in peak lateral acceleration of the corresponding unit
(ay2) as well as decrease in peak yaw rate of the trailer and peak articulation rate of the
vehicle. Almost similar trends of decreasing the peak directional responses of the vehicle
can be seen for structure 10 that employs the lateral acceleration feedbacks from both the
units together with the articulation rate. Employing of the yaw rate of the trailing unit

(structures 6 and 8) substantially reduces the peak path deviation Y,,, and orientation
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error ¥, of the tractor unit. As it would be expected, involving both the yaw rate of the
trailing unit and the lateral acceleration of the tractor unit to the baseline driver model
(structure 9) results notable decrease in the peak path deviation and peak directional

response of the vehicle as well as the peak steer angle of the driver.

6.3.6 Influence of Additional Feedback Cues - Longer Trailer Unit

The path tracking responses of the driver-vehicle system suggest that increasing the
trailer wheelbase increases the peak path deviation (Table 5.14) as well as the peak
articulation rate of the vehicle (Table 5.15). Considering the longer semi-trailer (L,=12.5
m), different combinations of feedback cues are studied to identify influences of
integrating different feedback cues to the baseline driver model on variations in path
tracking performance and peak directional responses of the vehicle. Table 6.15
summarizes the variations in the total performance index together with its various
constituents obtained for each driver model structure. Table 6.16 presents the percentage
variations in the peak errors in path tracking measures and peak directional responses of

the different driver model structures compared to the baseline driver model.

Table 6.15: Variations in the total performance index and its constituents by considering

different driver model structures for a longer trailer unit (100 km/h)

Performance index constituents

Structure Iy Jo Jay, Jay, Jr1 Jr2 Jy Is Js Je

Structure 1 | 0.7783 0.0774 0.1825 0.1881 0.0895 0.0692 0.0631 0.0077 0.0035 | 1.4593
Structure 2 | 0.7490 0.0756 0.1909 0.1968 0.0934 0.0724 0.0655 0.0080 0.0035 | 1.4550
Structure 3 | 0.7237 0.0779 0.1992 0.2054 0.0964 0.0755 0.0650 0.0081 0.0035 | 1.4546
Structure 4 | 0.7195 0.0747 0.1998 0.2062 0.0981 0.0759 0.0693 0.0084 0.0034 | 1.4554
Structure 5 | 0.7650 0.0803 0.1862 0.1923 0.0894 0.0707 0.0588 0.0074 0.0023 | 1.4525
Structure 6 | 0.7080 0.0750 0.2032 0.2095 0.0994 0.0771 0.0694 0.0085 0.0038 | 1.4539
Structure 7 | 0.7410 0.0780 0.1939 0.2000 0.0936 0.0736 0.0626 0.0078 0.0031 | 1.4537
Structure 8 | 0.7311 0.0771 0.1954 0.2019 0.0945 0.0743 0.0635 0.0078 0.0026 | 1.4480
Structure 9 | 0.7267 0.0776 0.1979 0.2043 0.0957 0.0751 0.0646 0.0080 0.0030 | 1.4529
Structure 10 | 0.7617 0.0789 0.1873 0.1935 0.0898 0.0712 0.0585 0.0074 0.0022 | 1.4505
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The results suggest that the total performance index (J;) is invariably improved by
adding feedback from each of the vehicle motion cues. The most significant decrease in
the total performance index is observed for structure 5, 8 and 10, which involve
perceptions of a,, alone and a,, andr,, and a,,, a,, andy, respectively. The results
imply that the driver's perception of only the yaw rate of the tractor (structure 4) and the
yaw rate the semi-trailer unit (structure 6) yield the most significant decrease of the path
tracking performance, which can be seen from the terms J, and Jy in Table 6.15 and the
peak path error measures Y,,,, and ¥, in Table 6.16. Further, integrating only the lateral
acceleration of the trailing unit (structures 5) helps the driver to reduce the performance
indices related to its steer angle and steer rate as well as articulation rate of the vehicle.
The similar reductions can be seen from the peak steer angle, the peak steer rate and the
peak articulation rate of the vehicle (Table 6.16). This suggests significance of this
feedback in high speed steering maneuvers to decrease the articulation rate of the vehicle

while reducing the driver’s steering effort.

Table 6.16: Relative changes in path tracking and directional response measures of the
coupled driver-vehicle system with respect to those obtained from the baseline model

(structure 1) considering different feedback cues for a longer trailer unit (100 km/h)

Percentage variations in the peak path deviations and peak directional responses (%)

Structure Yom Y, ayq n ay; 7, y ) o
(m)  (deg) = (m/s>) (degls) (m/s’) (deg/s) (deg/s) (deg)  (degs)
Structure 2 -5.83 -2.22 2.87 2.90 2.27 2.27 1.61 3.08 -3.13
Structure 3 -9.02  -2.52 | 10.54 -5.76 6.79 6.80 -12.72 -11.60 1.07
Structure 4 -9.20  -3.03 5.64 5.20 5.05 5.05 3.75 431 -1.17

Structure 5 -4.57 -1.36 5.19 -1.40 441 441 -20.75  -14.89 -1.94
Structure 6 -11.64  -3.52 4.54 2.70 3.86 3.86 3.58 2.51 3.59
Structure 7 -6.88 -3.22 8.72 -7.81 4.93 4.93 -14.58  -11.15 -0.16
Structure 8 -8.72 -3.79 391 2.60 4.58 4.58 -11.01 1.09 -7.50
Structure 9 -7.64 -2.43 8.65 -5.99 5.24 5.24 -12.08 -8.22 -1.10
Structure 10 -3.27 -0.82 1.85 -2.63 1.91 1.91 -17.51 -4.76 2.26
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6.3.7 Influence of Additional Feedback Cues - Higher Trailer Tandem Spread
Considering the baseline driver model coupled with the articulated vehicle model,
increasing the tandem axle spreads in the semi-trailer unit yields decreasing the peak path
deviation of the tractor during the double lane-change maneuver at 100 km/h. The path
tracking enhancement is, however, obtained at the expense of increasing the peak
directional responses and corresponding performance measures of the vehicle. Relative
significance of additional feedback cues to improve directional responses of the vehicle is
examined considering the maximum tandem axle spread of the semi-trailer (£,=1.85 m).
Table 6.17 summarizes the total performance index (J;) together with its various
constituents obtained for each driver model structure. Table 6.18 presents the percentage
variations of the peak path deviations together with the peak direction responses of

different driver model structures compared to the baseline model.

Table 6.17: Variations in the total performance index and its constituents by considering

different driver model structures for higher tandem axle spread of the trailer (100 km/h)

Performance index constituents

Structure

]Y ]‘P ]ay1 ]ayz ]rl ]r2 ]}'/ ]5 ]5 ]t

Structure 1 | 0.6982 0.0747 0.2079 0.2317 0.1013 0.0852 0.0592 0.0075 0.0032 | 1.4690
Structure 2 | 0.7044 0.0739 0.2059 0.2288 0.0995 0.0841 0.0565 0.0073 0.0031 | 1.4634
Structure 3 | 0.7006 0.0749 0.2055 0.2286 0.0962 0.0841 0.0545 0.0070 0.0025 | 1.4539
Structure 4 | 0.7029 0.0741 0.2064 0.2298 0.0996 0.0845 0.0560 0.0072 0.0024 | 1.4629
Structure 5 | 0.7109 0.0787 0.2060 0.2259 0.0978 0.0831 0.0507 0.0069 0.0028 | 1.4627
Structure 6 | 0.6765 0.0731 0.2145 0.2383 0.1035 0.0876 0.0585 0.0076 0.0032 | 1.4626
Structure 7 | 0.6971 0.0756 0.2073 0.2296 0.0985 0.0844 0.0533 0.0070 0.0022 | 1.4570
Structure 8 | 0.6929 0.0747 0.2091 0.2315 0.0998 0.0851 0.0542 0.0072 0.0027 | 1.4573
Structure 9 | 0.6998 0.0756 0.2062 0.2285 0.0982 0.0840 0.0526 0.0070 0.0023 | 1.4543
Structure 10| 0.6985 0.0752 0.2066 0.2290 0.0983 0.0842 0.0526 0.0070 0.0022 | 1.4536

The results suggest that while the total performance index is invariably improved by
adding feedback from each of the motion cues, the most significant decrease is observed

for structure 3 and 10, which both involve perception of the lateral acceleration of the
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tractor unit. The greatest reductions in performance indices related to lateral acceleration
and yaw rate of the tractor unit and corresponding peak responses are further obtained by
considering the lateral accelerations of the tractor alone, as seen in Table 6.17 and Table
6.18, respectively. As it would be expected, involving the lateral acceleration of the semi-
trailer unit yields the greatest decrease in the performance measures related to the lateral
acceleration and yaw rate of the trailing unit as well as the articulation rate (Table 6.17).
The similar trends can be seen for the corresponding peak responses of the vehicle (a,,,
r, and y), as seen in Table 6.18. Influence of a,, to improve the path tracking
performance of the vehicle is, however, minimal. The results imply that the driver's
perception of only the yaw rate of the semi-trailer unit (structure 6) yields the most
significant improvement in the path tracking performance. This can be seen from the term
Jy in Table 6.17 and the greatest reduction of the peak path deviation (Y,,,) in Table 6.18.
The results further show that driver’s perception of the yaw rate of the tractor unit alone,
as for structure 4, yields significant decrease in the peak steer angle and peak steer rate by
-14% and -22%, respectively, suggesting that employing this feedback cue is most
beneficial when the driver’s aim is to minimize its path tracking performance. Perception
of the lateral accelerations of both units and the articulation rate (structure 10) and lateral
acceleration and yaw rate of the semi-trailer unit (structure 8), on the other hand, would
be most beneficial when the driver aims to reduce its demanded steering effort and the
peak directional measures of the vehicle related to ayq, 77, ay,, 1, and y in a critical

driving situation.
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Table 6.18: Relative changes in path tracking and directional response measures of the
coupled driver-vehicle system with respect to those obtained from the baseline model

(structure 1) considering different feedback cues for higher tandem axle spread of the

trailer (100 km/h)
Percentage variations in the peak path deviations and peak directional responses (%)
Structure Yom Y, ayq " ay; ) y 1) §
(m) (deg) | (m/s?) (degls) (m/s?) (deg/s)  (deg/s) (deg) (deg/s)
Structure 2 -1.25 -0.92 | -3.09 -3.04 -2.63 -2.63 -1.23 -2.17 1.31

Structure 3 3.01 -0.98 -7.15 -14.43 -7.21 -6.21 -10.75 -8.38 2.66
Structure 4 -1.35  -1.09 -0.86 -0.89 -0.29 -0.30 -9.87 -14.06  -22.00
Structure 5 -0.20  0.24 -1.85 -9.78 -7.86 -7.85 -12.35 -1.09 -2.58
Structure 6 -3.62  -1.73 -4.17 -3.26 -2.70 -2.70 0.83 -2.10 0.65
Structure 7 -1.44  -1.87 -5.01 -10.13 -6.54 -6.54 -11.78 -10.51 -9.21
Structure 8 -2.53  -1.86 -6.48 -7.83 -6.08 -6.08 -5.19 -6.19 -6.97
Structure 9 -0.97  -0.34 -5.80 -9.92 -6.86 -6.86 -11.57 -9.95 -4.10
Structure 10 -0.32  -0.98 -4.54 -11.53 -6.68 -6.67 -9.81 -12.48 -7.69

6.4 Summary

The primary goal of this work was to identify vehicle motion cues that, when integrated
to a coupled driver-vehicle model, could yield enhanced directional control performance
of the vehicle. The results show that the proposed driver model structures could serve
effective tools to determine the most effective motion feedback cues. The results further
suggest that the lateral position and heading angle of the lead unit are the most essential
sensory cues to achieve satisfactory guidance and control of the vehicle, while the total
performance index of the coupled driver-vehicle system can be invariably improved by
adding feedback from each of the motion cues. The most significant reduction of the total
performance index is generally observed for structure 10, which involves perceptions of
ay1, Ay, and y. These feedback cues can be perceived via a driver assist system capable
of monitoring and displaying the vehicle state to the driver.

The relative changes in the peak path deviations and peak directional responses of the
vehicle are also investigated. These investigations suggest that the peak responses of the

vehicle are strongly dependent upon the driver's motion cues feedbacks. The human
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driver can thus effectively control a critical state of the articulated vehicle by perceiving
certain feedback cues of the vehicle. For instance, the tractor lateral acceleration for
heavier semi-trailer unit and the trailer lateral acceleration for the vehicle with longer
trailing unit can serve as a secondary cue to reduce the peak articulation rate of the
vehicle. These can be mostly attributed to greater compensatory actions of the vehicle
driver to minimize the lateral accelerations of the tractor and semi-trailer units, which is
achieved by a slower steering action. The results also imply that perceiving certain
feedback cues may help the vehicle driver to improve its demanded steering effort. It
should be noted that the lower steering effort does not necessarily lead to a higher level of
path deviation; but a more effective steering control action, which can also reduce the
total performance index and the path tracking performance of the vehicle. Table 6.19
presents the model structures that, when integrated to the baseline driver model, results in
significant improvements in path deviation, steering effort and the total performance

index of the coupled driver-vehicle system.

Table 6.19: The most effective combinations of feedback cues to improve the path

deviation, steering effort and the total performance index of the coupled driver-vehicle

system
The driver model structure
Vehicle unit Variable Path deviation Steering effort Total I:;Ielzf;):;mance
Speed (100 km/h) 6 3and 10 8 and 10
Speed (120 km/h) 6 and 8 10 7 and 10
Tractor Heavier mass 6 and 8 4 and 6 8 and 10
Longer wheelbase 6 3,7 and 10 3,7 and 10
Higher axle spread 6 2 and 10 10
Heavier mass 8 3 8 and 10
Semi-trailer Longer wheelbase 4 and 6 5 8and 10
Higher axle spread 6 4 3,10

207



CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Highlights and Major Contributions of the Dissertation Research

This dissertation research presents concerns the development of a two-stage preview
driver model and its integration to single as well as multiple unit articulated vehicles. A
baseline driver model, employing the previewed path information based on instantaneous
lateral position and orientation, was formulated with an objective to maintain central lane
position of vehicle together with control of vehicle orientation. The baseline driver model
was integrated to the yaw-plane models of single and multiple unit vehicles to derive
coupled driver-vehicle system models. The resulting coupled driver-vehicle models were
analyzed to identify human driver control characteristics subject to the control limits
obtained from the reported studies. The control performance limits of the human driver
are evaluated under wide ranges of vehicle design parameters and forward speed. The
results are discussed in view of human driver control demands and adoptability to the
given vehicle.

Relative contributions of different sensory feedbacks were further investigated by
integrating driver's perception of selected states of the vehicle combination to the
baseline driver model. The contributions of different motion cues to human driver control
performance and directional responses of the coupled driver-vehicle system were
thoroughly investigated through simulations. The results are discussed so as to build
guidance on the designs of driver-assist systems (DAS) for commercial vehicle

combinations. The major highlights of the dissertation work are summarized below:
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The reported studies relevant to human driving cognitive behaviors and sensory
feedbacks corresponding to different driver model structures were reviewed and
analyzed to establish ranges of human driver control parameters, including the
driver perception, preview and compensation.

Relative performance characteristics of reported driver models based on different
preview, prediction and control strategies were analyzed in order to establish
significance of different control and preview features of the human driver. The
driver control performance measures were thoroughly examined so as to assess
the contributions of different control strategies and to identify the most effective
strategy for application to heavy vehicles drivers.

A series of experiments were conducted on a driving simulator to identify
different control properties of the human drivers as functions of participants’
driving experience and forward speed of the vehicle. These included the drivers’
reaction times under different steering and braking inputs, and magnitude and rate
of steering effort of drivers. The experiments involved different directional
maneuvers such as slalom maneuver, abrupt braking, obstacle avoidance and
standardized double lane-change maneuvers at different driving speeds.

The measured data were used to establish correlations between the human driver
control performance and the driving experience. The data were further used to
obtain regression models describing driver control properties as functions of the
speed and driving experience.

A modified two-stage preview driver model, referred to as the baseline driver
model, was formulated and integrated with the single- and multiple-unit
articulated vehicle models. Validity of the driver coupled with the single-unit
vehicle model was examined by comparing the path tracking and steering
responses of the driver-vehicle system with the simulator-measured data for three
different forward speeds and two different visibility conditions. The steering
responses of the coupled driver-articulated vehicle model were also compared
with the reported measured data to illustrate its validity.

The human drive model parameters were identified through minimization of a
composite cost function of selected vehicle states and directional characteristics
subject to a set of limit constraints that were defined on the basis of known
control limits.

Simulations were performed to establish the human driver control characteristics
and limits considering variations in selected vehicle design parameters and
forward speed. The results were discussed in view of control demands imposed on
the vehicle driver to achieve desirable path tracking performance and directional
dynamics of the articulated vehicle.
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e The significance of driver's perception of different motion states of the vehicle
were investigated through developments and analyses of a series of human driver
model structures. The importance of different motion cues were discussed in view
of vehicle control in terms of path tracking and control demands of the driver
using a driver assist system capable of monitoring and displaying the desired
states to the driver.

7.2 Conclusions

The major conclusions drawn from the dissertation research work are summarized below:

e Human driver models incorporating a roadway preview and a path prediction
strategy yield improved path tracking performance and reduced steering effort
demand, particularly at higher driving speeds.

e A two-stage preview strategy coupled with the ‘internal vehicle model’ path
predictor can provide most effective path tracking performance over a wide range
of variations in speed and vehicle parameters, compared to the single- and multi-
point preview strategies.

e The simulator-measured data suggested good correlations of the driving
experience with various performance measures acquired during slalom
maneuvers. These included: (i) maneuver accomplishment at 70 km/h; (ii) peak
steer angle and rate of steering; (iii) crest factors of steer angle and its rate; (iv)
steering profile area; and (v) the ‘mean’ and ‘peak’ speed variations at the higher
speed of 70 km/h.

e The simulator-measured data obtained during abrupt braking and obstacle
avoidance maneuvers implied that the drivers’ steering response time varies with
variations in the forward speed of the vehicle. Human driver steering response
time could be described by a regression function in forward speed.

e The data obtained from simulator measurements also implied that the magnitude
and rate of steering responses of drivers are strongly affected by the forward
speed and the participants’ driving experience. Peak steer angle and the peak steer
rate could be described as a square function of both the speed and the driving
experience.

e A two-stage preview can adequately describe human drivers' near and far path
preview strategy. The far and near preview distances strongly depend upon
forward speed and road geometry.

e Comparison of the proposed two-stage preview driver model responses and the
simulator-measured data suggested that the baseline driver model based on path
position and orientation could provide relatively good predictions of the drivers’
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steering responses under clear as well as limited visibility conditions at different
forward speeds.

The steering response of an articulated vehicle coupled with the baseline human
driver model showed reasonably good agreements with the reported field measure
data. Considering a set of limit constraints on the driver control parameters, the
model parameters were identified through minimization of a composite
performance index comprising lateral position and orientation errors, articulation
rate, lateral accelerations and yaw rates of both the units as well as steering effort
of the driver.

The lateral position and heading angle of the tractor unit form the most essential
sensory cues for the driver to achieve satisfactory guidance and control of the
vehicle at lower driving speeds. The baseline human driver model based on lateral
position and orientation errors alone, however, yields path deviation and lateral
accelerations of both the tractor and semi-trailer units beyond the defined
permissible thresholds at speeds near and above 100 km/h. This suggested the
need for additional motion cues to the driver for enhanced path prediction and
control performance.

The control demands of the human driver strongly depend on various vehicle
design parameters and operating speed. The path tracking performance of the
baseline driver model could be enhanced by reducing the mass and wheelbase of
both the lead and trailing units.

Increasing the tandem axle spread of the semi-trailer unit resulted in improved
path tracking performance of the vehicle, while an opposite trend was evident for
tractor drive-axle spread.

The results suggested that freight vehicle combinations with longer and heavier
tractor and semi-trailer units can be best adapted to a driver with greater
prediction skill, faster reaction and longer preview distances, which generally
describe a driver with superior driving and compensations skills.

The simulations suggested lower compensation gains and thus a relaxed path
control in order to limit directional responses of the vehicle such as lateral
accelerations and yaw rates of both the units, particularly for longer and heavier
semi-trailer units. The driver, however, demands longer preview distance, a
higher level of prediction and faster steering response.

Enhancing human driver's perception of semi-trailer’s lateral acceleration and
yaw rate resulted in improved path tracking and control performance of the driver.
Driver's perception of these motion cues could be realized through on-line
measurements and displays.
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e The driver's knowledge of the articulation rate, in addition to the tractor and
trailer lateral accelerations, could provide most significant improvement in the
driver control performance.

e The perceptions of vehicle directional responses, in-particular, the lateral
acceleration of the two units permit greater lag time for the driver's compensation
and reduce the steering effort demands on the driver.

e The perceptions of the vehicle lateral acceleration also permit improved
adaptation of the human driver to articulated vehicle with relatively higher cargo

loads.

e The integration of yaw rates of the two units to the driver's matrix of perceptions
was found most beneficial for control of longer articulated vehicles.

e The lateral acceleration and yaw rate responses of the long articulated vehicle

combinations are the most essential cues for design of advanced driver assist
systems (ADAS).

7.3 Recommendations for Future Studies

This dissertation research proposed a two-stage human driver model structure for
applications in control of articulated commercial vehicles. The model simulations
permitted the study of control limits of the human driver with regards to selected weights
and dimensional design parameters of the vehicle and the forward speed. The results
attained from alternate driver model structures, involving human driver's perception of
additional motion states of the vehicle, provided valuable design guidance for design of
effective commercial vehicle driver assist systems. Characterization and modeling of the
human driver, however, involve thorough understanding of cognitive behaviors under a
range of driving scenarios, which are not only challenging but also most difficult to
measure. Furthermore, only very little knowledge exists on interactions between human
cognitive measures and operational dynamics of commercial vehicle. Far more

systematic studies in human driver and vehicle interactions are thus desirable,
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particularly, for the designs of ADAS for commercial vehicles. Some of these are briefly
summarized below:

e Comprehensive field- and simulator-measurements under a range of realistic
driving scenarios are vital for characterizing human drivers' responses in terms of
path preview, path prediction and compensation strategies, and limb dynamic
responses. The data reported thus far have shown wide discrepancies and thereby
broad ranges of different cognitive measures.

e More effective measurement techniques such as eye-tracking and visual-field
scanning systems need to be developed for accurate measurements of human
driver preview. Moreover, alternate concepts should be explored for qualifying
the near and far preview characteristics of the driver. The currently available slip-
preview method is not considered reliable.

e Alternate methods for characterizing the human driver's error compensation need
to be explored. The method based on path error and steering effort, as applied in
this thesis, is strongly affected by many confounders such as driving skill, driving
experience, age, speed, gender, road curvature and visibility.

¢ Owing to several confounders, the experiment designs must involve appropriate
considerations of driving experience, gender, age and visibility for a set of defined
road curvature and steering maneuvers. Moreover, critical directional maneuvers
and environmental conditions need to be defined so as to characterize critical
limits of human driver cognition.

e The effect of different motion and sound cues on human driver cognition and
control should be systematically investigated in order to identify most beneficial
cues for designs of ADAS.

e The human driver models generally describe drivers' control and compensation
abilities considering human as an ideal controller. It is shown that consideration
of target directional responses and permissible deviations allows for realization of
the controller within known limits. It is, however, essential to incorporate driving
skill and environmental condition within the model, which substantially alter the
human driver control characteristics. Furthermore, reported driver models focus
on steering behavior of the driver alone assuming a constant forward speed.
Considering that most critical maneuvers involve simultaneous steering and
braking, alternate model need to be developed to characterize human driver
responses in terms of braking and steering actions.

e Further efforts are also needed to investigate the driver model coupled with a

more comprehensive vehicle model (with roll, pitch and longitudinal degrees of
freedom) so as to enhance understanding of driver's interaction with the vehicle
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under more realistic motion cues. These would also permit effective
developments in driver assist technologies for future commercial vehicles.

A more refined model of the steering mechanism is highly desirable to fully
describe the nonlinear dynamics of the steering system and to examine the
significance of steering torque feedback on steering responses of the human
driver, particularly for power steering systems that use hydraulic or electric
actuators.
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Appendix A

A.1  Yaw-Plane Model of the Single-Track Articulated Vehicle

The equations of motion of the constant speed single-track yaw-plane model of the
articulated vehicle (Figure A.1), describing the lateral and yaw velocities of the tractor
(unit 1), vy, and ry, and yaw velocity of the semi-trailer (unit 2), 75, are obtained as:

my (Vy1 + 11Vy1) = Fyy 0S8 + Fyp + F3 + Fyy (A.1)
Lty = (Fyy cos8p)ay — Fypa; — Fyzaz + My + My + M + Mpry + Mprs — Fyac;  (A2)
L7y = —(Fyq cosy)cy — Fyy ag — Fys as + My + Ms + Mpry + Mprs (A.3)
where m; and I.; are the mass and yaw moment of inertia of unit j (j = 1,2), respectively,
and v,; is forward speed of unit j. F,, , My and Mpr are, respectively, the cornering and
longitudinal forces, aligning moment and dual tire moment of the ™ axle tires
(k=1,2,3,4,5). ay, is the longitudinal distance from ™ axle tires to the center of gravity of
the associated unit, and ¢; is the longitudinal distance between the articulation joint and
the center of gravity of unitj. Fxs and Fy, are the longitudinal and lateral forces at the
articulation point, which are derived from the following constraint equations:

Fyqa = —m, (ﬁxz + rzvyz) cosy — mz(f;yz + rzvxz) siny + (Fy4 + Fys) siny (Ad)
Fyyq = mz(i:xz + rzvyz) siny — mz(izyz + rzvxz) cosy + (Fy4 + Fys) cosy

where y is the articulation angle. From the above constraint relations in the lateral and
longitudinal directions, assuming small articulation angles, the longitudinal and lateral
velocities of the semi-trailer unit can be related to those of the tractor unit in the
following manner:

Vyp = Vyq COSY + (clrl - vyl) siny

. (A.5)
Vypy = —CTp +Vyq SINY + (vyl — clrl) cosy
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Figure A.1: Three DoF yaw-plane model of the single-track articulated vehicle

Assuming linear cornering characteristics of the tire for small side-slip angles, the
cornering force of the tire on axle k™ is expressed as:

Fy = Cray; (A.6)
where ay; is the average side-slip angle developed at the tires mounted on axle k of the
unit j. Cp, is the cornering stiffness of tires mounted on axle k. The side-slip angle of the

tires on axle k can be expressed as:

+
a; = 6 — w For the front wheel of tractor (unit 1)
x1
o = agTj—Vyj For ] = 1, k =2 (A7)
ij = :
Vxj j=2 k=345

At small side-slip angles, the cornering force on the ground plane is normally behind the
wheel center on the contact patch, giving rise to a moment which tends to align the wheel
plane with the direction of motion during cornering, widely referred to as the “aligning
moment”. The aligning moment of the tire is obtained from the cornering force and
‘pneumatic trail’ of the tire, as [158]:

Mg = t,Fy (A.8)

where t; is the pneumatic trail of tires on axle k, which may be estimated from the

normal load acting on the tire, as [158]:
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tr = 0.05334 + 3.175 x 107°(0.2248 * F,;, — 6040) (A9)
In the above relation, considering single-track vehicle model, F,; is the normal load on
the tire corresponding to axle k in newtons and t; is in meters. Furthermore, in heavy
articulated trucks each axle can be equipped with single or dual tires. Dual tire aligning

moment arises from the relative slip of inside and outside tires, given by:

y DZC For j=1; k=23
DTk vxj xk 'j j= 2. k=45

(A.10)

where Cy; is the longitudinal stiffness of tires mounted on axle k of the vehicle.
Equations (A.1) to (A.10) yield the linear equations of motions of the single-track

articulated vehicle that can be used to derive the state-space vehicle model as follow:

(my +my) Uy — (Mycq + mycy) 71+ Mycyy, (A.11)
—3=1Cr (—(m1 +my)vE 4 (1 + ) (Cy + Cs))
=——— vy + 7
VUx1 Ux1
+ (—a1C1 + a2C2 + a3C3 + a4C4_ + a5C5)
T
Vx1 !
c,(Cy+Cs)+a,Cu+asC
_(2(4 5) +asCy 55))’/—(C4+C5)y+C16F
Ux1
(=mycy) Vyy + (Izn + mpcf + mycicy) 7 — myc oy, (A.12)
_ (=(ay + )0 + (a; — £5)Cy + (a3 — t3)C5 + €104 + ¢4 C5)
Ux1 vt
+ (=macyvf — (ay + t1)a;C; — (a; — t)a,C, — (az — t3)azCs) .
Ux1 !
+ (—C1a4C4 —¢1a5Cs — ¢1(c1 + ¢2)(Cy + C5) — D?(Cyp + st)) .
Ux1 !
_ (c1(as + c2)Cy + c1(as + c3)Cs)

¥+ (c1C4 + ¢1Cs) ¥ + a1 C1 6
VUx1
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(=mycy) Vyq + (ppp + My +mycic) 7y — (M + 1,52)7, (A.13)

_ ((ag — t)Cy + (as — t5)Cs + 2 (C4 + C5))

Vx1 o
N (mzczvf - (022 + 2a4¢, + az(a, + t4))C4) "
Ux1
N (—(022 + (a4 + as)c, + as(as + ts))CS) "
Ux1
+ (—(‘14 + ¢2)c1C—(as + ¢3)¢1C5 — D?(Cry + st)) r
Ux1

_ (ag(ay — t4)Cy + c3Cy + as(as + t5)Cs — c5Cs) ;
Vx1

+((ag+c;—t)C+ (as+c; +t5)C5) y

The equations of motions of the vehicle are then described as the first-order matrix form:

[M]x(t) = [K1Z(t) + [1]u(t) (A.14)

where the state vector X(t) is given as:

[Uy1(t)]
o | ()

0=\ S |
Ly |

(A.15)

In Eq. (A.14), [M], [K] and [I] are the mass, stiffness and input matrices, respectively,

which are given as follow:

[m1 +m; —my(cq + ¢3) m,c, O]
(M] = | ~™2c1 Iz1 + Myc? +mycic, —mMyeqcy 0 (A.16)
—MyCy I, +mycs + mycic; —(Mmyc2 +1,,,) 0
0 0 0 1

Gy

[1] = a;Cy (A.17)
0
0

- (A.18)

[K]=[K1 K; 1?3 1?4]

. — — — — .
In above equation, vectors K;, K,, K3 and K, are described as
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- 1
1 = —
Ux1
e 1
, =
Ux1
o 1
3= T
Ux1

(24)

k=1

3 5
—(a; +t)C; + Z((ak =t )C,) + Z ¢1Cy
k=2 k=4

5
<C2(C4- +Cs) + Z(ak - tk)Ck)
k=4

0

—(my + mp)v —a,Cy +

3 5
—mycyvf = (a; + t)a;,C; — Z((ak — t))arC — D*Cyy.) — Z(Clakck —c1(c1 +¢2)Cy)

k=2

5
myCvE — Z ((ak +cz)eiC — (C% + (as + ap)cy + ap(ag + tk))Ck - DZka)
k=4

5
c2(C4 +C5) + Z agCy
k=4
5

Z c1(ag +c3)Cy
k=4
5

Z(ak(ak + (=¥ 1) C + (1)K 2Cs)
k=4

0

—(C4 +C5)
¢c1C4 + ¢, Cs

5
Z(ak + ¢y + ) Cx
k=4

1

5
Z aka +

k=2

0

5
Z(Q +¢2)Cx
k=4

k=4

(A.19)

(A.20)

(A.21)

(A.22)

The state-space model of the articulated vehicle is derived from Egs. (A.14) to (A.22)

using [4,

1 = [M]7*[K] and [B,] = [M]*[1

], as:

X(t) = [A,]2(t) + [B,Ju(t)

A2 Yaw-Plane Articulated Vehicle Model

(A.23)

The equations of motion of the yaw-plane vehicle model, as shown in Figure A.2,

describing the lateral and yaw velocities of the tractor and yaw velocity of the semi-trailer

unit are obtained as:

2
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2 3 4
ml(f’yl +r1vx1) = ZFy 1; €0s &g +Zszki + Fy4 (A.24)
i=1 k=2 i=1

2 2 T 3 4 2 (A.25)
. i 1 .
I 1 = Z Fyq; a; cos 6p + Z(—l)l Fyli?sm Op — Z Z Fy i ax + Z M,
i=1 i=1 k=2i=1 k=1i=1
3 4 2
+ z Z My —Fyac, + Z Mpri
k=2 i=1 i=1
5 4 5 4 5 (A26)
Lz, = —(Fxa siny)c, — (Fyy cosy) c; — Z Z Fy i ap + Z Z My; + Z Mpry '
k=4 i=1 k=4 i=1 i=3

where F);; and M, are respectively the cornering force and the aligning moment of the i

tire on axle k£ (i=1,2 for k/=1; i=1,2,3,4 for k=2,3,4,5). T} is the distance between the tires
on the tractor front axle, and the longitudinal and lateral forces at the articulation point, as

shown in Figure A.3, Fx4 and F'y4, are derived from the constraint equations, as:

5 4
Fyy = —=my(Vps + 1a0y5) cosy —my(v,, + 150y,) siny + Z Z F, i siny
J= (A.27)
Fya = mz(vxz + rzvyz) siny — mz(fzyz + rzvxz) cosy + Z Z F, jicosy
j=4i=1

The vehicle parameters used in the study are summarized in Table A.1.

Figure A.2: Dimensional parameters of the yaw-plane articulated vehicle model
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Figure A.3: Cornering forces of the tires and articulation forces of the yaw-plane

articulated vehicle model

Table A.1. Design parameters of the selected articulated vehicle combination

Mass, m; (kg)

Yaw moment of inertia of the tractor unit, Z..; (kg.m/sec’)
Horizontal distance from tractor cg to articulation point, ¢; (m)

Tractor Unit

7269.6
7903.9
2.7

Axle 1 Axle2  Axle3
Axle load (kN) 39.6 70.2 69.4
Horizontal distance from tractor cg cg, a; , &=1,2,3 (m) 0.9 2.0 33
Dual tire spacing, D (m) - 0.3 0.3
Track width, 7} , k=1,2,3 (m) 2.0 1.8 1.8
Semi-Trailer Unit
Mass, m; (kg) 26018
Yaw moment of inertia of the semi-trailer unit, 7., (kg.m/sec2) 89243 .4
Horizontal distance from semi-trailer cg to articulation point, ¢, (m) 5.8
Axle 4 Axle 5
Axle load (kN) 74.8 74.8
Horizontal distance from semi-trailer cg, a; , k&=4,5 (m) 3.7 5.0
Dual tire spacing, D (m) 0.3 0.3
Track width, T}, , &=4,5 (m) 1.83 1.83

The cornering force and aligning moments of the tires are described using the Pacejka's tire

model, widely referred to as the “Magic formula” tire model [125] in following manner:

Y =S, + Dsin{C arctan[B(X — S;,)(1 — E) + E arctan[B(X — Sp)]1}
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where the dependent variable Y represents quantifiable tire responses, such as cornering,
longitudinal forces and aligning moment. The independent variable X is the tire service
variable. In the case of the cornering force of the tires, the service variable is the side-slip
angle («). The six constants variables S, S,,, B, C, D and E, which are associated with
the normal load of tires (F), tire/road friction coefficient (x) and side-slip angle, are
identified through a curve fitting process considering the reported measured data [152-
155]. The coefficients of the Magic Formula for the cornering force of the tire vary with
the normal load and side-slip angle as:

D = a;F? + a,F,

C = ao
. F;
B.C.D = agsin (2. arctan (a_>) (A.29)
4
E = (agF? + a;). (1 — as.sgn(a + agF, + a,))
Svy = a10Fz + a4,
where a; (/=0 to 11) are constant variable which are determined through a curve fitting
process considering the experimental measured data.
The coefficients of the Magic Formula for aligning moment of the tire also vary with

the normal load and side-slip angle as:

D = TanZZ + szZ

C=m0

E

B.C.D = m3sin (2. arctan (—Z>) (A.30)
my

E = (mgF? + m;). (1 — ms.sgn(a + mgF, + my))

Som = MqyoFz + my,

where m; (/=0 to 11) are constant variable which are determined through a curve fitting

process considering the experimental measured data.
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A.3  Simulation Results of Tire Cornering and Aligning Properties

In this study, the measured data of a heavy vehicle tire (Michelin XZA, 11R22.5 radial
tire), which represents a new truck tire rolling at a moderate speed, has been used to
characterize cornering force and aligning moment of the tire [148]. Figures A.4 compares
the cornering force and aligning moment derived from the tire model with the measured
data subject to variations in the tire’s normal load. The tire model (Magic Formula)
parameters are identified using a curve-fitting method. The comparisons illustrate a

reasonably good correlation between the measured data and the estimated responses.

. 30 Normal Load ' ! ! 1200
A | [ 42.0KN| h e
] 26.5 KN [717T s I E 1000
o z
5 | =
£ 20 = 800
@ &
5 15 E 600
w E H
= o
£ 10 D 400 bt TR
@ c
S 5 =
8 F < 200 ‘__;
2 i ; ; ; : i
0¢ - . - : 0 H H i Y 1
0 2 4 6 8 10 12 0 2 4 6 8 10 12

side slip angle (deg) side slip angle (deg)

(a) (b)
Figure A.4: Comparison of the measured data (circle dotes) and estimated profile of (a)
the cornering forces; and (b) aligning moments of the tire subject to the three different

normal loads [148]
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