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Abstract

:

Real-time coaching programs are designed to give feedback on driving behavior to usage-based motor insurance users; they are often general purpose programs that aim to promote smooth driving. Here, we investigated the effect of different on-board real-time coaching programs on the driving behavior on highway deceleration lanes with a driving simulator experiment. The experiment was organized into two trials. The first was a baseline trial, in which participants drove without receiving any feedback; a cluster analysis was then performed to divide participants into two groups, based on their observed driving style. One month later, a second trial was carried out, with participants driving on the same path as the first trial, this time receiving contingent feedback related to their braking/acceleration behavior. Four feedback systems were tested; overall, there were eight experimental groups, depending on the clustered driving style (aggressive and defensive), feedback modality (visual and auditory), and feedback valence (positive and negative). Speed, deceleration, trajectory, and lateral control variables, collected before and onto the deceleration lane, were investigated with mixed ANOVAs, which showed that the real-time coaching programs significantly reduced speeds and maximum deceleration values, while improving lateral control. A change toward a safer exit strategy (i.e., entering the lane before starting to decelerate) was also observed in defensive drivers.
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1. Introduction


1.1. Safety of Highway Deleceration Lanes


Highway deceleration lanes and exit ramps are a relevant concern in road safety. Despite accounting for a negligible amount of total freeway mileages, they are significantly more risky than freeway mainline sections: in the United States, a National Cooperative Research Program (NCHRP) report showed an average rate of 0.68 crashes per million miles traveled by vehicles on deceleration lanes, 20% higher than that of freeway mainline sections near the exit ramp, and three times higher than that on acceleration lanes [1].



Despite this, there is a relatively small body of research on this topic, which dates back to the 1960s [2]. The vast majority of the studies focused on finding relationships between geometric/traffic features of the deceleration lanes and crash rates [3,4,5,6]. The main goal of these studies was to help practitioners to design safer infrastructures. The main geometric features that were shown to have an impact on deceleration lane safety are: deceleration lane length, deceleration lane type, and number of deceleration lanes. The conclusions from these studies were quite inconsistent; a recent meta-analysis [7] showed that, although significant risks associated with geometric features were observed in many studies, the meta-estimates were not found to be significant, suggesting the need for further research on the topic.



A different approach was applied by Calvi et al. [8], who studied the impact of traffic volume on deceleration lane safety with a driving simulator study involving 30 participants. Contrary to previous crash-based studies, the focus switched to microscopic aspects of the phenomenon, i.e., the behavior of drivers on the deceleration lane; to evaluate safety, they considered vehicle speeds, deceleration, and trajectories. The results showed a significant effect of traffic volume on vehicle speed, deceleration rate, and trajectory, and highlighted some relevant issues, such as that drivers tended to decelerate before diverging, and that speeds in the deceleration lane were significantly higher than the design speed. Subsequently, the authors applied the same driving-simulator-based approach to investigate the effect of the deceleration lane type, comparing parallel and tapered designs [9], and observed significant differences in the speeds of diverging drivers, with greater interference with the through traffic on the tapered lane. Another study focused on evaluating the effects of the number of exit lanes [10]: the two-lane exit layout seemed to provide improved performance over the single-lane one by limiting the interference of the diverging drivers with the through traffic. Their driving simulator approach was later successfully validated by comparing speed and trajectory data collected both in the field and with a simulator experiment [11]. As in the majority of studies in the literature, their declared end goal was to provide guidance for safer infrastructure design.



A driver-behavior-focused approach was followed also by Lyu et al. [12], who carried out a naturalistic experiment involving 46 participants on a typical highway deceleration lane in Wuhan. As in [8], Lyu et al. studied drivers’ speed, deceleration rate, and trajectories; in addition, they investigated vehicle lateral control during the diverging maneuver. The aim of the study was to investigate the effect of some sociodemographic characteristics (i.e., gender, occupation, experience) on drivers’ behavior, showing several significant effects. In particular, male drivers showed earlier entries into the deceleration lane in comparison with female drivers; moreover, before entering the deceleration lane, experienced and professional drivers performed the last lane change as early as possible; in addition, the vehicles’ speed while entering the exit ramp exceeded significantly the speed limit. Their approach introduced a crucial novelty to this line of research, switching the focus from infrastructural/traffic characteristics to drivers’ characteristics.



From this analysis of the literature, it is possible to observe that only a small number of studies have investigated the safety of highway deceleration lanes by focusing on the driving behavior of road users. In addition, to the best of our knowledge, none of them investigated in-vehicle countermeasures aimed at improving the safety of exiting maneuvers in highways.




1.2. “Pay-How-You-Drive” Insurance Schemes


An emerging trend in the motor vehicle insurance sector is to offer usage-based insurance (UBI) schemes, in which drivers are charged premiums based on their vehicle usage instead of other potentially unfair attributes such as sociodemographic characteristics [13].



The two main UBI schemes are the so-called “Pay-As-You-Drive” (PAYD) and “Pay-How-You-Drive” (PHYD). The former charges premiums based on driver’s mileage, the latter on driver’s behavior on the road. In PHYD schemes, real-time kinematic data are collected with In-Vehicle Data Recorders and are used to assess drivers’ performance in terms of safety [14].



PHYD schemes aim at providing several benefits for motor insurance providers, clients, and the general community [13]: (i) reducing road crashes; (ii) addressing the cross-subsidy issue, potentially resulting in reduced cost of insurance premiums; (iii) promoting fairer insurance costs, as users pay depending on their driving behavior, not on other attributes which may not necessarily reflect the chance of being involved in a crash; (iv) encouraging smoother driving styles, therefore reducing fuel consumption and giving additional monetary gain to the users and environmental benefits to the community.



The majority of PHYD schemes assume a correlation between harsh braking/accelerations and road safety [15,16,17,18]. Consequently, harsh driving is punished (e.g., incrementing premium prices), and smooth driving is reinforced (e.g., giving discounts on premiums). Positive effects on road safety have been observed [19,20], but research on such schemes’ effectiveness is still limited [21,22].



Often, these systems are designed to provide a delayed “after-drive” feedback, which generally includes a report with more or less aggregate information about the safety performance [13,23,24]. A new trend in the motor insurance market consists in offering real-time coaching systems to provide feedback to users. Such systems are comparable to those proposed in the literature as educational tools to reduce speeding [25], to improve lateral control of the vehicle [26,27], and to eco-drive [28,29]. In one of the few studies dealing with a real-time feedback specifically designed for PHYD schemes, an improvement in safety performance was observed [30]. Moreover, it was demonstrated that these real-time systems have higher effectiveness compared to those giving “after-drive” feedback [31].



Ultimately, only few works investigated, in quantitative and microscopic terms, the safety benefits that can be provided by PHYD schemes. Moreover, there is a lack of research on the evaluation of real-time feedback systems specifically designed for PHYD schemes.




1.3. Aim of the Study


Recently, we investigated the effects of real-time coaching programs on driving behavior with a driving simulator study using different types of feedback, varying on the basis of the negative or positive feedback valence (valence can be defined as the subjective value attributed to a stimulus, such that stimuli with positive valence are supposed to attract individuals, whereas stimuli with a negative valence lead to avoidance behaviors (see the APA Dictionary of Psychology; https://dictionary.apa.org accessed on 13 July 2021)), as well as the sensory modality in which it was delivered. Participants underwent a two-trial experiment in which they drove on a path with both rural and urban roads, a highway, multiple intersections, and had several interactions with other motor vehicles and cyclists. After the first trial, which was a baseline run without any type of feedback, participants were divided into two clusters depending on the degree of “aggressiveness” in their driving style. During the second trial, which occurred after one month, they received real-time feedback based on their acceleration/deceleration behavior.



Results presented in previous works showed a reduction in the occurrence of harsh braking/acceleration events in the second trial, especially for aggressive drivers [32], and an overall safer behavior when overtaking a cyclist [33]. In both cases, the feedback effectiveness did not depend on either its valence or modality.



In the present paper, we focused on analyzing a specific part of the trials: the maneuver of exiting the highway using the deceleration lane; in particular, we investigated whether the real-time coaching program had an impact on participants’ behavior during such maneuvers.



It is worth noting that the coaching program was not specifically developed to address the behavior of drivers exiting the highway, but, more generally, to reduce the number of critical braking/acceleration events (see Section 2.1.4), which are considered as valid surrogates for dangerous driving [34]. Since the development of a specific real-time program to deal with each specific maneuver that drivers must perform on the road (e.g., overtaking a cyclist or exiting a highway) is not feasible, it is of great practical interest to assess whether a general purpose real-time coaching program can increase safety in different scenarios.





2. Methodology


2.1. Driving Simulator Experiment


2.1.1. Participants


For this experiment, we recruited 100 active drivers: 51 males and 49 females, with an age range of 20–33. The following selection criteria were considered: having normal or corrected-to-normal vision, no previous experience with driving simulators, an average annual mileage of at least 1000 km, not less than 1 year of driving experience. We elected to focus on young-adult drivers because of their predisposition to choose UBI schemes [35] and since the literature indicates that they can significantly benefit from such schemes [36].



Participants were invited to perform two driving trials. Five of them suffered from simulator sickness and could not complete the first one; seventeen could not return for the second one; four did not complete the second trial. Hence, the final sample included 74 drivers (37 males and 37 females, age range 20–33; mean = 24, SD = 2.80). All participants received monetary compensation for completing the experiment and were naïve to its aim.



This study was conducted in compliance with the Code of Ethics of the World Medical Association (Declaration of Helsinki) [37]. The experiment was approved by the Ethical Committee for the Psychological Research of the University of Padova (IRB N 3024 06/06/2019). At the beginning of the experiment, participants signed the informed consent.




2.1.2. Apparatus


The dynamic driving simulator at the Transportation Laboratory of the University of Padua was used for this experiment. This simulation system was described and validated in previous studies focused on testing in-vehicle applications [26,38,39,40,41,42] aimed at improving traffic safety. Thirty-one vehicle kinematic variables were collected by the simulator at a 50-Hz sampling frequency.




2.1.3. Experimental Design


The experimental conditions were administered on two different days. During the first day, after a short training session, participants were instructed to perform the first trial, driving as they would in the real world, following traffic sign indications toward the city of Padua. No feedback was delivered during this trial.



At the end of the first round of trials, two groups of participants with different driving styles (defensive vs. aggressive) were identified, by means of a cluster analysis. They were subsequently divided into 4 subgroups, balanced as to gender and driving style.



One month after their first trial, participants were administered the second trial, during which 4 different kinds of feedback (see Section 2.1.4) were delivered during the simulated driving task. Before the trial, participants were instructed on the basic functioning of the real-time coaching program.




2.1.4. Real-Time Coaching Program


The real-time coaching program was designed to give negative or positive feedback after, respectively, harsh or smooth driving events recorded during the experiment. The following definitions of harsh and smooth events were adopted:




	
Harsh event: a timeframe longer than 1 s exceeding a deceleration threshold of −0.4 g or an acceleration threshold of 0.3 g.



	
Smooth event: a timeframe longer than 1 s exceeding a minimum deceleration/acceleration threshold (±0.075 g) without exceeding the deceleration threshold of −0.4g or the acceleration threshold of 0.3 g.








These thresholds were chosen with a sensitivity analysis and were supported by findings of previous studies [34,43].



When a harsh or smooth driving event occurred during the second trial, one of the 4 different feedback was delivered, depending on the subgroup. Four feedback systems were therefore developed, varying on the basis of valence (negative or positive) and modality (auditory or visual). The 4 s visual or auditory signal was presented just after a harsh/smooth event was recorded.



As regards the auditory cues, two sounds were selected from the International Affective Digitized Sounds (IADS) database [44]. Sound #712 was selected as a negative feedback and #717 as a positive one. According to the normative 9-point rating scale for IADS sounds, the former had a low pleasantness (1.62), and the latter a high one (7.32).



As regards the visual cues, they both consisted of a bright circle on a dark background: a purple-colored circle indicated negative feedback, and a white-colored circle indicated positive feedback. The circle had a 3 cm diameter and was located within 13 degrees of the participant’s visual field, simulating a device located in the upper part of the windscreen (Figure 1b).



The system consisting of a negative visual feedback was designed to closely resemble a real-time coaching device already available on the Italian motor insurance market. The other systems were designed to evaluate potential impacts on program effectiveness from changes in the feedback valence or modality.




2.1.5. Highway Scenario


Participants drove on a 11.5 km long route that included urban and rural roads, a highway section, and several types of intersections (priority, signalized, and roundabout). The duration of each session was about 15 min.



After about 6.5 km from the start of the trial, drivers entered a two-lane highway. The lanes were 3.60 m wide and there was a 3.00 m wide hard shoulder on the right. After 2.6 km, drivers were required to perform an exit maneuver. The first traffic sign indicating the highway exit was located 1.2 km before the deceleration lane. The deceleration lane was 3.60 m wide and 300 m long, including a 100 m taper, with a parallel layout (Figure 1a and Figure 2). The lane was followed by a smooth curve with a 500 m radius.



The posted speed limit on the highway was 100 km/h, and there was about 1200 vehicles/lane/hour computer-controlled traffic. The speed of the computer-controlled vehicles was between 90 and 110 km/h.





2.2. Variables Analyzed


Several dependent variables were analyzed in this work. They can be classified into four broad categories: speed, deceleration, trajectory, and lateral control variables. The variables were chosen in line with the existing literature investigating driving behavior on deceleration lanes [8,12].



We considered the distance D to the end of the deceleration lane as a spatial reference. The deceleration lane was therefore located between D = 300 m and D = 0 m (Figure 2). A preliminary analysis showed, consistent with previous works, that some participants started decelerating before the beginning of the deceleration lane, but no participant started to decelerate earlier than D = 500 m.



Speed variables:




	
V_MEAN [km/h]. The average speed on the highway, calculated from D = 2300 m to D = 1300 m, therefore, before the first traffic sign indicating the highway exit.



	
ΔV1 [km/h]. Speed change at the beginning of the deceleration lane, calculated as the difference between the speed at D = 300 m and V_MEAN.



	
ΔV2 [km/h]. Speed change when entering the deceleration lane, calculated as the difference between the speed recorded when the vehicle’s center of gravity (COG) entered the deceleration lane and V_MEAN.



	
ΔV3 [km/h]. Speed change at the end of the deceleration lane, calculated as the difference between the speed at D = 0 m and V_MEAN.








Deceleration variables:




	
DEC_MEAN [m/s2]. Average deceleration between D = 500 m and D = 0 m.



	
DEC_MAX [m/s2]. Maximum deceleration between D = 500 m and D = 0 m.








Trajectory variables:




	
E [m], “exit point”, defined as the point in the space between D = 300 m and D = 0 m where the vehicle’s COG enters the deceleration lane.



	
A [m], “start-of-deceleration point”, defined as the point in the space between D = 500 m and D = 0 m where the driver first fully raises the foot from the gas pedal (Note that, in principle, A is different from the point where the vehicle actually starts decreasing its speed; moreover, drivers can decelerate even without fully removing the foot from the gas pedal. A was defined in such way to avoid ambiguity in the definition of the deceleration phase, and to be consistent with previous literature [8]).








Lateral control variables:




	
LATACC [m/s2]. Average lateral acceleration between D = 300 m and D = 0 m.



	
SDSA [degrees]. Standard deviation of steering angle between D = 300 m and D = 0 m.









2.3. Statistical Anlyses


A cluster analysis (see Section 3.2) was performed on data collected during the first round of trials; its objective was to equally distribute participants with different driving styles into the four feedback subgroups. In the analysis, the number of clusters was chosen according to Ward’s method of hierarchical clustering with squared Euclidean distance measures, as in [45,46,47]; Z-scores were used to standardize grouping variables; K-means cluster analysis was then conducted to identify the clusters.



Mixed ANOVA models were applied to investigate the impact of the real-time coaching program on the exiting maneuver using data collected in both trials (Section 3.3). We considered one main factor (Trial), three between-participant factors (Driving style, Feedback valence, and Feedback modality), and their interactions. Each dependent variable (see Section 2.2) was investigated with a separate analysis. Effect size was quantified with ηp2, which, as a rule of thumb, indicates a small effect if it is higher than 0.01, a medium effect if it is higher than 0.06, and a large effect if it is higher than 0.14 [48]. Post hoc tests were carried out with Fisher’s Least Significant Difference procedure.



IBM SPSS 22 statistical package was used for cluster analysis, whereas JASP 0.13.1 software [49,50] and MATLAB R2021a were used to perform the analyses reported in Section 3.3. Significance level was set at α = 0.05.





3. Results


3.1. Descriptive Analysis


Table 1 presents descriptive statistics for the 74 participants who performed the exit maneuver from the highway in both trials. Mean values indicate a reduction in the average speed on the highway in Trial 2, and an even higher reduction in the other speed indexes in the deceleration lane. Mean and maximum decelerations tended to be lower (in absolute value) in Trial 2, whereas the exit and start-of-deceleration spots appeared to be farther away from the end of the deceleration lane. Average lateral acceleration and standard deviation of the steering angle were lower in Trial 2, suggesting higher lateral control of the vehicle. Except for some speed variables, standard deviations were lower in Trial 2, indicating more consistent behavior among the participants. It is worth noting that only data from 62 participants were available for the variable A in Trial 1 and 66 in Trial 2, since the other participants did not fully remove their foot from the gas pedal during the maneuver.



It is also worth noting that, in absolute terms, the mean and maximum deceleration values were low compared to those of previous works on deceleration lanes (e.g., [8]). In the present experiment, the lane was not designed to necessarily induce harsh decelerations, and, indeed, it was relatively long and followed by a smooth curve (see Section 2.1.5).



Figure 3 shows the trajectories of the individual vehicles’ COG in both trials, showing that virtually all participants approached the exit from the right lane, and most of them entered the deceleration lane within its first third (i.e., within the taper), but with notable exceptions.




3.2. Cluster Analysis: Identifying Driving Styles


A K-means clustering on 31 vehicle kinematic variables was applied to the 95 participants who completed Trial 1, separating them into two clusters. The details of this analysis are available in [32,33].



The first cluster included 49 participants who tended to have a smoother and safer driving style: e.g., they had fewer speed and acceleration peaks, and lower average speed; they were labeled as “defensive”. The second cluster contained 46 drivers, with the opposite behavior, who were labeled as “aggressive”.



As explained in Section 2.1.1, 21 participants dropped out of the experiment after Trial 1; 13 of them were defensive drivers, the remaining eight were aggressive drivers.




3.3. Mixed ANOVA: Evaluating the Effect of the Real-Time Coaching Program


Mixed ANOVAs were carried out to assess the effect of Trial (Main Factor), and the between-participant factors:




	
Cluster—aggressive (N = 38) vs. defensive (N = 36)



	
Feedback valence—negative (N = 35) vs. positive (N = 39)



	
Feedback modality—visual (N = 41) vs. auditory (N = 33)








Besides their interactions, on the variables listed in Section 2.2.



3.3.1. Speed Variables


A significant effect of Trial on V_MEAN was observed, F (1.66) = 29.23, p < 0.001, ηp2 = 0.31: participants reduced their average speed in Trial 2 by almost 5 km/h. Aggressive drivers had, on average, higher speed than defensive drivers in both trials, as the effect of Cluster was also significant, F (1.66) = 36.20, p < 0.001, ηp2 = 0.35. Interaction was not significant, meaning that both clusters were affected in the same way by the main factor Trial (Figure 4a). Feedback valence and modality showed no significant effect.



Trial and Cluster had no significant effect on ΔV1, but their interaction was significant, F (1.66) = 6.87, p = 0.011, ηp2 = 0.09. This can be observed in Figure 4b, where it is apparent that in Trial 2 defensive drivers, contrary to the aggressive ones, had a much higher speed reduction (about 4 km/h) at the beginning of the deceleration lane than in Trial 1. This was confirmed by post hoc tests, which showed a significant difference for defensive drivers, t (66) = 2.54, p = 0.013, contrary to the aggressive ones, p = 0.246.



As regards ΔV2, Trial had a significant effect, F (1.66) = 5.51, p = 0.022, ηp2 = 0.08, as well as Cluster, F (1.66) = 6.65, p = 0.012, ηp2 = 0.09, but not their interaction, with both aggressive and defensive drivers reducing their speed more when entering the deceleration lane in Trial 2 than in Trial 1, and with defensive drivers reducing their speed more than aggressive ones in both trials (Figure 4c).



A similar trend was observed at the end of the deceleration lane (variable ΔV3, Figure 4d) with significant effect of Trial, F (1.66) = 7.29, p = 0.009, ηp2 = 0.10, and Cluster F (1.66) = 10.56, p = 0.002, ηp2 = 0.14.



As in the case of V_MEAN, feedback valence and modality showed no significant effect on any of the three speed-change variables investigated.




3.3.2. Deceleration Variables


The main factor Trial was not significant on DEC_MEAN, F (1.66) = 2.75, p = 0.102, ηp2 = 0.04, although a tendency of participants to reduce (in absolute value) their mean deceleration in Trial 2 can be observed in Figure 5a. No significant effect was reported for any of the between-participant factors.



A more evident and significant effect of Trial was found when analyzing DEC_MAX, F (1.66) = 5.18, p = 0.026, ηp2 = 0.07: participants reduced, on average, their maximum deceleration from −1.05 m/s2 to −0.95 m/s2 (Figure 5b). A significant interaction between Trial and Feedback valence was also observed, F (1.66) = 5.04, p = 0.028, ηp2 = 0.07, and it showed that the participants who received a negative feedback were able to significantly reduce their maximum deceleration, as confirmed by the post hoc test, t (66) −3.07, p = 0.003, contrary to those who received the positive feedback, p = 0.827.



No significant effect was reported for any of the between-participant factors, nor for any other interaction.




3.3.3. Trajectory Variables


No significant main factor effect was found for variable E: on average, drivers tended to enter the deceleration lane at around the same point in both trials. However, an interesting interaction Trial*Cluster was found significant, F (1.66) = 6.45, p = 0.013, ηp2 = 0.09. As can be observed in Figure 6a, defensive drivers tended to enter the lane significantly earlier in Trial 2, the post hoc tests resulting significant, t (66) = 2.77, p = 0.007. In absolute terms, they entered the lane about 16 m earlier in Trial 2. Conversely, aggressive drivers did not significantly change their behavior, t (66) = 0.83, p = 0.411.



As regards the variable A, Trial was found not significant, and neither was its interaction with Cluster. Factor Cluster, however, was itself significant, F (1.47) = 7.34, p = 0.009, ηp2 = 0.14., with defensive drivers raising the foot from the gas pedal much earlier (about 70 m on average) than the aggressive ones in both trials (Figure 6b). The analysis of this variable was performed on the 55 participants who released the gas pedal in both trials; the others kept the foot on the pedal for the whole maneuver in one or both trials, as mentioned in Section 3.1.




3.3.4. Lateral Control Variables


Trial had a significant effect on LATACC, F (1.66) = 19.37, p < 0.001, ηp2 = 0.23 with a relevant reduction of mean lateral acceleration in the second trial. There was also a significant interaction between Trial and Feedback modality, F (1.66) = 4.54, p = 0.037, ηp2 = 0.06, with the visual feedback seemingly more effective than the auditory one (Figure 7a). Indeed, post hoc tests showed that the visual feedback group significantly reduced their LATACC values in Trial 2, t (66) = 4.93, p < 0.001, whereas the auditory feedback group did not, p = 0.134.



Similar results were coherently found when analyzing SDSA, with significant effects of Trial, F (1.66) = 7.25, p = 0.009, ηp2 = 0.10, and interaction Trial*Feedback modality, F (1.66) = 4.24, p = 0.043, ηp2 = 0.06 (Figure 7b). Again, the visual feedback group was able to improve lateral control, t (66) = 3.58, p < 0.001, whereas the auditory feedback group did not, p = 0.673; however, in this case, post hoc tests also showed a significant difference between the two feedback groups in the first trial, t (66) = 2.10, p = 0.040, suggesting that the effect could be explained, at least in part, by the random difference in behavior of the two groups during the baseline trial.






4. Discussion


In this paper, we examined the impact of real-time coaching programs on drivers’ behavior in highway deceleration lanes, and whether their driving style or the way in which the feedback was presented had any effect on the program’s effectiveness. The next paragraphs discuss the findings from our driving simulator experiment.



4.1. Effect of Real-Time Coaching Program on Drivers’ Behavior (Factor Trial)


The results presented in Section 3 showed that the presence of the real-time coaching program had a significant effect on participants’ driving behavior, influencing their speed, deceleration, trajectory, and lateral control.



Drivers tended, in general, to behave more cautiously in Trial 2. This was confirmed by the fact that the average speed in the highway section decreased, on average, by almost 5 km/h. The fact that the driver’s “base” speed was lower in Trial 2 implied that the speeds in the deceleration lane were also lower in that trial. For this reason, instead of investigating in absolute terms the speeds at the beginning, entry point, and end of the deceleration lane, we chose to investigate the speed-changes at those points. This allowed us to isolate the further reduction in speed that was directly caused by the real-time coaching program. This effect was significant at the entry point (ΔV2) and at the end (ΔV3) of the lane; in terms of safety, these two variables are of particular interest, as one of the main issues of deceleration lanes is that drivers tend to exceed the design speeds used to determine the length of the lane and the radius of the ramp curve [8,51,52]. As regards the speed change at the beginning of the lane (ΔV1), the effect of the feedback appeared evident only for the defensive drivers; this is further discussed in Section 4.2.



Since the feedback system is directly linked to drivers’ acceleration/braking, it is not surprising that participants decelerated more smoothly in Trial 2. In particular, the improvement was more evident in the maximum deceleration values than in the mean values, coherent with what was observed in the rest of the simulation path, where participants significantly reduced the number of elevated gravitational-force events [32]. Note that this reduction in the deceleration values of Trial 2 was observed despite an increase in the speed reduction, meaning that drivers decelerated with less intensity but for a longer time, i.e., in a smoother way. Smoother driving is of course desirable from a safety point of view; harsh decelerations, conversely, are dangerous because they can increase the potential for loss of vehicle control and reduce the time available for other road users to respond to the driver’s behavior [34]. In addition, it is also worth noting that this significant reduction was observed despite the maximum deceleration value being relatively low, even in Trial 1, because of the geometric characteristics of the deceleration lane (see Section 2.1.5). Further research can investigate how program effectiveness on deceleration variables is influenced by lane geometry.



The program had a much more limited impact on vehicles’ trajectories, as it was not found significant, except for an interaction with the factor Cluster on variable E, which is discussed in Section 4.2. Therefore, on average, drivers tended to start decelerating and entering the deceleration lane at the same points in both trials. However, by analyzing individual vehicle trajectories (see Figure 3), it was possible to observe that in Trial 2 the behavior was much more consistent among the participants and that there were fewer outliers: in Trial 1 seven of seventy-four drivers entered the deceleration lane with E < 100 m, whereas in Trial 2 all of them did it with E > 100 m.



One of the most important effects of the program involved lateral control, which significantly improved in Trial 2, considering both LATACC and SDSA. To some extent, this can be observed in qualitative terms in Figure 3, where the trajectories in Trial 2 showed generally fewer oscillations. This, again, represents a further positive effect on road safety.




4.2. Effect of Driving Style on Program Effectiveness (Factor Cluster)


A significant effect of participants’ driving style was observed on speed and trajectory variables. Previous studies showed that the same real-time coaching program was more effective for aggressive drivers, mainly because there is more space for improvement [32,33].



As regards speed variables, however, the improvement was similar for both driver categories (except in the case of ΔV1), meaning, on the one hand, that all users can benefit from it, and, on the other hand, that aggressive drivers are unable to reach defensive drivers’ performance.



The analysis of trajectory variables deserves a more in-depth discussion, as the defensive drivers’ behavior is not the optimal one in terms of safety. As can be seen in Figure 6a, in Trial 1, defensive drivers tended to start their deceleration earlier than aggressive drivers, while entering the deceleration lane at about the same spot. This implies that the majority of defensive drivers adopted a potentially dangerous (and also operationally disruptive—see [53]) exit strategy, which consisted in starting the deceleration before entering the deceleration lane. Such behavior was observed also in [8]. Twenty-three out of 36 defensive drivers (63.8%) were characterized by this behavior; conversely, only 12 out of 38 aggressive drivers adopted it (31.6%).



By entering the deceleration lane earlier in Trial 2, some defensive drivers switched exit strategy, reducing to 18 (i.e., 50%) the number of defensive drivers decelerating before entering the deceleration lane.



This change in exit strategy was likely linked to the decrease in approaching speed, with defensive drivers reaching the beginning of the deceleration lane (see the analysis of variable ΔV1 in Section 3.3.1) with a significantly lower speed in Trial 2, allowing them to perform the exiting maneuver comfortably, even without starting the deceleration beforehand. This did not happen to aggressive drivers (see Figure 4b), who, consequently, did not significantly modify their trajectory in Trial 2.




4.3. Effect of Feedback Modality and Variance on Program Effectiveness


It has been suggested in the literature that multimodal feedbacks are more effective than either visual or auditory feedbacks, whereas, considering the two modes separately, results are not conclusive [54,55,56]. For this reason, Feedback Modality variable was included in the experimental design. The results of the present study did not show significant differences between auditory and visual modalities, with the notable exception of lateral control, where the visual feedback produced an improvement in performance and the auditory did not. However, as mentioned in Section 3.3.4 and as can be observed in Figure 7, this may have been caused by a random difference in the two groups in Trial 1, combined with a ceiling effect, which prevented the participants in the auditory feedback group to improve their performance in the second trial.



Feedback valence (positive or negative) did not show any significant effect on most of the dependent variables, as observed in previous studies on this driving simulator experiment [32,33]. This is in contrast with the findings of Harbeck et al. [57], who suggested that rewards have greater impact on behavioral changes, especially for young drivers. It is however possible that in the present study there was a ceiling effect, caused by the attributes of the feedback sounds: their symbolic meaning may have amplified their effect, disguising differences in their impacts. For one variable, DEC_MAX, a significant interaction between Feedback valence and Trial was found, as only participants who received a negative feedback were able to improve their performance in Trial 2. However, as in the case of the feedback modality effect on lateral control discussed above, this may be explained, at least in part, by a random difference in the two groups in Trial 1 (Figure 5b). Further research is required to confirm these findings.





5. Conclusions


This work investigated the impact of a motor insurance real-time coaching program on drivers’ behavior on highway deceleration lanes. Data were collected with a driving simulator experiment, and the analyses involved several kinematic variables.



The main result from the present work is that the tested real-time coaching programs were able to significantly improve the safety of the exit maneuver from the highway, with participants reducing their speed both approaching and using the deceleration lane, decelerating more smoothly and with higher lateral control. This also allowed some drivers, characterized by a “defensive” driving style, to modify their exit strategy by entering the deceleration lane before starting the deceleration, instead of doing the opposite (which is both a safety and an operational issue). Finally, no significant effect of feedback modality and valence was observed on most of the investigated variables.



These results have a potentially relevant practical interest because they suggest that it is possible to improve driving behavior with a very simple general purpose feedback system that depends only on a fixed acceleration/deceleration threshold. They also suggest that developing real-time coaching systems, primarily aimed at increasing the smoothness of driving style, could also produce additional benefits in specific and seemingly unrelated situations, as also shown in previous works [33].



There are some limitations that will be addressed in future research in order to generalize the conclusions and the practical implications of the present work. The main one is that only one exit maneuver per trial was performed, and this limited in some ways the investigation of a variety of features that can potentially modulate the feedback effect, such as geometric and traffic features; in particular, the deceleration lane was designed in a “safe” way, since it was relatively long, and it was followed by a smooth curve. In the future, it will be interesting to investigate the program’s effectiveness on deceleration lanes that require a higher speed reduction.



The kinematic realism of the simulator was validated in several scenarios mentioned in Section 2.1.2. However, a specific analysis of the realism of vehicle deceleration in the case specifically studied here could be of interest.



In addition, the participants were a homogeneous group of young Italian drivers; it will be interesting to investigate the relationship between sociodemographic characteristics and the real-time coaching program’s effectiveness on deceleration lanes.



Furthermore, it will be worth testing alternative feedback modalities (e.g., tactile) or combinations of modalities, as well as long-term effects on driving behavior.



Finally, on a more general note, further research on real-time coaching programs can investigate reducing misperception of braking capabilities [58,59] and compare the monetary incentives involved in such programs (which include both private and societal benefits, see Section 1.2) with the potential willingness-to-pay to avoid the so-called “time saving bias”, as shown by Tscharaktschiew [60].
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Figure 1. (a) 3D driving simulator scenario; (b) device showing visual negative (top) and positive (down) feedback. 
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Figure 2. Speed/trajectory variables and geometric features of the deceleration lane. 






Figure 2. Speed/trajectory variables and geometric features of the deceleration lane.



[image: Sustainability 13 09089 g002]







[image: Sustainability 13 09089 g003 550] 





Figure 3. Individual vehicles’ COG trajectories in each Trial. 
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Figure 4. Mixed ANOVA results. Circles represent mean values, bars the 95% confidence intervals. Trial and Cluster effects on: (a) mean speed in the highway; (b) speed change at the beginning of the lane; (c) speed change at the exit point; (d) speed change at the end of the lane. 
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Figure 5. Mixed ANOVA results. Circles represent mean values, bars the 95% confidence intervals. (a) Trial effect on mean deceleration; (b) Trial and Feedback valence effects on maximum deceleration. 






Figure 5. Mixed ANOVA results. Circles represent mean values, bars the 95% confidence intervals. (a) Trial effect on mean deceleration; (b) Trial and Feedback valence effects on maximum deceleration.



[image: Sustainability 13 09089 g005]







[image: Sustainability 13 09089 g006 550] 





Figure 6. Mixed ANOVA results. Circles represent mean values, bars the 95% confidence intervals. Trial and Cluster effects on: (a) exit point E; (b) start-of-deceleration point A. 
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Figure 7. Mixed ANOVA results. Circles represent mean values, bars the 95% confidence intervals. Trial and Feedback modality effects on: (a) mean lateral acceleration (LATACC); (b) standard deviation of steering angle (SDSA). 
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Table 1. Mean values and standard deviation (in parentheses) of dependent variables in Trial 1 and Trial 2.
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	Variable
	Trial 1
	Trial 2





	V_MEAN [km/h]
	92.33 (7.89)
	87.59 (8.03)



	ΔV1 [km/h]
	−1.40 (7.88)
	−2.59 (7.59)



	ΔV2 [km/h]
	−2.11 (8.01)
	−4.84 (8.27)



	ΔV3 [km/h]
	−14.29 (8.55)
	−17.01 (9.42)



	DEC_MEAN [m/s2]
	−0.46 (0.22)
	−0.41 (0.16)



	DEC_MAX [m/s2]
	−1.05 (0.34)
	−0.95 (0.28)



	E [m]
	222.08 (43.93)
	227.38 (33.33)



	A [m]
	189.16 (133.67)
	211.64 (124.45)



	LATACC [m/s2]
	0.22 (0.07)
	0.18 (0.06)



	SDSA [°]
	4.04 (1.71)
	3.45 (1.25)
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