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Abstract— In conditional automation, a response from the
driver is expected when a take over request is issued due to
unexpected events, emergencies, or reaching the operational
design domain boundaries. Cooperation between the automated
driving system and the driver can help to guarantee a safe
and pleasant transfer if the driver is guided through a haptic
guidance system that applies a slight counter-steering force to
the steering wheel. We examine in this work the impact of haptic
guidance systems on driving performance after a take over
request was triggered to avoid sudden obstacles on the road. We
studied different driver conditions that involved Non-Driving
Related Tasks (NRDT). Results showed that haptic guidance
systems increased road safety by reducing the lateral error, the
distance and reaction time to a sudden obstacle and the number
of collisions.

maneuvers to avoid obstacles on the road. We also defined
several automation scenarios and NDRTs as independent
variables to manipulate and measure the dependent variables
that related to the driving performance.
The remainder of this paper is organized as follows: the
next section describes related studies in the field; section III
details the experimental design; section IV presents the
method used to acquire and process the data collected;
sections V and VI present and discuss the obtained results.
Finally section VII concludes the present study outlining
future research.

I. I NTRODUCTION

Several works have described the key factors that affect
driving performance after having the driver regained the
control of an automated vehicle. For example, results from
driving simulation research showed that high traffic density
decreased driving performance and increased the potential
of maximum acceleration, leading to a lower time to avoid
a collision [4], [5].
Safety can be increased through collaboration approaches in
which shared control policies help the driver and ADS to
interact with each other [6]. In this context, haptic guidance
systems [7] are often used relying on driver’s intention
prediction approaches and modules that assess the decision
of the percentage of control that the ADS and driver have
over the vehicle [8]. For example, in the work in [9], authors
used an inductive Multi-Label Classification with Unlabeled
data (iMLCU) [10] approach to classify drivers’ intent, which
was then compared to the desired maneuver to establish the
degree of control between the driver and the car.
In an additional work, an architecture was proposed to
calculate dynamic trajectories that took into account the
driver’s decisions. Actions to track the calculated trajectories
using a control design were then performed relying on the
Lyapunov method and Takagi-Sugeno Fuzzy model-based
techniques [11].
Furthermore, studies like the one in [12] concluded that
haptic guidance systems in straight and curve roads lead to a
decrease in lateral error. Several degrees of system authority
that ranged from no torque to a 100% torque that was applied
by the ADS were also studied in [13], showing the results
an increase in acceptability in scenarios with low degrees of
shared control and low visibility.
Even though the works mentioned above designed and
studied shared control policies to track specific paths, most of

The integration of Automated Driving Systems (ADS) in
the roads is expected to be gradual due to the technical complexity and social acceptance challenges that they involve [1].
In this context Advanced Driver Assistance Systems (ADAS)
with different levels of autonomy can support tactical and
operational driving tasks [2]. At level 3 or conditional
automation level, the ADS of the vehicle can perform most
of the Dynamic Driving Task (DDT) under their Operational
Design Domain (ODD), allowing users to engage in NonDriving Related Tasks (NDRT). However, a response from
the driver is still expected when a Take Over Request (TOR)
is issued due to unexpected events, emergencies, or reaching
the ODD boundaries [3]. In this context, actions to take
over the control of the vehicle require to take into account
the drivers’ cognitive load and/or attention level to the road
as they will affect the time to respond to a TOR. In line
with this, ADS and drivers can cooperate to guarantee a safe
and pleasant transfer that diminish the effects of inattentive
driving. For example, the ADS can issue the TOR through
a warning buzzer while a haptic guidance system applies a
slight counter-steering force to the steering wheel to guide
the driver through the maneuver.
To contribute to the state of the art, we examined in this
work the impact of haptic guidance systems on driving performance after a TOR was triggered. To this end, we defined
a scenario in which sudden events forced drivers to perform
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II. R ELATED W ORK

them only considered non-emergency scenarios. An exception constitutes the paper in [14]. However, a state of driver
distraction through NDRT was not considered in this work.
The authors studied how different shared control policies
affected drivers’ ability to avoid a sudden obstacle on the
road. They found that driving performance increased as the
system’s authority over the vehicle increased, being the best
results in situations in which the driver had no control over
the vehicle. Another finding of the study was that high
system authority yielded lower driver comfort.
To the best of our knowledge, studies that analyze the
influence of shared control on drivers that were performing
NDRTs and are required to take over the control of the
vehicle are scarce. Findings in the field very often refer
to studies based on simulations, in which no drivers are
involved. Therefore the resulting outcome is not applicable
to real situations in which a control transfer to the driver is
required.
Therefore, we contribute with this work to the body
of research by assessing the impact of a haptic guidance
system to avoid a sudden obstacle on the road after having
a TOR been issued and having been the drivers involved
in secondary tasks. To this end, we implemented a haptic
guidance system in the driver-centric simulation module of
the 3DCoAutoSim simulation platform. 1
III. S YSTEM I MPLEMENTATION A PPROACH
We implemented a haptic guidance system to investigate
its effect on driving performance after the driver was requested to take over the control of the vehicle. To this
end we defined several NDRTs and a scenario that forced
drivers to avoid sudden obstacles on the road. We expected
a certain outcome as a result of the effect of the system
on the driving performance that we measured through the
following metrics: maximum acceleration, lateral deviation,
and distance to an obstacle on the road. We additionally
measured the reaction time to start the obstacle avoidance
maneuver from the time the obstacle appeared on the road. A
detailed definition of these metrics is provided in Section IVA. We defined the potential outcome through the formulation
of the following hypotheses:
• A) H0. Haptic-guidance systems do not have any effect
on drivers reaction time to perform an obstacle avoidance maneuver after a TOR is issued.
H1.Haptic-guidance systems decrease drivers reaction
time to perform an obstacle avoidance maneuver after
a TOR is issued.
• B) H0. Haptic-guidance systems do not have any effect
on the lateral deviation after a TOR.
H1. Haptic-guidance systems decrease lateral deviation
after a TOR.
• C) H0. Haptic-guidance systems do not have any effect
on the minimum distance to an obstacle while performing an avoidance maneuver after a triggered TOR.
H1. Haptic-guidance systems decrease the minimum
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distance to an obstacle while performing an avoidance
maneuver after a triggered TOR.
D) H0. Haptic-guidance systems have no effect on the
maximum acceleration applied by drivers after a TOR.
H1. Haptic-guidance systems decrease the maximum
acceleration applied by drivers after a TOR.
E) H0. Haptic-guidance systems do not have any effect
on the number of drivers that collide with an obstacle
after a TOR is triggered.
H1. Haptic-guidance systems decrease the number of
drivers that collide with an obstacle after a TOR is
triggered TOR.

A. Experimental setup and procedure
Before starting the experiment, the participants were informed about the setup and instructed about how to engage
and disengage the ADS of the vehicle by pressing a button
located in the steering wheel. To get familiarized with the
simulator the participants were allowed to drive one lap
through the road scenario. The total time to finalize the
experiment was 30 minutes. Previously to activating the
automated driving mode, the drivers had to maintain their
position on the right lane of the road until the system activated the automated mode. In automated mode the vehicle
was programmed to follow the center of the right lane at
80 km/h and the drivers were asked to perform an NDRT
until a TOR was issued. When an obstacle appeared on the
road the driver needed to avoid it by changing lanes and then
returning to the right lane. The order of the conditions was
alternated to avoid bias as depicted in Figure 1.
B. Driving scenario
Figure 2a shows the created scenario which consisted
of a 15 km two-way highway (three lanes per way) with
fences and trees on the side of the road. Mountains and
buildings completed the scenario to provide the required
realism. Along the road, a sudden event was triggered to
replicate obstacles that can unexpectedly fall on the road (e.g.
cargo from a truck or stones from the side of a mountain).
They were located at a distance of 100 meters from the
vehicle and consisted of a pile of boxes that fell on the road
and spread through the driving lane, forcing drivers to avoid
them and change the lane to continue driving (see Figure 2b).
C. Sample and simulation apparatus
A sample of 23 participants with a valid driving license
performed the simulation-based experiment (average age of
29.12 (SD = 15.16)). None of them had previous experience
with ADS.
As previously mentioned, we used the driver-centric module of the 3DCoAutoSim simulation framework [15], [16].
This framework is a Unity3D based simulator, composed
of a physical steering wheel, pedals, gear shift, and a
comfortable car seat for a realistic driving experience. Three
4k monitors were installed in front of the steering platform to
provide a wider field of view. The 3DCoAutoSim framework
can simulate large 3D models, while allowing developers

Activate haptic
guidance

Automation
and NDRT

start

Select
scenario

Haptic guidace
test ?

N

N

Y
Sort driving
scenarios list

Participant start
driving

N

Is Baseline
test?
Y

TOR is issued

Partipants try to
avoid obstacle

All tasks
performed? Y

end

Haptic_list = Task_list
start
sorting

No Haptic = Task_list

Pop random task
from Task_list

Select random
condition
(Haptic or No
Haptic)

Task_list =
[no_automation, Visual,
Manual, Visual-Manual]

N
Pop Task from
task in Y
selected condition
condition?
list
N

refill Task_list

Append task, and
condition to driving
sorted scenario list

is task_list
empty?
Y

Select other
condition list
N

is Haptic_list and
No_haptic empty?

Y

end
sorting

Fig. 1. Experimental procedure flow diagram. The process to alternate the order of the different conditions was initiated
through “start sorting”, as illustrated within the graphic’s red frame.

(a)

(b)

Fig. 2. Screenshots of the created scenario including (a) the
designed road environment and (b) the obstacles that fell on
the road.

Fig. 3. Visualization of the dynamic process to convey a
TOR [18].

to add custom experimental scenarios and features to the
framework [17].
The NDRTs were performed using a Samsung S10 mobile
phone that the participants held while performing the tasks.
These tasks were programmed in Unity to work under an
Android phone.
To collect the pertinent data we defined scenarios in which
the participants were assisted by the haptic guidance system
while performing NDRT in automated driving modus. To this
end, we defined the system activation conditions and NDRT
as independent variables as detailed below.
1) Level 3: The ADS of the simulated vehicle was
enabled. Participants were expected to take the control
of the vehicle when a TOR was issued to avoid the upcoming obstacle. The driver was requested to perform
different NDRTs. Driving without task in automated
modus was evaluated as baseline condition.
2) Level 3 + haptic guidance: The participants in the
experiment regained control of the vehicle and avoided
the obstacle with the assistance of the haptic guidance
system when a TOR was issued. Prior to this action

they were performing NDRTs. A baseline condition
without any task was compared in this scenario, in
which the ADS cooperated with the participants by
applying a small counter force to the steering wheel,
helping them to avoid the obstacle on the road.
To evaluate the effect of cognitive workload and eyes off
the road on the driving performance the following NDRTs
were performed relying on the field test presented in [19]:
• No Task: No task was performed while the vehicle was
driven by the ADS.
• Visual: The Stroop Color and Word Test (SCWT) [20],
was visualized on a provided mobile phone. The test
consisted on speaking out loud the color in which a
color name was written (e.g the work “purple” was
written with a green font).
• Manual: Several M8x8 screws needed to be extracted
from a bag filled with balls of 1 cm radius.
• Visual-Manual: A given text needed to be written
backwards on the mobile phone.
We manipulated these described conditions to study their
effect on the dependent variables that related to driving
performance and TOR as described in section IV.
D. Haptic guidance system and TOR
To perform the pertinent experiments we implemented a
spring force feedback effect in the physical steering wheel
of the simulator. We additionally implemented a custom
software that served as interface between the simulation
environment and the physical steering wheel. The torque
applied to the steering was proportional to the angle between
a given position and the current position of the steering.
The Unity 3D object that triggered the sudden events
issued at the same time a multimodal TOR. This request
consisted of a dynamic visual and acoustic signal of 480
Hz as described in [18] that was conveyed on an in-vehicle
display (see Figure 3).
IV. DATA C OLLECTION AND E VALUATION
We acquired driving-related data through the 3D CoAutoSim framework at a sampling rate of 10 Hz for the

simulated GPS data, and 100 Hz for the simulated CAN
data.
A. Driving parameters
We extracted and analyzed the following dependent variables:
• Reaction time (RT): Defined as the elapsed time
between the issue of the TOR and the initiation of the
obstacle avoidance maneuver [21].
• Lateral root mean square error (RMSE): Defined as
root square mean of transverse error between the center
of the lane and the position of the car [22].
• Distance to obstacle (DTO): Defined as the minimum
distance required to collide with an obstacle [23].
• Maximum acceleration (MA): Defined as the norm
of the sum of the lateral and longitudinal acceleration
when performing the obstacle avoidance maneuver [24],
[25].
• Collisions: Defined as the number of participants that
collided with the upcoming obstacle for each scenario
and secondary task.
B. Data processing
The acquired data was synchronized in the 3DCoAutoSim
framework using a Unity’s synchronization method between
simulation processes. After this action, we calculated the
maximum acceleration according to [24].
Given the longitudinal acceleration along and lateral acceleration alat , the maximum acceleration is defined as:
q
(1)
|amax | = a2lat + a2long

Being r~t the position of the vehicle at time step t after
the TOR is triggered and ~robs the corresponding obstacle
location.
We additionally obtained the number of collisions by
checking if the position of the vehicle r~t over the path
coincided with the bounding box Sxy ∈ R2 created by the
obstacle, being (robsx , robsy ) the (x, y) position of the center
of the obstacle, and wobs and hobs the respective width and
height of the obstacle.

true if r~t ∈ Sxy
Collision =
(4)
f alse otherwise

Sxy =

wobs
x ∀x ∈ [robsx − wobs
2 , robsx + 2 ]
hobs
hobs
y ∀y ∈ [robsy − 2 , robsy + 2 ]

(5)

C. Statistical Analysis
To analyze the acquired data and determine if there was
a statistical significant relationship between the use of the
haptic guidance system, secondary tasks variables and the
dependent driving parameters, we performed a one Way
ANOVA with a Bonferroni multiple post-hoc comparison.
We then compared the effect of using or not the haptic
guidance system for each secondary task with a paired t-test.
Additionally, as data was obtained from repeated samples, we
performed a Cochran Q non-parametric test for dependent
samples with a McNemar’s post hoc test to examine the
statistical relationship between the use of the system and
NDRT on the number of drivers that collided with the
obstacle for each test.
V. R ESULTS

It is important to mention that the obtained accelerations
were simulated and might therefore differ from real scenarios.
To calculate the lateral RMSE after the issue of the TOR,
we estimated an optimal lane change path using heuristic
methods. We then compared the position of the vehicle and
the path to obtain the lateral error (∆yi ) during each time
frame (i). The lateral RMSE for N sampled points was
calculated by:
v
u
N
u1 X
RM SE = t
||∆yi ||2
(2)
N i=0
To determine the reaction time to start the obstacle avoidance maneuver, we triggered a timer along with the sudden
event that caused the TOR. The timer was stopped when the
steering wheel was steered by at least 2 degrees [4], [26].
According to the literature, this was the value that signalized
that an obstacle avoidance maneuver was being performed in
a scenario without sudden events.
Finally, we obtained the minimum distance to obstacle
(DT O) by the following means:
DT O = min (||~
rt − ~robs ||)

(3)

The results from the performed analyses when participants
were exposed to a level 3 of automation with and without
haptic guidance regarding reaction time (RT), lateral root
mean square error (RMSE), minimum distance to obstacle
(DTO), and maximum acceleration (MA) are depicted in
Figure 4 and Figure 5.
Figure 6 depicts the obtained trajectories that each participant traveled in the different scenarios. Table I presents
the mean and standard deviation values of each dependent
variable at each scenario performed by the participants.
Tables I and II present the statistical relationship between
the dependent variables and the use / not use of the haptic
guidance system after a take over request for each secondary
task. Table III shows if any particular NDRT benefits more
from the activation of the haptic guidance system.
A. Reaction time
As depicted in Tables I and II, when comparing all the
tasks with each other and the potential benefit of using the
system, results from the paired sample student t-test showed
that there was a statistical significant relationship between
the reaction time to start the obstacle avoidance maneuver
when participants were performing the visual task (1.358 s
without haptic guidance vs 1.086 s with haptic guidance).

Fig. 4. Visualization of the results: (a) Reaction time(RT); (b) minimum distance to collision object (DTO); (c) lateral root
mean squared error (RMSE) and (d) maximum acceleration (MA)
TABLE I: Mean and standard deviation regarding reaction time (RT), lateral root mean square error (RMSE), minimum
distance to obstacle (DTO), maximum acceleration (MA). The number of collisions (Cols) is depicted at the bottom.
Metric

RT
RMSE
DTO
MA
Metric

Cols.

No task
No haptic
M
SD
0.907
0.248
3.555
1.332
4.388
1.958
3.315
5.764
No task
No haptic
yes
no
15
8

Haptic
M
1.001
3.004
4.839
2.004

SD
0.402
1.182
1.501
3.103

Haptic
yes
9

no
14

Visual task
No haptic
Haptic
M
SD
M
SD
1.358
0.469
1.086
0.290
4.820
2.166
2.901
0.953
3.536
1.354
6.130
1.985
3.372
6.029
3.0886 4.685
Visual task (p < 0.001)***
No haptic
Haptic
yes
no
yes
no
20
3
6
17

Manual task
No haptic
M
SD
1.225
0.421
4.987
2.374
4.237
1.771
2.562
2.356
Manual task (p =
No haptic
yes
no
18
5

Haptic
M
1.221
3.087
5.392
2.476
0.02)*
Haptic
yes
9

SD
0.411
1.360
1.628
4.831

no
14

Visual-Manual task
No haptic
M
SD
1.225
0.482
3.234
1.436
4.244
2.019
2.480
3.243
Visual-Manual task
No haptic
yes
no
15
8

Haptic
M
SD
1.368
0.623
2.256
0.898
6.251
1.339
2.985
4.708
(p = 0.003**)
Haptic
yes
no
4
19

TABLE II: Statistical analysis results from comparing the reaction time (RT), lateral root mean square error (RMSE),
minimum distance to obstacle (DTO) and maximum acceleration (MA) depending on the activation of the system.
No haptic vs Haptic t-test (α =0.05)
Metric
No Task
Visual task
t(23)
p
t(23)
RT
-0.978
0.342
2.278
RMSE
0.550
1.000
3.739
DTO
-0.418
0.681
-5.552
MA
0.005
0.998
0.3891

p
0.036
0.002**
< .001***
0.766

Manual task
t(23)
p
0.981
0.340
2.6
0.019*
1.388
0.183
0.991
0.121

visual-manual task
t(23)
p
-0.685
0.502
2.942
0.009**
2.570
0.020*
0.046
0.964

TABLE III: ANOVA and Cochran’s Q analysis results regarding reaction time (RT), lateral root mean square error
(RMSE), minimum distance to collision object (DTO), maximum acceleration (MA), and the number of collisions (Cols).

Fig. 5. Visualization of the number of participants that
collided with the obstacle.

The results from the ANOVA test (Table III) showed that
there was not a statistically significant relationship between
the reaction time to avoid an obstacle when participants
received guidance through the steering wheel and performing
a NDRT.
B. Lateral root mean square error
The analysis of the driving performance resulted in a statistically significant relationship between the lateral RMSE
and the use of the system. Tables I and and II show that
there were differences for the visual task (4.820 m without
haptic guidance vs 2.901 m with haptic guidance), manual
task (4.987 m without haptic guidance vs 3.087 m with haptic
guidance) and visual-manual task (3.234 m without haptic
guidance vs 2.256 m with haptic guidance).

ANOVA (α =0.05)
Metric
Haptic
F(3)
RT
2.163
RMSE
1.963
DTO
2.380
MA
0.068
Cochran’s Q test (α =0.05)
Metric
Haptic
F(23)
Cols.
3.857

p
0.101
0.128
0.077
0.977

p
0.277

The results from the ANOVA statistic test showed that
there were no statistically significant differences between using the system after a take over request and the performance
of secondary tasks in general (Table III).
C. Minimum distance to obstacle
The results from comparing the minimum distance to
the sudden obstacle on the road for each secondary task
in scenarios without haptic guidance compared with haptic
guidance, showed statistically significant differences when
the participants were performing the visual task (3.536 m vs
6.130 m) and the visual-manual task (4.244 m vs 6.251 m).

Fig. 6. Visualization of the trajectories obtained for each participant after the TOR was issued. From top to bottom the
rows depict the path in scenarios without and with haptic guidance respectively. From left to right the columns depicts
scenarios where no task, visual task, manual task and visual-manual task were performed. The brown rectangle represents
in proportion the obstacle on the road.

The effect of the use of the system on distance in the manual
task was not statistically significant (see Tables I and II).
There were no statistically significant differences between
the minimum distance to the obstacle on the road and the
performance of NDRT in general when the guiding system
was active (Table III).
D. Maximum acceleration
Results from the statistical tests to determine the effect
of the system on the maximum acceleration after a TOR
was triggered showed that there were no statistical significant
differences related to the NDRT performed. See Tables I, II
and III.
E. Obstacle collisions
Statistical significant differences could be found when
aplying the McNemar’s test in the visual task (20 collisions
without haptic guidance compared with 6 collisions using
the haptic guidance system), manual task (18 collision vs
9 collisions) and visual-manual task (15 collisions vs 4
collisions) (Table I).
The Cochran Q test results obtained from comparing the
number of collisions with the obstacle that suddenly appeared
on the road, with the use of the guiding system showed that
there were no statistical significant differences that related to
the performance of secondary tasks (Table III).
.
VI. S UMMARY OF F INDINGS AND D ISCUSSION
The data collected through the experiments performed in
this study delivered interesting results regarding the effect of
an assistance system to avoid an obstacle on the road after
being the participants involved in NDRTs, while the vehicle
was driving in a level 3 automated mode and the driver was
requested to take the control of the vehicle. Results showed
that their reaction times to start the avoidance maneuver were
slower after having performed the visual task compared to
the other NDRTs. Apparently, the visual task required more

attentional resources than the other tasks. This difference was
however not statistically significant.
In most cases, the activation of the guiding system improved the participants’ trajectories to avoid the obstacle.
However, this was not always the case when no secondary
task was performed. The performance of the driving task
without NDRT resulted in a faster reaction to the TOR, and
as a consequence a higher, safer distance to it. This was due
to the fact that drivers started the avoidance maneuver faster
and overrode the guidance system. However, the RMSE and
MA values were still improved by the guidance system, even
without being the driver involved in a secondary task.
In situations in which the drivers were engaged in the
performance of secondary tasks, the time required for them
to regain road situational awareness and obstacle avoidance
readiness enabled the system to operate for a longer period
of time without being overruled by the authority of the participants. As a result, the lateral errors during the avoidance
maneuver were reduced.
The activation of the haptic guidance system when NDRTs
were performed, also resulted in greater distances between
the vehicle and the road obstacle, avoiding thus a possible
collision. The same tendency could be seen in the manual
task, being however the increased values not statistically
significant.
It is noteworthy to mention that we designed the scenario
to emulate critical situations on purpose. Thus, we expected
a high collision rate. However, in the scenarios in which the
haptic guidance system was enabled, we observed a higher
rate of participants that successfully avoided the obstacle.
The haptic guidance system took the control of the vehicle
faster than the driver, starting thus the avoidance maneuver
sooner.
These findings were in line with the findings reported
in [14], in which a higher rate of maneuvers that avoided
the obstacle occurred when the participants didn’t have the
control of the vehicle.

Based on the analyses results, we reject the null hypotheses defined in section III, A, B, C and E and accept
the alternative hypotheses H1 in those cases. Maximum
acceleration was not affected by the use of haptic guidance
systems. Therefore, we accept the null hypothesis defined in
section III, D.
VII. C ONCLUSION AND F UTURE W ORK
In this work we studied the impact of haptic guidance
systems on driver’s ability to take back the control of a
level 3 vehicle and avoid an obstacle on the road. To
this end, we defined different scenarios in which a sudden
event triggered a TOR. We also exposed the participants to
different secondary tasks to study the effect of visual and
cognitive distraction on the driving performance. To this
end, we defined as independent variables the haptic guidance
system and the NDRT.
Results showed that the use of haptic guidance systems
positively affected driving performance after a take over
request in a variety of situations that involved secondary
tasks, being these systems therefore helpful to promote road
safety.
Future work will address different levels of haptic guidance that will be tailored to different scenarios. We will additionally explore realistic scenarios in field tests by relying
on the use of a real vehicle.
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