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Abstract. Drivers often rely on navigation systems and traffic alerts to anticipate 

the road events ahead, such as obstacles, accidents, and roadworks. We designed 

simple road situation alerts using visual, speech, and auditory modalities to warn 

the drivers about the upcoming road events. The prototype was tested with a driv-

ing simulator and evaluated with elderly drivers. In this study, we evaluated driv-

ers’ subjective trust, cognitive workload, and situational awareness in three ex-

perimental conditions. We also collected electrocardiograms to measure the 

workload and stress as a response to the stimuli. Results show that visual warn-

ings were difficult to notice and distractive. Speech and sound combination re-

sulted in the lowest cognitive load, highest trust while maintaining the highest 

situational awareness. Both speech and visual warnings reduced distrust com-

pared to the baseline. The weather did not affect any of the subjective measures. 

The physiological analysis showed that visual warnings induce lower stress com-

pared to speech warning alerts. Speech alerts allow highest situational awareness. 
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1 Introduction 

As automated driving is gaining momentum and the car industry is focusing on the 

personalization of driver-car interaction [7,12] or the design of takeover requests, many 

people (45.8%) still prefer to drive manually [14]. In addition, elderly people make a 

significant part of the drivers on the roads [16]. They need to deal with constant tech-

nological advancements, especially now that new cars must be equipped with active 

safety systems and advanced driving assistance systems (ADAS). Research shows that 

drivers generally have low awareness of the existence of ADAS in their cars, little 

knowledge or training about it, and low willingness to use it [1]. Also, drivers often use 
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navigation systems built in their cars and various mobile applications to navigate to 

their destination and to receive warnings about obstacles, roadworks, or traffic jams 

ahead. This type of systems is called road situation notification alert system and it warns 

the driver about upcoming hazards [2]. We explored the use of auditory and visual mo-

dalities to design road situation alerts that inform the driver about the roadworks ahead 

of the vehicle while driving on the highway. We researched the influence of timely 

warnings about stationary obstacles ahead would affect drivers’ subjective impression 

of the driving experience and impact their anticipation of the obstacles. Finally, while 

most studies focus on warning alerts in the context of semi-autonomous vehicles 

[11,13] and transition from autonomous to manual driving, we focused on the manual 

driving context. This study has been conducted within the scope of a research project 

focused on the improvement of ADAS technologies focused on elderly drivers. Our 

goal is to improve the user experience (UX) and safety of manual and assisted driving.  

2 Experimental Design and Procedure 

This simulator study investigated the effect of auditory, speech, and visual warnings, 

on drivers’ subjective cognitive workload, situational awareness (SA), and trust while 

driving manually in three different weather conditions. We also collected participants’ 

electrocardiograms to measure whether the warning alerts induced noticeable physio-

logical responses such as mental stress [3]. The test scenario comprised highway driv-

ing and avoiding a stationary truck in the right-most lane, roadworks, or boxes on the 

road. We instructed participants to drive in the right-most lane as much as possible, as 

advised by traffic regulations. This way, we ensured that they would always face the 

obstacle and would need to perform an avoidance maneuver.  

This study was conducted as part of a formative UX design approach while working 

towards the design of warning alerts for the takeover requests in semi-autonomous ve-

hicles. We designed three experimental conditions. First, the baseline (C0) was estab-

lished in which no warning was given. Then, the two other experimental conditions 

followed. In condition 1 (C1) the warnings consisted of speech (S) and auditory (A) 

modalities. In condition 2 (C2), the warnings consisted of visual (V) and auditory (A) 

modalities. We also manipulated the weather conditions as it is known that adverse 

weather effects are more stressful for drivers [8]. There were three of them, namely, 

clear night, rainy night, and foggy night. Therefore, the within-subject independent var-

iable was the condition (C0, C1, C2), while the between-subject independent variable 

was the weather (foggy, rainy, clear). Trust, cognitive load, and situational awareness 

were the dependent variables. Auditory warnings were implemented using a beep sound 

from http://freesound.org available under Creative Commons license, free for anyone 

to use, modify, and distribute. It had a duration of 2.797 seconds and would precede the 

visual or speech alert. Speech warnings consisted of alerts about approaching road-

works (“Roadworks in 500 meters” and “Roadworks on two right lanes in 200 meters”). 

The visual warning consisted of an icon depicting the four lanes of the highway; the 

indication of where the obstacle was positioned and a visual clue of the action to take 

(Figure 1). Additionally, in all three conditions, we played music from an online radio 

station to simulate the immersive driving environment. Warnings were triggered 500 

meters and 200 meters before reaching the obstacle. 



We recruited 9 participants, holding a valid driver’s license, between 55 and 68 years 

old (mean: 61.6; SD=4.7, 4 females, 5 males). They were all in good physical shape 

and had no impediments. Two participants had a vision corrected with glasses. Before 

the start, the experimenter connected ECG electrodes, then instructed participants to 

drive for 15 minutes to become familiar with the simulator. We divided participants 

into three groups, where each group experienced a different weather condition. Each 

trial lasted around 3 minutes. Between conditions, we administered NASA-TLX [6], 

trust [9], and Situational Awareness Rating Technique (SART) [5,15]) post-trial ques-

tionnaires. After the trials were completed, we conducted a short interview with the 

participants. We asked them to describe their opinion and attitude about the road noti-

fication alert system and their driving experience with it. 

 

 
Fig. 1. Visual warning alert depicting the roadworks (left), boxes as an obstacle (right) 

2.1 Simulator Platform 

The high-fidelity driving simulator consisted of a 180-degree field of view using three 

screens. The side mirrors and the rear-view mirror were implemented and shown on the 

main screens. We used CARLA as a driving simulation software platform with which 

we implemented our scenarios [4]. The Logitech G27 steering wheel was mounted in 

front of the screens and the pedals were placed underneath the desk. A smaller 10-inch 

size touch screen was placed on the right side of the driver simulating the infotainment 

screen and showing visual warnings. To enhance the feeling of reality, wind and engine 

noise was played from the speakers placed behind the screens. 

3 Results 

Fig. 1 shows the unweighted workload scores per condition and dimension of the 

NASA-TLX. The combination of speech and auditory alert (C1) achieved the lowest 

overall mean TLX score (49.72, SD=15.26). The baseline induced the highest workload 

of all three conditions (65.65, SD=20.38), followed by C2 (57.3, SD=21.23). Mental 

demand, physical demand, and effort were the main sources of cognitive workload 

across the three conditions. Using a repeated-measures ANOVA we found a significant 

effect of condition on physical demand subscale, F(2,14) = 9.229, p=.003. However, 

because the steering wheel required a larger movement amplitude compared to a real 

car, we treat the scores for physical demand as potentially excessive. There were no 

significant effects on other subscales (p>0.05). 



 

 

Fig. 1. TLX scores per condition and dimension of NASA-TLX.  

Condition C1 also achieved the highest mean trust score amongst participants (4.39), 

followed by the condition C2 (4.24) and then the baseline (3.99).  Looking at Fig. 2, we 

can see that trust levels remained almost the same across conditions, suggesting that the 

choice of modalities used to communicate the road notification alerts do not signifi-

cantly affect the trust. The higher y-value indicates a higher level of trust. The median 

is highest for C1. The trust scale consists of two subscales, trust and distrust. We found 

a strong negative correlation between them (r = -.606, p = .001). Additionally, condition 

C2 scored lowest on trust (M=3.1, SD=1.596) and highest on distrust (M=5.23, 

SD=1.129). Baseline scored highest on trust (M=3.84, SD=1.008) and lowest on dis-

trust (M=4.096, SD=1.072), while C1 scored in-between for trust (M=3.4, SD=1.627) 

and distrust (M=4.93, SD=1.017). A repeated-measures ANOVA showed a significant 

effect of condition on distrust, F(2,14)=5.814, p=.015. Specifically, distrust decreased 

for both C1 and C2 compared to baseline, p<.05. However, there was no significant 

effect of condition on trust.  

 

 
Fig. 2. Boxplots showing the trust scores distribution per condition. 

The scores of the SART questionnaire were compared across conditions using re-

peated-measures ANOVA. There was no significant effect of conditions on overall 



SART, F(2,16) = 2.925, p> 0.05. However, when analyzing each subscale, we found a 

statistically significant difference for information quality, F(2,14) = 4.923, p=.024. 

Post-hoc pairwise comparison using Bonferroni correction revealed that the infor-

mation quality for C1 increased significantly compared to baseline, p=.012. Overall, 

five participants reported higher SA in C1 compared to C2 and the baseline. Two par-

ticipants rated their overall SA highest in the baseline condition, and one rated their SA 

equal in both C1 and C2 (Fig. 3). Table 1 shows the composite SART scores per con-

dition. The highest SART score was 23 (SD=4.3) for the condition C1, followed by a 

baseline (19.33; SD=3.84), and C2 (7.22; SD=8.2). Across conditions, C1 had the low-

est score for attentional demand and the highest score for understanding of the situation. 

Supply of attentional resources, however, was rated highest in the baseline (C0), alt-

hough no alerts were presented to the participants. We assume C1 scored well on SA 

as the participants did not have to look away from the road, remaining focused longer. 

 
Table 1. Mean composite SART scores and SD per experimental condition. 

 Overall SART Demand Supply Understanding 

C0 (baseline) 19.33 (3.84) 13.89 (3.92) 20.78 (3.56) 12.44 (3.4) 

C1 (beep + 

voice) 

23 (4.3) 10.89 (3.06) 18.11 (3.76) 15.78 (2.86) 

C2 (beep + 

visual) 

17.22 (8.2) 11.44 (5.61) 16.67 (6.73) 12 (5.39) 

 

 
Fig. 3. SART scores per participant. 

We split the collected subjective measures data based on whether the participant had 

a crash during the experiment or not. Whenever a crash happened before the obstacle 

appeared, we repeated the trial. Because the data was not normally distributed, a Mann-

Whitney U test was conducted to check for differences between the two groups. We 

found that a group that did not crash had significantly lower trust (U=39.5, p< .05) and 

cognitive workload (U=25, p<.01), but there were no significant differences for SA 

(U=75.5, p = .73).  Finally, a one-way ANOVA was performed to compare the effect 

of weather on the three subjective measures in foggy, rainy, and clear weather condi-

tions. There were no statistical differences between weather conditions on overall 

SART, F(2,23) = 1.786, p = .19. There was also no effect of weather condition on trust, 

F(2,23) = 3.205, p = .059, and on overall TLX, F(2,23) = 0.122, p = .88. 



3.1 Qualitative Analysis 

Only three participants saw the visual warnings as soon as they were displayed. This 

suggests that showing the visual warnings in the driver’s peripheral vision was not con-

venient while driving. Participants commented that they did not pay much attention to 

the infotainment screen while driving. Two participants misinterpreted the meaning of 

the visual warnings (Fig. 1 left), mistaking them for driving instructions from a naviga-

tion system. Participants reported that the voice messages were effective at conveying 

information about obstacles and were easy to process while driving. 

Qualitative data collected from the interviews generally shows that drivers are in 

favor of such warnings alerts and they would like to use precise road situation notifica-

tions while driving. Their main concerns were about the accuracy of the received data. 

When asked whether they would prefer the system to give them information about ob-

stacles or instructions on how to avoid the obstacles, five participants were in favor of 

information, and four in favor of receiving instructions. Additionally, participants re-

ported that the beep sound draws their attention and enables them to anticipate that they 

should be more attentive to the road, but also prepares them to hear the voice warning. 

3.2 Physiological Analysis 

We used the Biopac MP36 to record the electrocardiogram (ECG) data. For this, we 

attached electrodes on both the participants’ wrists and the third one on their right ankle. 

This setup can introduce noise in the collected data, given that they had to drive and 

move their hands. It was mostly for modesty and convenience reasons that we opted for 

the placement on less intrusive body locations. We were not able to collect good phys-

iological data for all participants. Sometimes, electrodes would detach during the test. 

After sorting out all the unusable data, we performed the analysis on 8 participants. In 

general, we observed a decrease in the participants’ mean heart rate of each subsequent 

trial that followed the order of administration of trials. We could attribute this effect to 

the experimental design and participants becoming more familiar with the simulator. 

For each participant, we calculated their average heart rate (HR) value in a 15s win-

dow directly before the obstacle and the average value in a 15s window starting 10s 

after facing the obstacle. The delay was introduced because the change in heart rate is 

not instantaneous. The heart rate reactivity is the difference between the two HR values 

(HR after – HR before obstacle). A Pearson’s correlation was computed to assess the 

relationship between the mean HR and overall TLX score, trust, and SA. There was a 

moderate negative correlation between HR and TLX (r = -.32), HR and trust (r=-.25), 

but no correlation between HR and SA (r=.01). However, none of the three were sig-

nificant at p<0.05 level.  

Physiological responses being very different for each person, they are very difficult 

to compare. However, Jouven et al. [10] have proven that the average mild stress level 

is associated with the reactivity of 8.9 BPM.  Therefore, we can see in Fig. 4 that no 

matter what modality was presented to participants, there was no significant increase in 

heart rate that could lead to mental stress. Additionally, the comparison of reactivity 

also shows that the heart rate when encountering an obstacle seems to decrease when 

participants were warned with the auditory and visual modality (C3). Overall, the mean 



heart rate was highest for the baseline (83.05, SD=9.68), followed by C1 (75.27, 

SD=5.32) and C2 (73.6, SD=7.62). 

 This could imply that the choice of modalities is associated with driver’s stress 

which could be used when designing driver-car interactions. However, future research 

is needed to validate these basic findings. We suggest investigating the use of speech 

and visual modalities to warn drivers depending on the distance to the road situation 

and obstacles.  

 
Fig. 4. Heart rate reactivity at obstacle per participant. 

4 Conclusion 

The combination of speech and auditory modalities used to convey traffic alerts was a 

preferred solution by the participants. Also, both visual and speech alerts decreased the 

amount of distrust in the road situation alert system. Speech alerts enabled participants 

to achieve higher situational awareness, as they could maintain better attention to the 

road. The results suggest that the weather conditions did not affect drivers’ cognitive 

load, trust, and situational awareness. We have not observed a high increase of mental 

stress on drivers when using speech or visual modalities as road situation alerts. In fact, 

visual warnings induced less heart rate reactivity than speech alerts. Regarding the sim-

ulator platform, we recognized the importance of using a realistic and immersive driv-

ing simulator. A limitation of our study lies in the fact that the simulator was quite 

different from a real car, thus imposing an unnecessary effort on the participants. How-

ever, they reported that after a familiarization drive, they were able to grasp the driving 

feeling and felt more comfortable with it. Furthermore, a larger sample study should be 

conducted to make further generalizations for the use of warning modalities, but we 

believe our results provide useful indications towards design guidelines for driver-car 

interaction. This study contributed to a better understanding of the output modalities’ 

effect on driver’s experience.  
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