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Abstract—The driver’s take-over performance is of great 

importance for driving safety in conditionally automated 

driving since the driver is required to respond appropriately to 

control the vehicle if there is a system failure. The engagement 

of different non-driving activities (NDAs), considered as the 

main factor of the driver's take-over performance has been 

investigated in this study from both perspectives of the driver’s 

situation awareness and take-over quality. The activities are 

divided into 2 groups, which are active interaction mode and 

passive interaction mode based on the engagement of human 

and object. The results suggest that the engagement of NDAs 

could reduce the driver’s situation awareness. Driver's attention 

level is different for each activity. Particularly, active 

interaction mode NDAs requests more mentally demanding and 

drivers are not sensitive to the driving situation change when 

they are doing such activities. In addition, there is no significant 

difference in the maximum lateral error with NDAs 

engagement. However, it takes more time to achieve a safe 

control transition for drivers who are doing the NDAs. The 

active interaction mode NDAs request even more time. 

Moreover, the transition process could benefit from steering 

wheel haptic feedback torque, which can be considered as an 

effective take-over assistance system.  

Keywords—automated driving, attention level, haptic torque, 

Non-driving-related-task (NDRT), driver behaviour, transition of 

control 

I. INTRODUCTION 

A highly automated driving vehicle could free the driver’s 
eye and hand from controlling the vehicle in some driving 
scenarios. It could encourage the driver to engage some non-
driving activities (NDAs) [1], [2]. However, fully automated 
driving has not been achieved yet. Automated driving vehicles 
can not provide an appropriate response for every driving 
scenario, which is a potential safety risk and a main concern 
of the current automated driving system [3]. According to the 
SAE (J3016) Automation Levels [4], in Level 3 automation, 
the driver only needs to control the vehicle when the intervene 
is requested, which means the driver could engage some 
NDAs rather than pay full attention to driving under the 
automated driving mode. Since the engagement of NDAs 
could reduce the driver’s situation awareness and attention 
[5]–[7], it is of great importance to evaluate its impact on the 

take-over performance to achieve a safe and smooth control 
transition.  

Researches suggested that the sufficient take-over interval 
for drivers should be 5 to 8s [7], [8]. It is affected by different 
factors such as driver’s state including age, gender, driving 
experience [9], [10], the complexity of the driving scenario 
[11]–[13], the modality of the take-over request [8], [14], [15] 
and the NDAs that drivers engage with [8], [16]. The impact 
of diverse NDAs on take-over performance has been widely 
researched in recent years. Yooh et al. [8] investigated the 
driver’s take-over performance with 3 types of NDA, which 
are phone conversation, smartphone interaction, and video 
watching tasks, while Zeeb et al. [1] examined the impact of 
writing an email, reading news, and watching a video clip. 
Results from both studies suggested that the NDA engagement 
can significantly influence the take-over quality based on the 
statistical analysis. One of the limitations of existing studies 
[17], [18] is that NDAs were investigated specifically and 
independently, which limits the extendibility of the driver 
monitoring or take-over assistance system. When considering 
a new NDA, such a system needs to conduct the evaluation 
process again to investigate its impact. There is a lack of a 
systematic method to group or categorise NDAs which could 
have a similar level of impact on the take-over performance. 
On the other hand, the existing literature of NDA’s impact is 
normally from the perspective of the driver’s workload  [3], 
[7], [19]. The situation awareness before take-over is also 
considered as a crucial factor of safe take-over transition but 
has not been discussed associated with NDAs [20]. There is 
limited literature that attempted to investigate the implication 
of situation awareness on the take-over process. The 
evaluation of the driver’s situation awareness can be further 
used to predict the driver’s road-checking behaviour and take-
over performance.  

The existing literature has claimed that the driver’s take-
over performance is affected by the type of NDAs. For 
instance, visual related activities tend to take a longer reaction 
time than auditory related activities [21]. However, the 
number of evaluated NDAs is limited. Following the survey 
made by Sivak and Schoettle [22],  the common NDAs are 
reading, texting, working, watching movies and playing 
games. In this study,  we picked 4 types of visual-related NDA 
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which are playing games, answering questionnaires, watching 
videos and reading news and further evaluated them on the 
same device which is a tablet. Based on the way of interaction 
between human and object, the NDAs are divided into 2 
groups, which are active interaction mode and passive 
interaction mode. Playing games and answering 
questionnaires can be considered as active interaction mode
since the driver and the object respond to each other’s action 
overtime during the engagement. However, under passive 
interaction mode like reading news or watching movies, the 
driver only receives information passively. This study 
hypothesises that the workload and demanded attention are 
different between these two modes. Furthermore, compared 
with the passive mode NDAs, the active mode NDAs could 
result in a more negative impact on the driver’s take-over 
performance.  

This paper investigates the implication of NDAs in 
different interaction modes on the take-over performance in 
level 3 automation. Furthermore, the driver’s behaviour has 
been recorded including hand and gaze movement, which is 
used to evaluate the driver’s road-checking behaviour and 
infer its motivation associated with NDAs. To ensure the safe 
take-over transition, the haptic feedback has been added on the 
steering wheel. The haptic feedback in the human-machine 
interface (HMI) design for the take-over process has been 
widely researched [23]–[25], specifically implemented on the 
steering wheel [26]–[28]. In this study, the effectiveness and 
impact of haptic feedback in take-over performance are also 
evaluated. The vehicle setting and the experiment design are 
introduced in Section II. In Section III, the driver’s road-
checking behaviour and take-over performance of each NDAs 
are evaluated and discussed in both group and individual 
levels. Discussion and conclusion are given in Section IV. 

II. METHODOLOGY

A. Experiment Design 

The design of the take-over process in a trial is illustrated 
in Fig. 1. During a trial, the vehicle was driving automatically 
initially while the participant was required to do a type of 
NDA or checking the road. Then the take-over process started 
after a lateral offset implemented to the vehicle. The lateral 
error is defined as the distance between the vehicle position 
and the closest point on the path. After a lateral offset 
implemented, the vehicle is on an improper position of the 
road,   an acoustic signal as a take-over request (TOR) was 
then given to the participant. The participant was requested to 
take control of the vehicle and bring it back to the right 
position. In Fig. 1, �� indicates the time needed for the driver 

putting her/his hand on the steering wheel. To achieve a safe 
and smooth take-over transition, a haptic torque was 
implemented to help the driver guide the vehicle to the 
reference route. The haptic torque was engaged as soon as the 
driver applies torque to the wheel and gradually fades away. 
After the lateral error achieves the maximum value, the 
vehicle will return to the reference route. A threshold of the 
safety distance is defined, which indicates the control 
transition is finished and the driver could achieve a safe 
manual driving afterwards. In this study, the threshold was set 
as 1m. In Fig. 1, �� refers to the time needed from TOR to the 
time when the vehicle arrives at the threshold, which is 
considered as a criterion to evaluate the take-over 
performance in this study.     

B. Experimental Platform  

1) Vehicle Modification: The vehicle used for the 

experiments was an instrumented Landrover Discovery 5. 

The car was modified to accommodate both autonomous and 

human driving. An electric motor, operating on the steering 

column, was used for steering and another electric motor was 

used to control the throttle pedal position. Braking was 

modified using a pneumatic actuator on the brake pedal. To 

ensure the safety, a steering wheel and a set of pedals were 

added in the back seat, which allows a safety driver to 

intervene and override the autonomous system. For path 

following, the pure pursuit algorithm was used to generate the 

reference steering angle. The rear steering wheel was 

controlled using the reference steering angles and the front 

wheel follows the rear wheel. 

2) Participants: A total of 16 participants (14 male and 

2 female) from Cranfield University were recruited for this 

experiment. The participants’ age is in a range from 24 to 30. 

They were required to hold a valid UK driving license while 

they have no driving experience of automated vehicles.   

3) NDAs: Four types of NDA are investigated in this 

study, which include reading news, watching videos, playing 

games and answering questionnaires using a tablet. For 

reading, the participant was required to read some articles 

from BBC News. For watching videos, the participant was 

asked to watch Youtube videos. Temple Run was used as the 

target game for the game engagement. For the NDA of 

answering questionnaires, the participant was required to 

complete a questionnaire, which comprises some objective 

Fig. 1. Concept of the take-over process 

Fig. 2. Sketch map of the track.  
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and subjective questions about this experiment. In the 

experiment, there were 7 trials per participant. It includes 4 

trials for 4 types of NDA respectively and 1 trial without 

NDA (watching road). For the remaining 2 trials, 2 activities 

were randomly selected from the 5 activities mentioned 

above. The order of each activity was randomly selected to 

reduce the bias.   

4) Track and Take-over Scenarios: The testing track is 

a two-lane road with a mini-roundabout, as shown in Fig. 2. 

The start point is highlighted with green colour. In the odd 

loop, the vehicle enters from the exit 1 into the mini-

roundabout and leaves from the exit 3. Then it enters from the 

exit 4 and leaves from the exit 2. In the even loop, the vehicle 

enters from the exit 1 and leaves the mini-roundabout from 

the exit 4. Then it enters into the roundabout from the exit 3 

and leaves from the exit 2. The TOR signal was issued at 

specific points on the track to avoid the area around the mini 

roundabout for the safety concern. The lateral offset was set 

as 1.5m with a small variation in the real trial. The maximum 

speed of the vehicle was set as 30 mph. The interval between 

TORs was randomly selected from the range of 5 to 9 

minutes.

C. Data Acquisition 

An OXTS RT1003 with RTK GPS was used for 
positioning and a dSPACE Microautobox I was used as an 
onboard computer. The RT1003 system provides the global 
vehicle position with an accuracy of 2cm and the heading 
angle with an accuracy of less than 1 degree. The data of 
vehicle status were recorded in the Micorautobox I at a 

sampling rate of 1kHz. The data include driver steering torque, 
autonomous steering torque, vehicle position and heading, 
vehicle velocity, steering angle and take-over signal. The path 
was recorded beforehand at 1kHz and then resampled by the 
linear interpolation to a spatial accuracy of 0.2m.  

Driver’s hand-on-wheel time ( �� ) was defined as the 
moment that the driver’s applied torque passes a certain 
threshold. The threshold was experimentally determined to 
avoid false take-over detection due to sensor noise. An 
instance of the driver’s torque during a take-over process is 
shown in Fig. 3(a). The corresponding vehicle route is 
presented in Fig. 3(b). 

After the driver takes control of the steering wheel, the 
vehicle provides haptic cues to the driver, in the form of torque 
on the steering wheel, to increase driver’s awareness of the 
environment. The haptic decays over a certain amount of time 
and eventually reaches 0 to give the driver full control. The 
value of the torque is calculated using  �������(�) = ��(�)��(� − ����)                      (1) 

where �  is the vehicle steering angle; ����  is the reference 

steering angle calculated by the path following algorithm; ��
is a constant gain and ��(�) is a decaying gain which is a 
function of time starting from 1 and reaching to 0 at the end of 
the take-over period. The decaying profile is shown in Fig. 
3(a). The decaying duration chosen for this experiment was 8 
seconds. The torque value is normalised between -1 and 1, 
where 1 indicates the maximum torque of the electric motor in 
one direction and -1 indicates the maximum torque in another 
direction. The maximum amplitude of the torque was a tuning 
parameter. Each participant tried two of three pre-set values: 
0.35, 0.45, 0.55.  

There were 2 cameras (Garmin Virb Action Camera) 
employed to monitor the driver’s behaviour during the 
experiment. The resolution of both cameras was set as 1920 × 
1440 pixels and images were sampled at 24 frames per second 

Fig. 3. Top plot presents the driver’s torque and the haptic torque for 1 
instance. Bottom plot presents the corresponding vehicle movement in the 

track. 

TABLE I. ROAD-CHECKING BEHAVIOUR EVALUATION

NDAs 
Checking 

period (s) 

Percentage of checking for corresponding motivation 

Bumping Approaching junctions Breakpoint Others 

Watching videos 37.10 19.88% 52.05% 5.85% 22.22% 

Reading news 51.64 16.78% 51.75% 7.69% 23.78% 

Answering questionnaires 123.00 18.18% 50.00% 13.64% 18.18% 

Playing games 79.13 3.61% 26.50% 59.04% 10.84% 

Fig. 4. Cameras inside the vehicle. Locations have been highlighted by

different colours.  

Camera 2 

Camera 1 

(a) 

(b) 



(fps). As shown in Fig. 4, one camera (Camera 1) was located 
in the right bottom of the windscreen and faced to the driver’s 
face, which is used to detect whether the driver’s gaze is 
engaging with NDAs or checking the road. Another one 
(Camera 2) was mounted on the roof of the vehicle between 
two front seats to record the driver’s hand movement engaging 

with the tablet or steering wheel. The following analysis of 
situation awareness is based on the process of the recorded 
videos. The video clip captured from Camera 1 was used to 
evaluate if the driver conducts road-checking behaviours. The 
inferred motivation was manually labelled based on the videos 
recorded from Camera 2.   

III. RESULTS

A. Situation awareness  

The statistic results of driver road-checking behaviour for 

all participants are presented in Table I. The checking period 

is calculated by the duration of the NDA trial and the total 

number of checking behaviour in this trial. The motivation 

for road-checking behaviour is inferred by reviewing the 

videos from two cameras. Bumping refers to the vehicle 

vibration due to uneven road surface. For approaching 

junctions, the driver’s glance is counted when approaching 

the roundabout and turning. Breakpoint indicates the road-

checking behaviour due to a short break during the NDA 

engagement. For instance, the driver sometimes checks the 

environment after she/he finishes watching a video clip or a 

round of game. Other covers the road-checking behaviour 

without unclear motivation or regular road-checking.  

It has been observed that the checking period is lowest 

(37.1s) when the driver was watching videos. For this NDA, 

the main motivations of road-checking are Approaching 

junction (52.05%) and Bumping (19.88%). Reading news has 

the second-lowest period (51.64s), where the proportion of 

motivations is similar to that of watching videos. Answering 

questionnaires has the least road-checking behaviour. 

Normally only once or twice in a trial. Approaching junction

(50%) still dominates the motivation. As one of the typical 

NDAs under the active interaction mode, playing games has 

a relatively high road-checking period (79.13s), where  

Breakpoint (59.04%) dominates the motivation. The 

proportion of Approaching junctions and Bumping are 26.5% 

and 3.61%, respectively. Compared to the NDAs in active 

interaction mode, the NDAs in passive interaction mode leads 

to more frequent road-checking, which suggests drivers have 

more awareness for the situations of vehicle vibration, 

turning or slowing down when approaching junctions. These 

road-checking behaviours are important to ensure a safe 

transition if the take-over is required under these scenarios. 

The observation also suggests that the driver has a relatively 

low workload under passive interaction mode, which 

potentially leads to a  more smooth and better quality take-

over process. For the NDAs under active interaction mode, 

the results show that the driver paid a high level of 

engagement on the activity, particularly for answering 

questionnaires, evident by much less frequent road-checking. 

For playing games, the road-checking normally happens 

during Breakpoint and the driver is not sensitive to the 

driving-situation change during a game. Therefore, for this 

type of NDA, the driver is more difficult to complete a high-

quality take-over transition due to lack of situation 

awareness. 

B. Take-over performance 

The driver’s performance during the take-over process is 

presented in this section. The driver’s hand-on-wheel time 

(��) is shown in Fig. 5. As expected, no NDA engagement 

achieved the shortest �� with an average value around 1.2s. 

Fig. 7. Time cost for the vehicle back to the safe position  

Fig. 5. The hand-on-wheel time performance. Ques refers to the answering 

questionnaires. 

Fig. 6. Maximum lateral error achieveing 



For the selected 4 NDAs, the average �� is in the range of 2-

2.5s, which is more than double than without NDA. Playing 

games seems to result in the longest ��.  From Fig. 6, it can 

be observed the maximum lateral error for each activity is 

similar, which is in the range of 2.5 to 3.5m. In most of the 

trials, after receiving the TOR signal, the driver can obtain 

the control of the vehicle and prevent the situation from 

getting worse within a 3.5m lateral error. However, NDA 

engagement affects the driver’s controlling performance after 

the vehicle achieving the maximum lateral error. It can be 

seen from Fig. 7 that the time needed to arrive the safe 

position without NDA engagement (��) is around 4s, while 

for all types of NDA engagement ��  is at least 0.5s more, 

which suggests that the vehicle could stay in a dangerous 

position for a longer time. Mean and standard deviation of  ��
for each activity are presented in Table II. The mean values 

of watching videos and reading news (passive interaction 

mode) are 4.19s and 4.68s, representatively, which are higher 

than those of answering questionnaires and playing games 

(4.82s and 4.98s respectively) in active interaction mode. 

Again, playing games leads to the longest �� . There is no 

significant difference between watching videos and no NDA 

engagement. Through combining Fig. 5 and Fig. 7, it has been 

suggested that NDAs in active interaction mode request more 

time to control the vehicle during the take-over process. The 

reason could be that for this type of NDA the driver needs 

more time to develop the awareness of driving-environment 

after receiving the TOR signal and is more difficult to recover 

from the previous NDA mentally. 

  The take-over performance of haptic feedback is 

presented in Table III. For a low level of haptic torque, the 

mean and standard deviation of �� are 4.81s and 1.54s. With 

the increase of the haptic torque level, the mean value of ��
decreases, which suggests that a higher level of haptic 

feedback could decrease ��  and improve take-over 

performance.    

IV. CONCLUSION

In level 3 automated driving, one of the most important 

challenges for driving safety is the take-over process. It is 

affected by many factors but dominated by the driver’s state 

before take-over. This study investigated the implication of 

four selected NDAs, grouped into active and passive 

interaction modes, on situation awareness during the NDA 

engagement associated with its motivation and the following 

take-over performance. The approach of grouping aims to 

extend the application of this study on a wide range of NDA. 

Furthermore, the effectiveness of steering wheel haptic 

assistance system for the take-over process has been 

evaluated.  

From the situation awareness point of view, drivers 

always check the environment to ensure driving safety during 

the NDAs engagement. Compared to the NDAs in active 

interaction mode, the NDAs in passive interaction mode leads 

to more frequent road-checking, which suggests drivers have 

more awareness for the situations of vehicle vibration, 

turning or slowing down when approaching junctions. The 

motivation study also suggests that for the NDAs in active 

interaction mode the driver is not sensitive to the driving 

situation change. Drivers should be warned when they engage 

with this kind of NDA and do not check the road for a long 

period. 

For the take-over process, the engagement of NDAs could 

result in a negative effect. It has been observed that the driver 

who engages with NDAs in active interaction mode requests 

more time to achieve a safe take-over transition. Moreover, a 

higher level of haptic feedback could decrease ��  and 

improve take-over performance. 

In summary, the type of NDA determines the level of 

demanded attention of the driver, which influences the 

situation awareness and take-over quality. The observed 

results also suggest that the take-over process could benefit 

from the high-frequency road-checking and haptic feedback 

assistance. The investigation of these factors helps us develop 

a deep understanding of the implication of human behaviour 

on the take-over performance, which could help for further 

take-over strategy and HMI design to achieve the safe control 

transition. 
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