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Design of time-to-lane-crossing based haptic steering
guidance

Sjors Oudshoorn, Sarvesh Kolekar, David Abbink, & Sebastiaan Petermeijer
Department of Cognitive Robotics, Delft University of Technology
The Netherlands

Abstract

Current haptic control systems provide feedback torques based on a lateral deviation
with respect to a reference trajectory (i.e., centre of the lane), which do not capture
the satisficing behaviour human beings typically adopt during a lane keeping task.
As such, a novel time-to-lane-crossing-based controller is proposed, which is
expected to provide more human-like guidance. The aim of this study is to describe
a novel time-to-lane-crossing-based controller and investigate its potential as an
alternative to previous reference-trajectory-based guidance. In a simulator study
twenty-four participants drove three trials through a single-lane, 10.8 km long road
(width: 3 m), receiving three types of guidance, namely 1) none (manual), 2)
reference based controller, 3) TLC-based controller. Results showed that both the
reference-based, as well as the TLC-based guidance provided significant safety
benefits, in terms of more centred and less varying lane position, and higher safety
margins. Moreover, no significant differences were revealed between the two
guidance approaches. In conclusion, the TLC-based guidance is a potential
alternative to reference trajectory-based guidance. Nevertheless, a more detailed
analysis is warranted to investigate the two approaches in different driving
conditions, like road width, straights, and curves.

Introduction

Haptic shared control has been proposed as a viable alternative to complete
automation for multiple applications, such as surgery (Li and Okamura, 2003;
Nudehi et al., 2005), teleoperation (Sheik-Nainar et al., 2005) and vehicle operation
(Griffiths & Gillespie, 2005; Forsyth & Maclean, 2006; Mars et al., 2014). It has
been argued that haptic shared control provides performance benefits as well as
keeps the operator engaged in the perception-action cycle (Abbink et al., 2018),
consequently mitigating many well-known automation issues, like vigilance loss.

For driving, a haptic shared control is usually provided through an actuated steering
wheel to assist lateral control (Mulder et al., 2012) or an actuated gas pedal for
longitudinal control (Mulder et al, 2011). In lane keeping and curve negotiation
tasks, studies have shown haptic shared control yielded benefits in terms of
decreased lateral deviation with respect to the lane centre line (Forsyth & Maclean,
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2006; Mohellebi et al., 2009; Saleh et al., 2013; Mulder, et al., 2008) a reduction in
workload (Mars et al., 2014; Van Der Horst, 2004) and safety margins (i.e., time-to-
lane-crossing; Melman et al., 2017) compared to manual driving. However, haptic
shared control has also been reported to increase physical effort (i.e., steering
torques).

Increased driver torques have been hypothesized to be the result of conflicts between
the driver and the haptic guidance system (Mars, et al., 2014). Conflicts arise when a
mismatch occurs between the driver and automation intention. For example, when
the driver wants to cut into a curve, but the automation is programmed to drive in the
centre of the lane. Indeed, it has been reported in a simulator study that participants
had to ‘fight’ the controller (Abbink et al, 2011), which can worsen the overall
performance (Griffiths & Gillespie, 2005; Mars, et al., 2014) and decrease
acceptance (Petermeijer, et al., 2015). To reduce conflicts, the intention of the
automation should match that of the driver closely.

Most of the current haptic steering guidance systems for lane keeping minimize
either the lateral deviation and/or the vehicle heading deviation with respect to a
reference trajectory (e.g., the centre of the lane, Griffiths & Gillespie, 2005;
Mohellebi et al., 2009; Saleh et al., 2013; Abbink & Mulder, 2000). The resulting
guidance system operates as an optimizing controller. However, it has been argued
that drivers adopt satisficing instead of optimizing behaviour, i.e. is they aim to stay
within certain safety thresholds (Goodrich, 2000). Accordingly, Boer (2016) argued
that haptic shared control should provide guidance based on safety margins, more
specifically based on time-to-lane-crossing (TLC, Van Winsum and Godthelp,
1996).

TLC serves as a measure of situational criticality (Saleh et al., 2013; Van Winsum et
al., 2000). It is a metric for lateral control of the vehicle, analogous to time-to-
collision in longitudinal control, which has successfully been used to provide
guidance forces on a haptic gas pedal (Mulder et al, 2011) and in obstacle avoidance
systems (Della Penna et al., 2010). Yet, to the best of our knowledge, no previous
efforts have been made to assist drivers in a lane keeping task by a time-to-lane-
crossing-based haptic steering system.

TLC is dependent on road curvature, lane width, velocity, vehicle orientation and
steering wheel angle, which causes a TLC-based controller to adapt inherently to
changing driving conditions, like road width or velocity. Such behavioural changes
are similar to those of human drivers as driving conditions change (Van Winsum and
Godthelp, 1996).

Although the conceived benefits of TLC-based steering guidance are promising, its
use in a control structure, rather than as an evaluation metric, is subject to
limitations. TLC is a non-linear parameter, with discontinuities when the lane
boundary to be crossed switches (Van Winsum et al.,, 2000). As the vehicle
approaches the lane boundary, small steering corrections can inflate (or deflate) the
measured criticality. Moreover, TLC by itself does not have a direction; whilst it
offers quantification of criticality, it does not inherently provide a direction towards
safety.
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In this paper, a control structure is proposed to alleviate the aforementioned
limitations of TLC, by means of incorporating human-like uncertainty around the
current trajectory, generating a field of safe travel (Boer, 2016). A trigonometric
approach for TLC computation is elaborated (Van Winsum et al., 2000), and a
driving-simulator study is conducted to evaluate the benefits and limitations of the
developed criticality-based haptic steering guidance, in comparison to a previously
developed reference trajectory-based guidance system (Mulder et al., 2012).

Figure 1. TLC calculation for straight (top) and curved road sections (bottom). Vehicle
trajectories are indicated by DTLC and are assumed to have a constant velocity and steering
wheel angle. (1) Straight driving on a straight road; (2) Straight road with steering input; (3)
Straight driving on a curved road; (4) Driving on a curved road with steering input. Symbols:
a: heading deviation, y: lane margin, Rv: vehicle curve radius, Rr: inner road curve radius, L:
lane width.

A trigonometric approach to compute TLC
Trigonometric TLC computation

In this paper we present an extension of the trigonometric approach of TLC-
calculation, based on derivation from Boer (2016) and Van Winsum et al. (2000),
which offers an accurate, reliable and robust estimation of the TLC. The
trigonometric approach requires consideration of four different scenarios (see Figure
1), namely driving a straight (steering wheel angle = 0) or curved vehicle trajectory
(steering wheel angle # 0), on either a straight or curved road section. The vehicle
drives with a velocity v (m-s—1); furthermore, steering wheel angle and velocity are
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assumed constant. A kinematic bicycle model as in (Rajamani, 2006) was used to
describe lateral vehicle motion.

Straight road, straight trajectory

The vehicle has a margin to the lane boundary y (m) from front left or front right
wheel, with heading deviation a (deg) between road and vehicle heading.

Y- sin(a)

v M)

TLC =

Straight road, curved trajectory

When steering input is not equal to zero, the vehicle follows a curved trajectory,
with yaw-rate ¥ (rad-s™'), which determines the vehicle curve radius R, (m), as
follows.

27
teire = —
v 2
dci'rc = teire U (3)
Rv _ dci;rc
o
(1 4)
Referring to figure 1b:
A=Y
cos(a) )
B — RU - 4’4. (6)

In order to compute ¢ (deg), length C (m) needs to be determined, by applying the
cosine rule for side Ry (m), as follows.

o 2B-cos(f) £ V(2B - cos(3))2 — 4(B2 — R?)
o 2 (8)
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Applying the cosine rule to solve for ¢ (deg) and calculate the corresponding arc
length Dric (m) to determine TLC (5).

B2+ R2 (2

@ = areccos (72 3R ) (9)
TLC = Pric

v (10)

Curved road, straight trajectory

Driving on a curved road with a straight vehicle trajectory is depicted in Figure 1c.
The law of cosines is applied to calculate Dy c (m), similar to Equation 8. Included
in the calculation are heading deviation o (deg), lateral lane margin y (m), lane width
L (m) and inner curve radius R, (m).

A=R, +y (11)

D 24 cos(3) £ /(24 cos(B))2 — 4(A2 — B?)
TLC — 2 (13)

Curved road, curved trajectory

The fourth TLC-calculation is a curved trajectory on a curved road, as visualized in
Figure 1d. It requires the calculation of ¢1 (deg), through means of computing ¢
(deg) and combined angle @12 (deg).

D2+B% - (RTA?J)Q)

P12 = arccos( -
2R, - D

(14)
Yo = (U’CCOS(W)
2R, - D (15)
With D (m) the distance between the center of R, (m) and Ry (m).
1= ¥12 — @2 (16)
Drpe =v1- Ry (17)

The considerations of both previous sections are relevant here. Calculation is altered
when vehicle trajectory will cross the outer lane boundary: lane width L (m) is
added to road curve radius R; (m). If vehicle heading is also oriented towards the
outer lane boundary, the following equations are used for @1, (deg) and ¢ (deg).
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D?+R? - (RT+L)2)

P19 =a rcrﬁos(

2R, - D (18)
D? + B2 — (R, +y)*
Yo =a r’(‘(f‘().‘s‘( QR . D ) (19)

Guidance approaches
Reference-based guidance

Earlier, Mulder et al., (2012) developed a controller, that used a predicted lateral
deviation with respect to a reference trajectory (i.e., the center of the lane). In this
paper we will refer to this approach as the reference-based guidance.

The referenced-based guidance (REF) controls for two parameters, predicted lateral
deviation efutwrela and predicted heading deviation efutureheading at lookahead time tina =
0.7s, assuming a constant vehicle speed and steering wheel angle. Guidance torques
Tguidance (NM) were calculated using a three gains, namely P, D, and Kpbg, See
equation 20.

Tguidﬂ,nc&' - (efufure,lat P+ € future, heading * D) . -’-T(pbg (20)

Here, eruwrelat 1S defined as positive leftwards of lane centerline, emnwre, heading as
positive leftwards of zero heading deviation and Tguidance @S positive in rightwards
steering corrections (clockwise). Feedback gains were set to P = 0.9, D = 0.08 and

TLC-based guidance

Time-to-line crossing approaches 0 s at increasingly risky driving situations.
Equation 21 is used to generate a usable deviation signal Ae.

A TLC -~ +46
€= A
TLC ;1 1)
Such that,
lim Ae = ¢, 111}1 Ae =140
TLC— oo TLC—0 (22)

As such, ¢ and 0 determine lower and upper bounds of criticality, respectively.
Finally, is related to relative weighing between these two bounds. The presence of
noise (e.g., motor, sensory, or external noise) influences driving behaviour (Kolekar
et al., 2016) to illustrate, drivers usually stay away from the edge of the road,
regardless of their accuracy in following the road heading. To account for this noise,
the impact from potential steering disturbances on safety margins is taken into
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account. Similar to Boer (2016), the current vehicle curve radius Ry is disturbed with
a factor A (m™).

(23)

Figure 2. Vehicle trajectory Rv (steering wheel angle = 0) with left uncertainty boundary R—1
and right uncertainty boundary R+).

As shown in Figure 2, driving straight (effectively with Ry, = o) yields two
uncertainty trajectories with R = £ ™! (m). Conversely, on curved trajectories A is
linearly related vehicle curvature (Boer, 2016). For both uncertainty trajectories,
with vehicle curve radius R, and R corresponding TLCs are computed.
Combining equations 21 and 23 yields equation 24, which is the control algorithm to
determine guidance torques Tguidance (Nm), with ¢ = 0.01 for lower limit control
activity, 0 = 10 for upper limit control activity, y = 0.1 for the relative weighting, A
= 0.004 for the driver uncertainty, and Keg = 0.3 as the deviation-to-torque gain.

Tgu.?'dance - J-T\'cbg (

TLC y-v+8 TLCx-~v+ f))
TLO_x-3+1 TLCOpx-F+1 (24)
Using this algorithm, driving conditions with equal TLC-, and TLC., will provide
zero control input. Figure 3 clearly shows how the TLC-based guidance adapts the
feedback torques in relation to road width, compared to the refernce-based guidance.
Referene-based guidance increases the maximum guidance torque, whereas the
TLC-based guidance widens the range of guidance torque; only close to the lane
boundary the feedback torques rapidly increase.
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Figure 3. Magnitude of guidance torques, plotted as function of lateral deviation, on a
straight road, at velocity v = 130 km/h, heading deviation = 0, and yaw rate =~ = 0.
Performance based guidance (PBG, blue) and criticality-based guidance (red, CBG) are
determined for road width = 3 m (left) and road width = 5 m (right).

Experimental method
Participants

Twenty-four participants, recruited from the TU Delft student population, took part
in the experiment (mean age 24.1, SD 1.9, 16 male). All participants had normal or
corrected to normal eyesight, and were in possession of a valid driver’s licence for at
least one year.

Apparatus

This study was conducted on a fixed-base simulator; the setup has previously been
used (Mulder et al, 2012; Melman et al., 2017; Petermeijer et al., 2015). A dedicated
computer controlled a Moog-FCS ECol8000S motor, to provide actuation on the
steering wheel at 2500 Hz. The visual environment was updated at 60 Hz; three
projectors were used to provide 180 horizontal and 40 vertical field of view.

A single-track model was used for vehicle dynamics to mimic the driving dynamics
of a Nissan luxury car (i.e., heavy sedan). An automated gearbox was used, and
velocity was fixed at 130 km/h. A light centering stiffness, as a function of the
steering wheel angle, was applied in all conditions to emulate wheel-ground
interaction forces. Car kinematics, guidance torques, as well as the driver input on
the steering wheel were recorded at 100 Hz.

Road environment

The participants drove the vehicle over a 10.8 km long, single lane road without
other traffic, for approximately 5 minutes. The road was composed of straights
(length 220 metres), left and right single curves (length 218 metres, inner curve
radius 500 metres) and winding sections (four alternations, inner curve radii 500
metres). Curves were interspersed with straight sections (length 150 metres) to
prevent crossover effects. Moreover, a long straight section was included to
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investigate steadystate behaviour. At the start the vehicle would accelerate to a fixed
speed of 130 km/h, until the end of the trajectory, were it would decelerate to zero.

Experimental design and instructions

Three guidance conditions, namely 1) manual, 2) reference-based guidance (REF),
and 3) TLC-based guidance (TLC) were each driven in three trials, namely a
training trial, a trial on a normal road (width: 3 m) and a trial on a wide road (width:
5 m). Road width and guidance conditions were counterbalanced over all
participants.

All participants read the experiment instructions, signed the informed consent form.
Participants were verbally reminded that they are free to pause or stop the
experiment at any time (if nausea arises), and to drive as they normally would, and
were informed that no other road users would be encountered during the trials. No
questions regarding specific controller functionality were answered during the
experiment.

After each trial, NASA Task Load Index (NASA-TLX) forms were filled out to
assess subjective workload (Hart and Staveland, 1988). Subsequently, participants
were inquired for their nausea with a six item question, ranging from not
experiencing any nausea (1) to vomiting (6). The experiment would be stopped if
any participant responded with a nausea level of 4 or higher; which did not occur
throughout the experiment. After a trial in which steering guidance was presented,
participants were interrogated about their acceptance of the assistance system, by
means of a five point scale containing nine items (five related to usefulness, four to
satisfaction) (Van Der Laan et al., 1997). After each guidance condition, consisting
of three experimental runs of approximately 20 minutes, a five minute break was
taken.

Dependent Measures

The following dependent measures were analysed for the trials using the normal
road width (3 m). Analysis was done on the data recorded between 10 s and 2.5 min
of the track.

e Mean absolute lane position (m): a measure of choosing lane position.

e Standard deviation of the lane position (m): a measure that describes the
driver’s variability in lane keeping performance (i.e., swerving behaviour).

e Median time-to-line crossing (s): a measure of the safety margin throughout
the driving task.

e Standard deviation of the steering wheel angle: a measure of the driver’s
variability of the steering wheel input, which reflects the lane control activity
of the driver.
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Statistical analysis

The independent measures were transformed to ranks in order to deal with any non-
normal distributions, according to Conover and Iman (1981), before they were
subjected to a one-way analysis of variance (ANOVA). A post-hoc analysis was
conducted by performing a pairwise comparison using a Tukey honest significance
criterion. The significance level was set to 0.05.

Results
r : . 0.02 . . 1
——Manual M: 0.12, SD: 0.34 ——Manual Med: 1.91, SD: 1.32
—Ref M: 0.07, SD: 0.25 —Ref Med: 2.02, SD: 1.38
0.02 -|—TLC M: 0.06, SD: 0.26 TLC Med: 1.99, SD: 1.34
‘ 0.015
0.015 -
2 z
2 2 0.01
jo jo
0O 0.01 o
0.005
0.005

Lateral position (m) TLC (s)

Figure 4. Distribution of the lateral position (left) and time-to-lane crossing (right) per
condition. Area underneath the distribution equals one.

Table 1 shows the mean and standard deviations of the independent measures across
participants. ANOVAs showed an effect for mean absolute lateral position (F(2,69)
Table 1. Means and standard deviation of vehicle state measures - Straights

MAN REF TLC Pairwise
(1) (2) (3) ANOVA comparison
Variable M(SD) M(SD) M(SD) 1-2 1-3 2-3
M abs lateral 0.282  0.197 0.208 F(2,69) =14.24, X X
position (m) (0.079) (0.066) (0.060) p<.001
SD lateral position 0.315 0.222 0.246 F(2,69)=15.11, X X
(m) (0.076) (0.068) (0.064) p<.001

1909 2020 1991 F(269)=789,

Median TLC(S) | (0'103) (0.101) (0.089)  p=.001

SD steering wheel 15.830 15282 15.430 F(2,69)=3.41, X

angle (deg) (1.188) (1.033) (1.019) p =.039
M abs guidance ) 0.684 0.685  F(1,46) =0.04,
torque (Nm) - (0.147) (0.137) p = .839

Note: The M abs guidance torques for the manual condition (MAN) are missing,
because there are no guidance torques exerted on the steering wheel during manual
driving.
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= 14.24, p < .001), standard deviation of the lateral position F(2,69) = 15.11, p <
.001), the median of the TLC (F(2,69) = 7.89, p = .001), and the standard deviation
of the steering angle (F(2,69) = 3.41, p = .039). The pairwise comparison revealed
that for all metrics except the SD steering wheel angle and the mean guidance
torques, the both guidance approaches yielded better performance (i.e., lower mean
absolute lateral position, lower standard deviation of the lateral position, and higher
median TLCs) from manual driving. For the standard deviation of steering wheel
angle only the reference-based guidance was significantly lower than the manual
condition. The mean absolute guidance torque did not differ between the reference-
based and TLC-based approach.

Figure 4 (left) shows the distribution of the lateral position condition. It can be seen
that the manual has a slightly wider distribution compared to the two guidance
systems. On the other hand, the two guidance systems seem have the same narrow
distribution of lateral position. Meaning, participants drove more in the centre of the
lane when they used haptic support.

The right plot in Figure 4 shows the distribution of the time-to-lane crossing per
condition. Similar to the left plot it can be seen that the two support systems yield
slightly safer behaviour (i.e., higher time-to-lane-crossings) compared to manual
driving.

Figure 5 illustrates the mean guidance torques as a function of time-to-lane-crossing.
It can be seen that the TLC-based guidance provided lower mean feedback torques
compared to reference-based guidance. Note, however, that the TLC-based guidance
plot lies more to the left, meaning the TLC-based controller recorded lower time-to-
lane-crossings than the reference-based controller.

-==REF
TL

N
S}

N

Guidance torque (Nm)
- 3}

o
&

0 1 2 3 4
TLC (s)

Figure 5. Force feedback as a function of TLC for the two guidance approaches. X-axis:
TLC-bins are 0.4 (s) large; Y-axis: The mean guidance torques within the TLC-bin. No TLCs
< 0.8 (s) occurred.
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Discussion

Drivers using TLC-based guidance yielded similar behaviour compared to the
reference-based guidance, in terms of lateral position and time-to-lane crossing.
Note, however, that these metrics were analysed over straight and curved sections of
the track with a road width of 3 metres. It was hypothesized that drivers using the
TLC-guidance on a wider road will drive more akin to manual drivers (cf. Figure 3).
Moreover, it is expected that the two guidance approaches yield different behaviour
in the curves, since the TLC-based guidance should allow curve cutting behaviour,
whereas the reference-based guidance does not.

In line with the results, the mean guidance torques did not significantly differ
between approaches. However, Figure 5 suggests that the guidance torques are quite
different for situations with lower values of TLC (i.e., TLC < 1.8). It can be seen
that for similar values of TLC the reference-based guidance provides higher torques
than the TLC-based ones. These differences are expected to be more distinct for a
wider road, since the TLC-based guidance would intrinsically adapt, whereas the
reference-based guidance does not.

In the current TLC-based approach, the trigonometric TLC-calculation used four
different procedures based on four separate situations (i.e., straight/curved trajectory
and straight/curved road). Yet, in future research these calculations can be
generalized to one situation, namely the curved trajectory and curved road. The only
constraint to this procedure is that a steering angle of exactly zero (i.e., driving
straight forward) may never mathematically occur. Though, one can assume a very
low steering angle near zero, resulting in a near straight trajectory and similar TLC-
values.

Conclusion

In this study we proposed, developed, and evaluated a novel lane keeping guidance,
based on time-to-line-crossing (TLC) in order to mimic a more human-like driver
style. In a simulator experiment the novel guidance was compared to manual driving
and a previous reference deviation based guidance. Results showed that the two
guidance approaches are equally effective in improving lane keeping performance
and safety margins compared to manual driving, in terms of absolute lane position
and time-to-lane crossing, respectively. Hence, the TLC-based guidance is a viable
alternative to the reference-based guidance. Subsequent analysis should be
performed to evaluate the approaches separately in curves and straights, and wide
roads and narrow ones, since those are sections where more distinct differences are
expected to emerge.
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