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Abstract Collision analysis indicates that many car accidents occur when negotiating a bend. Excessive speed and steering wheel errors are often given by way of explanation. Nevertheless, the underlying origin of these dramatic errors could be, at least in part, a poor estimation of bend curvature. The aim of this study was to investigate both the assessment of bend curvature by drivers and the impact of symbolic road signs that indicate a hazardous bend on this assessment. Thus, participants first viewed a video recording showing approaching bends of different curvature before being asked to assess the curvature of these bends. This assessment could either be a verbal (symbolic control) estimation of the bend’s curvature and risk, or a sensorimotor (subsymbolic control) estimation of the bend’s curvature (participants were asked to turn a steering wheel to mimic the position that would be necessary to accurately negotiate the bend). Results show that very severe bends (with a radius of less than 80 m) were actually underestimated. This was associated with an underestimation of risk corresponding to these bends and a poor sensorimotor anticipation of bend curvature. Road signs, which indicate risk significantly improve bend assessment, but this was of no use for sensorimotor anticipation. Thus, other indicators need to be envisaged in order to also improve this level of control. © 2006 Published by Elsevier Ltd. Keywords: Steering anticipation; Road signs; Visual perception; Steering assistance



1. Theoretical framework Collision analysis indicates that many car accidents occur when negotiating a bend (Bar and Page, 2003; Larsen, 2004). Investigation of the origin of these accidents indicates that whilst endogenous causes (inattention, sleepiness) and risky behaviour (drugs, alcohol) or exogenous causes (such as the poor quality of the hard shoulder) are contributing factors, the major direct causes of these accidents are often excessive speed and/or steering wheel errors (72%). Nevertheless, knowing the immediate cause of an accident does not necessarily help us to understand why drivers sometimes make such fatal errors. One explanation could be that excessive speed and steering wheel errors in a bend result from a poor assessment of the road geometry, with the consequence that drivers are surprised by the road’s properties and thus lose control of their car. To determine if this is actually a feasible explanation, we not only have to examine the information that allows the driver to assess the road’s properties,
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but also to examine when that information is available. This is the aim of the next sections. 1.1. Short-term anticipation and on-line control An analysis of eye movements just before the bend is taken (Cohen and Studach, 1977; Land and Horwood, 1996; Shinar et al., 1977) indicates that drivers begin to explore bends early on (between 100 m and 30 m before the bend starts). This exploration is aimed at informing drivers about the nature of the oncoming bend. What information do drivers use to produce such an estimate? Zikovitz and Harris (1999) showed that drivers perceive a particular type of visual information related to bend curvature—the visual angle (cf. Fig. 1). This variable corresponds to the visual curvature of the road. The authors showed that drivers do seem aware of this information because, when negotiating a bend, they tilt their head in accordance with the visual angle. Land (1998) showed that there is a particular point in retinal flow, known as the tangent point (cf. Fig. 1). This point constitutes an anticipatory signal: it indicates road curvature and allows drivers to broadly match road curvature in advance (the preview time is about 0.85 s and is constant since the distance
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Fig. 1. (a) The visual angle corresponds to the visual curvature of the road. As the car travelled around the curve, a tangent was drawn along the far side of the road where it crossed the straight-ahead position. The angle that this tangent made with the edge of the straight road was taken as a measure of the tilt of the road (adapted from Zikovitz and Harris, 1999). (b) The tangent point corresponds to the point where the angular speed reverses and passes though null value. The curvature of the bend can be obtained from the angle θ as curvature = θ 2 /2d, where d is the distance to lane edge.



of the tangent point is not affected by speed). Thus, it seems that at the level of short-term anticipation and on-line control, drivers have access to good information about bend curvature, ruling out the hypothesis of poor assessment of bend properties at this level. This is confirmed by studies carried out by Mestre and Warren (1989) and Warren et al. (1991), which showed that participants are able to precisely determine the direction of their displacement (and hence bend curvature) by using a simulated optical flow pattern which corresponds to a participant curvilinear displacement. Therefore, it seems that steering wheel errors as indicated in car accident analysis are not the result of a lack of information concerning a bend’s properties over the short-term anticipation temporal span. We must thus look for the origin of these errors over the medium-term anticipation temporal span. 1.2. Medium-term anticipation Information previously described as being useful for the assessment of a bend’s curvature is available over a very short temporal span, which mostly implies a sensorimotor level of control. Nevertheless, driving a car is not a task that is performed only at this level of control. In fact, many models are in accordance with the idea that: firstly, driving takes place in time; secondly, many levels of control are implied in this task and differ as a function of both the level of abstraction of the processes they imply and their temporal span (Hollnagel et al., 2004; Michon, 1985). According to Hoc (2005), cognitive control can be divided into two levels of control. The first, subsymbolic control, relies on signals (that is to say information that has a signification by itself like for example the visual road curvature that means a turns) without soliciting major interpretations. It works in par-



allel, allowing for the continuity of the processing of feedback whilst also opening up the possibility of a smoother action. The second, symbolic control, relies on concepts or signs (that is to say information that has no signification by itself but that needs to be interpreted like for example the white flag to indicate peace or road sign to indicate hazard) and gives access to meanings and allows generalizations. Therefore, at this level, drivers can use their knowledge and expectations about the road’s properties to anticipate their behaviour in a bend. But what information do drivers use to produce such an anticipated estimate? To the best of our knowledge, no studies have investigated remote visual information which is specific to the bend’s properties and available to the driver. Nevertheless, some studies indicate that when the road geometry is perceived at distance through static and dynamic view, drivers are sometimes prone to perceptive illusions. These lead them to underestimate the curvature of bends with small curvature radii (Fildes and Triggs, 1985) or bends that overlap with a sag vertical curve (Bibulka et al., 2002a,b). Thus, it appears that when drivers have to assess an approaching bend curvature, not only is very little information available, but this information can also seem less precise than that which is available in the bend (or in any case not as useful). This situation can lead to a worse assessment of bend curvature. The aim of this study, then, was to ascertain whether drivers are actually unable to accurately assess severe bend curvature when perceived at distance. Furthermore, it also aimed to ascertain whether a poor assessment of remote bends is observed not only at the symbolic control level but also during the subsymbolic processing of a bend’s curvature; that is to say, for motor anticipation of the action to be taken on the steering wheel in order to accurately follow the road. Effectively, although medium-term anticipation commonly implies symbolic control of the steering situation, one cannot reject the idea that sensorimotor anticipation (subsymbolic control) may be observed at this level. This could correspond to an anticipation of the sensory information that is perceived once the driver is in the bend (mostly visual and vestibular) and thus to the preparation of the motor response. Our second aim was to determine if underestimation of severe bend curvature observed by Fildes and Triggs (1985) relates to a poor assessment of the level of risk associated with the bend which could explain excessive speed observed in cases of road departure in bends. For example, according to Wilde’s theory of risk homeostasis (Wilde, 1998, 2001), individuals always compare the perceived risk with the threshold of risk they consider to be acceptable. They then adjust their behaviour in order to eliminate any gap between these two levels of risk. Because the bend is considered to be less curved than it actually is, the risks associated with this bend are seen to be reduced. Thus, drivers tend to increase their speed in order to maintain their level of acceptable risk. If the discrepancy between the assessed curvature and the real curvature is too high and/or is detected too late, drivers are unable to decelerate in good time, with all the expected consequences (excessive braking, loss of control of the car, etc.). For this reason, we try to ascertain whether an increase in the perceived bend’s level of risk could help to increase the perceived curvature of this bend. One way to increase the perceived risk is
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Fig. 2. Example of the view of a bend with a curvature radius of 70 m, without and with a hazard road sign (a and b) experimental apparatus (c).



to clearly indicate this risk using a symbolic warning sign, such as those usually used on roads to inform drivers about hazardous bends (cf. Fig. 2). We know that road speed signs are not always used by drivers to adapt their speed, even though they do look at them (Zwahlen, 1987). Nevertheless, we can suppose that curve warning signs might have a direct influence on the perceived risk, modifying the driver’s expectations and thus bend assessment. Therefore, we compared a driver’s estimation of different bends in terms of curvature and risk both when these bends are associated with a warning sign and when no warning sign is present. Nevertheless, a driver’s perception of curvature and risk may differ as a function of the level of control implicated in the assessment of a bend’s curvature. It is acknowledged that symbolic signs often go back to a symbolic control level (Hoc, 2005; Rasmussen, 1986). For this reason, the usefulness of symbolic information was also investigated as a function of the level of control implicated in the task of bend curvature assessment. The level of control of the task was activated by manipulating the means available to the participants to evaluate the curvature of an oncoming bend (symbolic verbal estimation or subsymbolic motor estimation). Finally, we also investigated whether the car’s speed on approaching the bend exerts an influence on the driver’s estimation of bend curvature. Although this variable is not really informative about the bend curvature itself, speed might influence the estimation of the level of risk, and thereby indirectly influence curvature estimation in the case of symbolic processing of the curvature. Actually, if we suppose that symbolic processing implies a conscious reflection on the situation, then it is possible for speed to be integrated into the driver’s representation of the oncoming bend’s curvature.



IRCCyN (PsyCoTec: Psychology, Cognition & Technology) on the Satory Test Track (two-way road, 3.5 km, south of Paris, France). This group served as a control and had to drive on the Satory Test Track in nearly the same conditions as those used in our study. Two different groups were used in this study simply because of the distance between the Satory Test Track, situated to the south of Paris, and our experimental laboratory in Nantes. Moving participants from one site to the other would have created difficulties. There were 10 participants in the experimental group (5 males and 5 females, aged between 22 and 50 years) and 12 participants in the control group (8 males and 4 females, aged between 22 and 50 years). All had normal or corrected-to-normal vision. They were all volunteers and na¨ıve about the experiment actual purpose. All had driving experience (more than 30,000 km) and were familiar with manual steering as well as with power steering. 2.2. Apparatus and method 2.2.1. On-road video recording A video recording was made using the Satory Test Track and a selection of eleven bends from among four categories based on their curvature radius (2 gentle curvatures: 400–450 m; 1 medium curvature: 231 m; 4 severe curvatures: 100–160 m; 4 very severe curvatures: 26–80 m. 7 were left and 4 were right). In order to record the visual scene, a SONY digital camera was placed in the car (Renault Scenic) at the driver’s eye level. In this way, the size of the visual scene recorded by the camera corresponded nearly to the visual scene available to the drivers. For each of the selected bends, drivers had to perform six runs.



2. Method 2.1. Participants Two different groups of participants were used for the study. The first (experimental group) took part in the experimental session that focused on the assessment of bend properties. The second group (control group) allowed us to assess the wheel angle required to follow the road accurately. These participants came from another study carried out by our research team within



• On three of these runs a road sign indicated a hazardous bend ahead (cf. Fig. 2a and b). The sign was placed 150 m from the start of the bend. Each run corresponded to a particular speed (40 km/h, 60 km/h or a maximum speed of between 60 km/h and 80 km/h. A maximum speed of 80 km/h was not constant because it was too difficult and dangerous to maintain this speed thorough severe and very severe curvatures, in this case speed was comprised between 65 km/h and 70 km/h).
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• The three other runs were performed without road sign. As previously stated, each run corresponded to a particular speed. 2.2.2. Preparation of the video sequences to show to the experimental group Using STUDIO 6 Microsoft software, we edited the video recordings obtained on the Satory Test Track to create a new video recording. Our aim was to show this edited version to the experimental participants so that, for each bend, they could see short sequences that showed the car from when it moves towards the bend to when it reaches the start of the bend. Thus, for each bend, the sequence began 2s before the car reached a point on the road (that we named “visibility point”), placed 150 m from the start of the bend and the sequence stopped when the car reached this “visibility point”. So, whatever the speed of the car, the bend was visible for the same time and was always at the same distance from the observer at the end of the sequence (cf. Fig. 2a and b). Furthermore, another level was added to the speed variable. It consisted in presenting a static view of each bend for 2 s (with or without a road sign), 150 m from the start of the bend (that is to say at the “visibility point”). In total, the edited video was composed of 88 sequences corresponding to the intersection of the three factors (11 bends (from among the 4 curvature categories: gentle, medium, severe and very severe) × 4 speeds (static, 40 km/h, 60 km/h and maximum speed) × 2 road signs (with and without road sign)). The sequences were randomly distributed throughout the video. 2.2.3. Experimental session Only participants in the experimental group took part in the experimental session. The edited video was projected onto a screen (L: 3.02 m and H: 2.28 m, which corresponds to a visual angle of 80◦ wide and 66◦ high) with a video projector (EPSON EMP 7700). A steering wheel was placed on a support on which a graduated axis was drawn. The steering wheel was placed at the participant’s chest level when seated (cf. Fig. 2c). The steering wheel was calibrated in order to mimic the steering wheel on the real car. Before the test began, participants were seated facing the steering wheel at a distance of 1.70 m from the screen. The experimenter then gave them her instructions. Between each sequence of the edited video, a black screen was shown for 2 s so that participants could make an estimation of the bend they had just seen. The video sequences were presented three times, once for each dependent measure: two symbolic verbal ratings, the first concerning the curve severity and the second the curve hazard (each on a scale from 1 to 7), and one subsymbolic motor estimation of the curvature (wheel angle). Participants had to turn the steering wheel as quickly as possible and without thinking, in order to produce the steering wheel angle that corresponded to the bend curvature. The order of presentation of the three evaluation tasks was counterbalanced across participants. 2.2.4. On-road steering wheel assessment Participants of the control group drove on the Satory Test Track in nearly the same conditions as those used in our study



to produce the video recording. For each of the selected bends, drivers had to perform three runs. Each run corresponded to a particular speed (40 and 60 km/h and maximum speed). The car was equipped with power steering and the sensation on the steering wheel was nearly the same as that felt by the experimental group. 2.3. Data processing All the data (verbal estimations and wheel angle) were standardized (that is to say centred around the mean and reduced on the base of the standard deviation (data − mean)/standard deviation)) within each participant’s data set in order to have a comparable scale for each measure of bend estimation. Because, we suspected that at least two of the dependant variables were correlated (and probably all three dependant variables), data were analysed using a three-way multivariate analysis of variance (curvature 4 × speed 4 × road sign 2) with repeated measures on all the factors and three dependant variables (curve severity, curve hazard, wheel angle). Specific ad hoc comparisons were performed using contrasts computed on the basis of our hypothesis. We are aware that the small number of participants in our study means that the absence of difference in pairwise comparisons needs to be considered with caution. For this reason, a Fiducio-Bayesian analysis has been performed on the non-significant pairwise comparisons in order to ascertain that the population effects are actually negligible (Lecoutre and Poitevineau, 1992; Rouanet, 1996). This analysis has not been performed on the significant pairwise comparisons because, if one considers the small number of participants, it is likely that, if significant, the effect will be notable (that is to say high enough to be considered as an important result for the study). The Fiducio-Bayesian analysis is not well known and for this reason, we will briefly present its principles. An effect d is observed on a sample and the researcher is very often able to evaluate its practical significance, that is to say if it is negligible (not large enough) or notable (large enough) on an objective basis (usually determined thanks to the literature of the domain of interest). The initial distribution of uncertainty of this effect concerning the related parameter δ* is supposed to be uniform (maximum uncertainty). Following the experiment, the final distribution of uncertainty is modified; it is centred on d and has the form of the sampling distribution. If the observed effect is considered notable, we will look for a notable value on the final distribution beyond which δ* can be placed with a high degree of certainty (probability) such as P(δ* > x) = γ, where x is a notable value and γ the certainty level (guarantee). If the observed effect is negligible, we will try to show, with a high degree of certainty, that |δ* | is negligible (P(|δ* | < x) = γ, where x is a negligible and γ is the certainty level. In the following analysis, the guarantee for the Fiducio-Bayesian analysis was taken as γ = .90. Moreover, in this study, any difference between the estimations were considered negligible if lower than 0.40. Actually, because data are standardized, a difference of 0.50 between two means corresponds to a half standard deviation; thus, differences higher than this value were considered to be notable.
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Table 1 Principal effect and linearity of each factor (curvature, road sign and speed) on each of the dependant variables (curve severity, curve hazard, wheel angle) Curve severity



Curve hazard



Wheel angle



Main effect of the curvature



Wilks = 0.13, F(3, 7) = 14.96; p < 0.002



Wilks = 0.09, F(3, 7) = 21.53; p < 0.001



Wilks = 0.19, F(3, 7) = 9.89; p < 0.006



Linearity of the curvature effect



t(7) = 7.21; p < 0.001



t(7) = 5.47; p < 0.001



t(7) = 5.58; p < 0.001



Main effect of the road sign



Wilks = 0.53, F(1, 9) = 7.88; p < 0.02



Wilks = 0.31, F(1, 9) = 20.39; p < 0.001



Wilks = 0.78, F(1, 9) = 2.50; p > 0.15, observed effect = 0.08, P(|δ* | < 0.16) = 0.90, negligible effect



Main effect of the speed



Wilks = 0.17, F(3 ,7) = 11.68; p < 0.004



Wilks = 0.16, F(3, 7) = 4.85; p < 0.04



Wilks = 0.32, F(3, 7) = 11.88; p < 0.004



Linearity of the speed effect



t(7) = 2.83; p < 0.02



t(7) = 4.29; p < 0.002



t(7) = 3.27; p < 0.009



Note that linearity has not been computed for the road sign factor as this factor has two levels. The results of the Fiducio-Bayesian analysis have only been added for the non-significant comparisons.



3. Results 3.1. Estimation of bend curvature and inﬂuence of hazard road sign 3.1.1. Inﬂuence of bend curvature Results showed that bend curvature influenced the participants’ estimations: whatever the type of estimation they had to produce, this estimation increased with bend curvature and was linear (see Tables 1 and 2 and Fig. 3a). With regard to pairwise comparisons (see Table 2), it appears that when participants had to estimate curve severity or hazard, there was no statistically significant difference between the severe and very severe curvatures. The results of the FiducioBayesian analysis showed that the difference between severe and very severe curvatures was actually negligible for the curve



hazard estimation but it was not possible to conclude for the curve severity estimation. Finally, the gentle and medium curvatures were always perceived as being different to the very severe curvatures. Conversely, when participants had to produce an estimation of the wheel angle, only the difference between very severe curvatures and severe and gentle curvatures was statistically significant. For the reason explained in the previous paragraph, a Fiducio-Bayesian analysis has been performed on the nonsignificant pairwise comparisons (see Table 2). The results of the analysis showed that it was difficult to produce a relevant Fiducio-Bayesian conclusion on the size of this effect. As a whole, our results indicated an underestimation of very severe curvatures with respect to severe curvatures (very severe curvatures are not perceived as different with respect to severe curvatures). However, this was only the case when participants



Table 2 Pairwise comparison for the principal effect of curvature and speed for each of the dependant variables (curve severity, curve hazard, wheel angle) Curve severity Pairwise comparisons for the principal effect of curvature Very severe/severe t(7) = −2.22; p > 0.06. Observed effect = −0.31, P(|δ* | < 0.50) = 0.90, P(δ* > 0.12) = 0.90, no conclusion Very severe/medium t(7) = −2.79; p < 0.02



Very severe/gentle



t(7) = −7.36; p < 0.001



Pairwise comparisons for the principal effect of speed 0 km/h to 40 km/h t(7) = 4,33; p < 0.001



Curve hazard



Wheel angle



t(7) = −1.59; p > .15, observed effect = −0.16, P(|δ* | < 0.31) = 0.90, negligible effect t(7) = −3.70; p < 0.004



t(7) = −2.37; p < 0.04



t(7) = −4.14; p < 0.002 t(7) = 2.03; p > 0.07, observed effect = 0.30, P(|δ* | < 0.51) = 0.90, P(δ* > 0.10) = 0.90, no conclusion t(7) = −3.44; p < 0.007



40 km/h to 60 km/h



t(7) = −2.88; p < 0.01



60 km/h to max



t(7) = −3.78; p < 0.004



0 km/h to max



t(7) = −0.69; p > 0.50, observed effect = −0.05, P(|δ* | < 0.17) = 0.90, negligible effect Not investigated in had-hoc comparisons



40 km/h to max



Not investigated in had-hoc comparisons



Not investigated in had-hoc comparisons



0 km/h to 60 km/h



t(7) = −0.55; p > 0.60, observed effect = −0.03, P(|δ* | < 0.14) = 0.90, negligible effect



t(7) = −1.65; p > 0.13, observed effect = −0.12, P(|δ* | < 0.22) = 0.90, negligible effect



Not investigated in had-hoc comparisons



The results of the Fiducio-Bayesian analysis have only been added for the non-significant comparisons.



t(7) = −2.05; p > 0.07, observed effect = −0.32, P(|δ* | < 0.54) = 0.90, P(δ* > 0.11) = 0.90, no conclusion t(7) = −5.67; p < 0.001 p = 0.95, observed effect = 0.008, P(|δ* | < 0.10) = 0.90, negligible effect p = 0.56, observed effect = −0.17, P(|δ* | < 0.20) = 0.90, negligible effect p = 0.74, observed effect = 0.05, P(|δ* | < 0.13) = 0.90, negligible effect p = 0.40, observed effect = −0.22, P(|δ* | < 0.33) = 0.90, negligible effect p = .53, observed effect = −0.23, P(|δ* | < 0.31) = 0.90, negligible effect p = 0.34, observed effect = −0.16, P(|δ* | < 0.25) = 0.90, negligible effect
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Fig. 3. Influence of the actual bend curvature radii on the curve severity, curve hazard and the wheel angle. Intervals indicate standard error (a). Comparison between estimated wheel angle and actual wheel angle for each level of the curvature factor. Intervals indicate standard error (b).



had to perform curve severity and hazard estimation. This does not mean that the exact curvature radius was perceived in the case of wheel angle estimation; indeed, this would not be in accordance with the large standard error observed in this condition. However, the participants were, at least, able to make a distinction between the two curvature radii. In order to check this hypothesis, we compared the wheel angle produced by the participants in our study with that produced by the control group when driving a real car at the same speed and through the same bends used in our study. The results (cf. Fig. 3b) showed that the wheel angles were not statistically different with regard to the medium and severe curvatures, whereas actual wheel angle differed statistically from the estimated wheel angle with regard to the gentle and very severe curvatures (see Table 3). In the case of gentle curvatures, the estimated steering wheel angle was overestimated, whereas in the case of very severe curvatures it was underestimated. This indicated that, despite the fact that a better distinction was made between very severe and severe curvatures, very severe curvatures were nevertheless underestimated with



Fig. 4. Influence of hazard road signs (a) and speed (b) on the curve severity, curve hazard and wheel angle. Intervals indicate standard error.



subsymbolic processing. A complementary Fiducio-Bayesian analysis has been performed on the non-significant pairwise comparisons. This analysis clearly showed that this difference could actually be considered to be negligible (see Table 3). Finally, curve severity and hazard estimation were highly correlated (Pearson’s r = 0.95, p < 0.05). This result was in accordance with the result of the statistical analysis showing that perception of curvature was influenced by the hazard associated with the bend. 3.1.2. Inﬂuence of symbolic signs Participants were influenced by the presence of road signs but only when they had to estimate curve severity and hazard (see Table 1 and Fig. 4a). Actually, with regard to the steering wheel angle, the difference between situations where a road sign was present and not present was not statistically significant. Moreover, the results of the Fiducio-Bayesian analysis clearly showed that this difference could actually be considered to be negligible (see Table 1). This result was confirmed by the simple interaction between the road sign and the curvature observed only for curve severity and hazard estimation (cf. Fig. 5 and Table 4). In order to under-



Table 3 Comparison between actual wheel angle and estimated wheel angle



Comparison between actual wheel angle and estimated wheel angle



Gentle curvature



Medium curvature



Severe curvature



Very severe curvature



t(32) = −3.70; p < 0.001



t(32) = −0.69; p > 0.49, observed effect = −2.34, P(|δ* | < 10.20) = 0.90, negligible effect



t(32) = 1.55, p > 0.13, observed effect = 4.89, P(|δ* | < 11.23) = 0.90, negligible effect



t(32) = 2.13; p < 0.04



The results of the Fiducio-Bayesian analysis have only been added for the non-significant comparisons.
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Fig. 5. Influence of a hazard road sign as a function of the bend curvature radius on the curve severity, curve hazard and wheel angle. Intervals indicate standard error.
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stand this interaction, an analysis of the simple effects associated with the interaction has been performed. The simple effects of the road sign factor for each curvature level (see Table 5) indicated that, when a road sign was present, the interaction could be explained by an increase in the curve severity and hazard estimation for the gentle and very severe curvatures, whereas this increase was not statistically significant for the medium and severe curvatures. A complementary Fiducio-Bayesian analysis has been performed on the non-significant pairwise comparisons (see Table 5). Results of the analysis showed that the non-significant effects for the severe curvature could actually be considered as negligible; however, with regard to the medium curvature it was not possible to draw any relevant conclusions. Thus, the results showed that the road sign was a particularly useful way of improving the symbolic estimation of gentle and very severe curvatures. Moreover, the simple effects of the curvature factor for each of the road sign levels (see Table 6) indicated that, when a road sign was present, there was a good discrimination between very severe curvatures and severe, medium and gentle curvatures. Conversely, when there was no road sign, there was no statistically significant difference between severe and very severe curvatures, both for the curve severity and hazard estimation. This result could explained why the statistical difference between severe/very severe curvatures was so close to the significance level when only the main effect of the curvature was observed for curve severity estimation. A complementary Fiducio-Bayesian analysis has been performed on the non-significant pairwise comparisons (see Table 6). Results of the analysis showed that non-significant effects could actually be considered as negligible with regard to curve hazard estimation. In the case of curve severity estimation, however, it was not possible to conclude on the size of the effect. Nevertheless, the results clearly showed that this ambiguity concerning the distinction between the two curvatures disappeared when a road sign was present. Finally, curve severity estimation was highly correlated with curve hazard estimation (Pearson’s r = 0.97, p < 0.05) and wheel angle (Pearson’s r = 0.99, p < 0.05), whereas there was no statistically significant correlation between curve hazard estimation and wheel angle despite the correlation seems important (Pearson’s r < 0.92; p > 0.05). This result was in accordance with the results of the statistical analysis which showed that, in contrast to wheel angle, curve severity and hazard estimation of curvature was influenced by the hazard associated with the bend.



Table 4 Interaction between factors (curvature, road sign, speed) for each of the dependant variables (curve severity, curve hazard, wheel angle) Curve severity



Curve hazard



Wheel angle



Road sign × speed



Wilks = 0.98, F(3, 7) = 0.05; p > 0.98



Wilks = 0.53, F(3, 7) = 2.07; p > 0.19



Wilks = 0.67, F(3, 7) = 1.16; p > 0.38



Curvature × speed



Wilks = 0.02, F(9, 1) = 6.79; p > 0.29



Wilks = 0.12, F(9, 1) = 0.84; p > 0.70



Wilks = 0.01, F(9, 1) = 13.22; p > 0.21



Curvature × road sign



Wilks = 0.29, F(3, 7) = 5.79; p < 0.02



Wilks = 0.29, F(3, 7) = 5.80; p < 0.02



Wilks = 0.49, F(3, 7) = 2.40; p > 0.15



Road sign × curvature × speed



Wilks = 0.03, F(9, 1) = 3.01; p > 0.42



Wilks = 0.01, F(9, 1) = 9.21; p > 0.25



Wilks = 0.01, F(9, 1) = 31.53; p > 0.14
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Table 5 For each level of the curvature factor, the simple effects of the road sign factor on curve severity and curve hazard estimations Curve severity



Curve hazard



Simple effects of the road sign factor for each curvature level Very severe t(6) = −2.21; p < 0.05



t(7) = −3.92; p < 0.003



Severe



t(7) = 0.37; p > 0.72, observed effect = −0.02, P(|δ* | < 0.12) = .90, negligible effect



t(7) = −0.77; p > 0.46, observed effect = 0.08, P(|δ* | < 0.23) = 0.90, negligible effect



Medium



t(7) = −2.09; p > 0.07, observed effect = 0.26, P(|δ* | < 0.44) = 0.90, P(δ* > 0.09) = 0.90, no conclusion



t(7) = −1.54; p > 0.16, observed effect = 0.30, P(|δ* | < 0.58) = 0.90, P(δ* > 0.03) = 0.90, no conclusion



Gentle



t(7) = −2.51; p < 0.03



t(7) = −6.33; p < 0.001



The results of the Fiducio-Bayesian analysis have only been added for the non-significant comparisons.



3.2. Effect of speed Results (cf. Fig. 4b) indicated that participants estimations were influenced by speed, and this influence was linear (see Table 1). With regard to curve severity estimation (see Table 2), it was hypothesised that an increase in the estimation was a function of speed. Results showed that estimations statistically increase between 40 km/h and 60 km/h, but not between 60 km/h and maximum speed. Furthermore, it was hypothesised that speed could result in an increase in curve severity estimation because of an increase in the feeling of danger associated with this speed. It could be supposed, therefore, that no difference should be observed between 0 km/h and 40 km/h: the latter was clearly not dangerous, whatever the bend’s properties. Nevertheless, results showed that this was not the case; in fact, curve severity estimation was statistically larger at 0 km/h than at 40 km/h. Conversely, curve severity estimation at 0 km/h was not statistically different to the estimation made at 60 km/h. In fact, the participants’ curve severity estimation when the car was stationary was exactly as if they had “interpreted” that the speed of the stationary car might be about 60 km/h. A complementary Fiducio-Bayesian analysis has been performed on the non-significant pairwise comparisons (see Table 2). The results of the analysis clearly showed that the non-significant effects could actually be considered as negligible. Finally, concerning curve hazard estimation (see Table 2), it was also hypothesised that estimation increased as a function of speed. Results showed that estimation at 40 km/h was sta-



tistically lower than estimation at 60 km/h; the latter was also statistically lower than estimation at the maximum speed. Furthermore, as previously stated, it could be supposed that no difference should be observed between 0 km/h and 40 km/h, as the latter was clearly not dangerous whatever the bend. In fact, results showed that curve hazard estimation at 0 km/h was not statistically different to the estimation made at 40 km/h (although it was near the threshold level) and it was also not different to the estimation made at 60 km/h. In fact, Fig. 4b clearly shows that the participants’ estimation of the curve hazard at 0 km/h was somewhere between that made at 40 km/h and that made at 60 km/h, exactly as if they had “interpreted” that the speed of the stationary car might be about 50 km/h. A complementary Fiducio-Bayesian analysis has been performed on the non-significant pairwise comparisons (see Table 2). The results of the analysis clearly showed that the non-significant effects can actually be considered as negligible, with the exception of the difference between 0 km/h and 40km/h. In this case, it was not possible to draw any conclusions. Because no particular hypothesis was made concerning the effect of speed on wheel angle, we performed a post hoc comparison using the Newman–Keuls test. Results showed that there was no statistical difference, whatever the pairwise comparisons. A complementary Fiducio-Bayesian analysis has been performed on the non-significant pairwise comparisons (see Table 2). The results of the analysis clearly showed that the non-significant effects could actually be considered to be negligible.



Table 6 For each level of the road sign factor, the simple effects of the curvature factor on curve severity and curve hazard estimations Curve severity Simple effects of the curvature factor for each level of road sign With road sign Very severe/severe t(7) = −4.13; p < 0.002 Very severe/medium t(7) = −2.78; p < 0.02 Very severe/gentle t(7) = −6.96; p < 0.001 Without road sign Very severe/severe Very severe/medium Very severe/gentle



t(7) = −1.03; p > 0.33, observed effect = −0.19, P(|δ* | < 0.45) = 0.90, P(δ* > 0.06) = 0.90, no conclusion t(7) = −2.38; p < 0.04 t(7) = −6.96; p < 0.001



The results of the Fiducio-Bayesian analysis have only been added for the non-significant comparisons.



Curve hazard



t(7) = −4.58; p < 0.001 t(7) = −3.21; p < 0.01 t(7) = −3.93; p < 0.003 t(7) = 0.19; p > 0.85, Observed effect = 0.03, P(|δ* | < 0.30) = 0.90, negligible effect t(7) = −2.32; p < 0.04 t(27) = −3.83; p < 0.004



I. Milleville-Pennel et al. / Accident Analysis and Prevention 39 (2007) 721–730



Finally, despite the correlation between the three dependent variables seemed important it was not statistically significant (Pearson’s r < 0.89; p > 0.05). 4. Discussion 4.1. Bend curvature assessment The aim of this study was to ascertain drivers’ difficulties in accurately determining the curvature of an approaching bend. The curve severity estimation confirms the poor performances observed in the literature (Bibulka et al., 2002a,b; Fildes and Triggs, 1985), particularly for very severe curvatures. Interestingly, this symbolic underestimation of curvature is related to an underestimation of risk associated with the bend. Moreover, results indicate that curve severity and hazard estimations increase when road signs are present. This result confirms that an increase in the perceived level of risk of a situation has direct implications for the driver’s judgement of this situation. This could be explained by the fact that the symbolic level of control consists in a conscious thoughtful interpretation of the curvature and that, in this case, the meaning of the road sign is integrated into the judgement of the curvature. The latter is enhanced as drivers know that a curvature signed as being hazardous is bound to be more curved than if not signed. In the context of risk homeostasis theory (Wilde, 1998, 2001), this result is very interesting as it explains why drivers sometimes drive too quickly in bends: in order to maintain their level of acceptable risk, drivers are tempted to accept a higher speed than they should because the bend seems less hazardous than it actually is. In a less “radical” way we could simply say that drivers adapt their behaviour to the perceived road properties (Lewis-Evans and Charlton, 2006). Sometimes, drivers become aware too late of the discrepancy between assessed curvature and actual curvature and are unable to correct their speed in time. Thus, it seems obvious that hazard information is clearly of use for drivers and must be reinforced on the road. Concerning the subsymbolic processing of the bend, results indicate that, although an unconscious sensorimotor assessment of bend curvature seems better than a conscious one, very severe curvatures are nevertheless still underestimated. This could explain why drivers do not always turn the wheel correctly, leading to dramatic accidents. Furthermore, it appears that when participants had to perform a subsymbolic (unconscious) judgment of the bend curvature, the influence of the road signs disappeared. This could be explained by the fact that, at this level of control, the sensorimotor system uses only information that is directly related to bend curvature. At this distance, this information is poor or not wholly available and, thus, performance is worse. This has implications for the way in which information must be presented to drivers in order to improve their perception of bend curvature. Actually, in order to reduce the second major cause of road departure in bends (that is to say, steering wheel errors), it is important to not only reduce speed using symbolic road signs, but also to improve sensorimotor anticipation of the approaching bend. For this reason, it would be relevant to also use information which is more directly related to bend curvature
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in order to inform drivers in advance. This is particularly the case for very severe bends and bends known to be dangerous because of their particular geometry (for example, curvature visible at the very last moment, irregular curvature, etc.). Thus, information on the visual angle or tangent point could be enhanced and presented in advance to drivers with the help of new technology, such as head-up displays. 4.2. Speed and risk perception In the case of symbolic processing, the static view of a bend and the dynamic view at 60 km/h are perceived as being equivalent. This result is interesting because it shows that participants actually performed symbolic processing of the situation, consequently interpreting the static view as if the car was driven at a moderate speed (60 km/h corresponds to a moderate speed in our study). Nevertheless, one difference is observed concerning the influence of speed and this depends on whether symbolic processing is related to a judgment made on curve hazard or severity. In the first case, there is an unbroken increase in risk estimation as speed increases (40 km/h versus 60 km/h versus maximum speed), whereas in the other case, the curvature is perceived as being different only between 40 km/h and 60 km/h. Then, the effect of speed is more important when participants have to determine curve hazard. This result is not surprising since whatever bends severity speed increases the risk of road departure. Thus a bend is more dangerous at high speed than at low speed. Nevertheless, the fact that car speed may influence curvature perception, even if only slightly, indicates that the symbolic processing of road curvature is influenced by nonrelevant information as well as by speed and, indirectly, hazard. This result is very interesting as it shows that risk perception has direct implications for the estimation of the global steering situation. Thus, an increase in speed seems to generate a global stimulation that gives rise to a diffuse sensation of risk that is not only attributed to speed but also to road geometry; the latter is perceived as being more dangerous and thus more curved as speed increases. For this reason, we could assume that speed results confirm that drivers are sensitive to the global level of risk they feel, whatever its origin. 5. Conclusion Investigation into the link between the assessment of road properties and risk perception in steering enlightens us on the way drivers elaborate a steering strategy. It also helps us to understand the dynamics of bend departure incidents that involve only one car. These particularly dramatic accidents are often seen to be either “unexplained” because bend departure happens while drivers are alone on the road or “stupid” because drivers voluntarily drive too quickly. This study shows that these accidents can also be the result of an inaccurate anticipation of a bend due to the misperception of a bend’s properties together with an underestimation of the risks associated with this bend. From a practical point of view, this study also enlightens us on how to inform drivers about an approaching bend. It appears that symbolic road signs are a useful way of improving bend curvature
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