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Abstract

:

The purpose of this work is to determine as a function of velocity the minimal roadway luminance that is required to be judged as being bright enough for a driver to perform a nighttime driving task with an adequate feeling of safety. In this context, it shall also be evaluated which areas of the vehicle forefield are most crucial for the driver’s general brightness perception. A field study with 23 subjects and dimmable LED headlights was conducted, in which the subjects were given the task to assess their perceived brightness for different luminance levels caused by the headlights’ low-beam distribution in the vehicle’s forefield on a 5-step rating scale. The experiments were repeated for three different driving velocities of 0 km h−1 (static case), 30 km h−1, and 60 km h−1, respectively. Results for the static case indicate that, for the roadway to be perceived as bright enough by 50% of the subjects, an average roadway luminance of 0.88 cd m−2 is required in an area up to 32 m in front of the vehicle. Furthermore, a significant effect of driving speed is observed. For example, at 60 km h−1, the luminance must be increased to 1.54 cd m−2 to be still perceived as sufficiently bright by 50% of the subjects.
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1. Introduction


The visual system is the driver’s primary source of information in road traffic [1,2,3,4]. It is responsible for recognizing and processing important information and dangers at an early stage. To guarantee a reliable and accurate visual system performance, adequate road lighting is required during both day- and nighttime driving. Providing sufficiently good lighting conditions at night is particularly important, as for example, in Germany, about 32% of all fatal accidents occur at dusk or in the dark hours [5], when visual capabilities are naturally reduced.



Various studies have shown that an increase in roadway luminance results in a significant decrease in nighttime accidents [6,7,8,9,10,11]. In addition, the driver’s subjective feeling of safety is also positively influenced [12,13,14,15]. Changes in roadway luminance thus show a significant impact on the safety of driving a motor vehicle in nighttime traffic. Objective parameters, such as accident statistics, and the more subjective perception of safety, are equally affected.



Empirical evidence for the impact of ambient and roadway luminance on the objective parameters of nighttime driving can be obtained by looking at accident statistics and research results for contrast perception and gaze behavior. Even though only about 20% of the daily traffic volume is observed during dark hours, more than one third of fatal accidents in Germany, and also in the European Union, occur at low ambient light conditions [16,17,18]. A study of accident trends in the period around the daylight saving time change (switch between summer and standard time) of Sullivan and Flannagan [7] confirms the high relevance of lighting conditions in the occurrence of traffic accidents. The results of their analysis showed that the time change and, thus, the associated sudden change in lighting conditions during the same morning and evening hours resulted in a considerable variation in accident numbers: They were able to show that, compared to driving in daylight, the probability of accidents involving pedestrians is by a factor of 3 to 6.75 higher after dark due to poorer visibility conditions. Similar results were reported by Plainis et al. [19], who examined accident statistics from Great Britain and Greece regarding injury severity in relation to the presence of street lighting systems. It was found that the presence of street lighting and the associated higher light levels of adaptation reduce injury severity by a factor of about 3. By analyzing Dutch accident statistics between 1987 and 2006, Wanvik [20] confirmed the positive influence of street and road lighting on the occurrence of accidents. In particular, they stated that proper nighttime illumination of streets and roadways is capable of reducing accidents with injuries by about 50%. According to Scott [6], who investigated the relationship between road lighting and accident frequency in built-up areas in Great Britain, the night/day accident ratio shows a high correlation with the mean roadway luminance in the range from 0.5 to 2 cd m−2. They found that an increase in mean roadway luminance by 1 cd m−2 reduced the average accident rate by 35%.



With regard to the recognition of potential risks and dangers while nighttime driving, Damasky [21] investigated the impact of increased roadway luminance on the Weber contrast [22] required for object detection. This contrast is defined by


   K W  =     L object  −  L background     L background      



(1)




where    L object    is the measured luminance of the object to be detected and    L background    represents the corresponding background luminance. As shown by Damasky [21] and illustrated in Figure 1, the Weber contrast required for proper object detection decreases with increasing roadway luminance.



This finding has later been confirmed by Schmidt-Clausen and Freiding [23], who reported that an increase in adaptation luminance on the road surface leads to an improvement in contrast perception and visual acuity. In addition to the observed reduction of the required contrast for object detection, an increase of the ambient or roadway luminance also positively affects vehicle drivers’ reaction times. According to Plainis and Murray [24], the driver’s average reaction time decreases with increasing luminance. Thus, the early detection of obstacles—as well as faster reaction in general—is favored by a higher roadway luminance, leading to a significant safety enhancement.



However, previous studies have also shown that the light conditions at night usually cause a gaze fixation to the own lane at much shorter distances compared to daytime-driving situations [25,26,27,28,29], reducing the probability of an early detection of potential hazards. This finding has recently been confirmed by Kobbert [30], who examined the gaze distribution of 54 subjects over a 128  k  m  long route for day- and nighttime driving. While the median fixation distance during the day was about 86  m , it reduced to only   33.5    m  at night. Improved headlight systems with optimized low- and high-beam distributions providing a better and brighter illumination of the roadway can expand this narrow field of vision and help to increase the fixation distance at night [30,31,32,33], contributing to an enhanced traffic safety.



Subjective implications of higher roadway luminance, in particular with regard to the driver’s feeling of comfort and safety, have also been considered in the past. For example, it was found by Hamm and Friedrich [34] that an increase in the brightness level on the roadway leads to a significant reduction of perceived effort and, at the same time, lessens fatigue. Furthermore, Schreuder [35] showed that drivers generally perceive an additional amount of brightness on the roadway caused by stationary road lighting as satisfactory and more comfortable than driving situations where such an additional ambient illumination is missing. In a controlled laboratory environment, simulating static road conditions, Kleinkes [36] investigated 21 pairs of headlamps (13 halogen tungsten headlamps, 8 HID headlamps) of different manufacturers with regard to various visual appearance attributes, such as homogeneity, visibility, and roadway brightness. Ratings of 124 subjects were collected. From the data analysis, it was concluded that the area ranging from 3 to 18 m in front of the vehicle is crucial for homogeneity evaluation. Furthermore, a positive correlation between the brightness evaluation and the overall evaluation of the different headlight systems with regard to the drivers’ subjective feeling of safety and comfort could be confirmed. Based on these findings, Kleinkes [36] recommended an average roadway luminance of 1 cd m−2. In a more recent study analyzing the visual safety perception of Indonesian drivers and their identification capabilities of traffic signs and road markings on freeways, Setyaningsih et al. [14] showed that additional road lighting increases the drivers’ feeling of safety and supports the visibility of road-side information. Furthermore, Wagner and Khanh [15] investigated the roadway luminance required in urban areas for a safe driving condition of young drivers (average age: 21 years). They determined that a roadway luminance of 0.5 to 0.6 cd m−2 is necessary to provoke a sufficient feeling of safety. Summarizing the previous research, a clear positive correlation between the drivers’ perceptions of brightness and safety can be deduced. This conclusion is further supported by studies focusing on public space lighting [37,38,39,40,41,42,43], which have shown that an increase in perceived brightness of the urban environment generally improves the people’s feelings of safety and comfort.



In urban areas, such an increase in brightness can simply be achieved by improving the street lighting systems. However, on country roads and highways, there is usually no stationary lighting installed. The roadway is illuminated by the vehicle headlights only, which must consequently be designed in such a way that they are capable of providing an adequate and sufficient roadway illumination. Yet, it remains unclear what “adequate and sufficient” means with regard to the drivers’ perception of safety. Therefore, the goal of the present work is to empirically determine which minimal amount of luminance is required on the roadway for being perceived as bright enough by the driver to promote an adequate feeling of safety for an improved driving experience and comfort. For a comprehensive modeling, driving speed must be included as a potential impact factor. To the authors best knowledge, the reported experiments are the first to systematically examine the impact of the latter on brightness and safety perception in realistic nighttime driving scenarios. In addition to this primary goal, an attempt is made to determine the relevance of different areas of the vehicle forefield for the evaluation process. Thus, the current paper is organized as follows. Section 2 gives an overview of the general study design and explains the materials and methods used to conduct the experiments and analyze the data. In Section 3, the experimental results are reported and discussed in detail. Section 4 concludes the paper by summarizing its main findings. In addition, a brief outlook on future research intentions will be given.




2. Materials and Methods


To be able to adjust the brightness levels in front of the vehicle, a standard, commercially available LED-headlight system (BMW 3 series) was modified in such a way that it could easily be controlled by using a laptop for sending corresponding pulse width modulation (PWM) values, diminishing, or enhancing the intensity of the low beam distribution accordingly. This resulted in a variation of the average roadway luminance in the vehicle’s forefield, which, for each setting, should be assessed by the subjects in terms of their individual brightness perception and feeling of safety. Subjects were recruited among the university’s students and faculty staff by email notification, digital and standard postings, and word-of-mouth. In total, 23 subjects (5 female, 18 male) aged 22 to 37 years (mean: 27.39, Std: 4.51) took part in the experiments. Each of them held a valid driver’s license and wore a visual aid if necessary. Similar experiments including older drivers to consider the age dependency of brightness perception in the present context are being planned and will be part of future research intentions. The following sections give a detailed overview of the general study design, including static and dynamic test conditions, and introduce the methods used for subsequent data analysis.



2.1. Study Design


The intended field study comprised a static and two dynamic parts, all of which took place on a test site with no fixed road-lighting installations, and was conducted on five consecutive nights. Thus, ambient light influences must be considered due to day-to-day changes. For this purpose, high-dynamic-range (HDR) luminance images of the roadway were taken for the different low-beam brightness settings on each test night using a luminance camera (TechnoTeam LMK 5). These images were then used to assign average roadway luminance values to the PWM code values and, thereby, prepare the headlights for testing, taking into account each test night’s environmental light conditions.



2.1.1. Static Test Condition


In the first part of the study, each participant, while sitting in the driver’s seat, was asked to evaluate their brightness perception of the roadway in the vehicle forefield for different PWM values. The evaluation was performed adopting a semi-semantic, 5-step bipolar rating scale with a value of “1” representing “very dark” and a value of “5” denoting “very bright”. A value of “3”, on the other hand, represents a “neutral” rating, indicating that the vehicle forefield for a given roadway luminance is neither perceived as “dark” (value of “2”) nor as “bright” (value of “4”) when being evaluated. Intermediate ratings between two semantic categories were also possible. Before giving their final ratings, subjects, for each test scenario, were further asked if they would dare to drive the vehicle at the given roadway luminance. In case they denied because of too poor light conditions, the respective test run was marked, and a value of “0” was assigned for subsequent data analysis. A total of 12 different brightness levels were tested. The order of presentation was randomized.



Note that a similar strategy to assess the drivers’ nighttime brightness perception in urban areas was applied by Wagner and Khanh [15]. They showed that ratings of “bright” or better can be assumed to convey an adequate feeling of safety. In the present case, a value of “3”, i.e., a “neutral” rating, should therefore be considered as the absolutely minimal requirement defining the lower feeling of safety luminance threshold to perform a nighttime driving task.



After having finished the static test condition, each participant was asked to indicate the relevance of different areas in the vehicle forefield with regard to how they had performed their brightness evaluation. For this purpose, pylons were used to divide the driver’s lane into three different areas according to Kleinkes [36] and Kobbert [30]. The first area, the so-called near field, extends from 0  m  to 20  m , the second area, the mid field, from 20  m  to 32  m , and the third area, the far-field, from 32  m  to the vanishing point of the road, see Figure 2.



To get an impression of the spatial luminance distribution in the vehicle forefield as perceived by the subjects, Figure 3 illustrates the corresponding LMK 5 (Technoteam Bildverarbeitung GmbH, Ilmenau, Germany) image capture as obtained for the maximal brightess level, i.e., for a PWM code value of the LED headlamps set to 255. The three different evaluation areas are highlighted accordingly. It should be noted that for the evaluation of luminance in the far field (area 3), the range from 32  m  to the vanishing point of the road was considered. Again, a semi-semantic, 5-step bipolar rating scale was used to evaluate the subjective relevance of the different areas with respect to the participants’ brightness perception. Semantic categories ranged from “very important for my evaluation decision”, which is assigned a value of “1”, to “not important at all for my evaluation decision”, indicated by a value of “5”. Intermediate ratings were again possible.




2.1.2. Dynamic Test Condition


In the dynamic test condition, the participants were required to drive at a constant (cruise-controlled) velocity along a straight, 800-m-long test track consisting of two lanes, each showing a width of   3.50    m . Experiments were repeated for 30 km h−1 and 60 km h−1, respectively. For each of these two different velocities, the number of test conditions was limited in order to prevent fatigue. Compared to the static case, 6 out of the initial 12 brightness-controlling PWM settings were chosen. This resulted in a total of 12 (2 velocities × 6 brightness levels) sequential test runs for the dynamic part. First the test drives were carried out at 30 km h−1 and then at 60 km h−1. Again, the order in which the different brightness levels were presented for evaluation had been randomized for each speed level.



Participants were asked to evaluate their perceived roadway brightness for each possible combination of driving speed and PWM value after each run on the test track. The evaluation was performed using the same semi-semantic, 5-step bipolar rating scale as adopted for the static part. Again, the option of refusing to drive due to a poor feeling of safety was given. In this case, like in the static part, a value of “0” was assigned.





2.2. Statistical Methods and Data Analysis


From the experiments, three different types of data were obtained: (i) PWM-dependent roadway luminance measurements of each test night, (ii) ratings of brightness perception as a function of driving speed and PWM value, and (iii) ratings of the forefield area relevance for brightness evaluation as obtained from the static condition. Different statistical methods such as regression and hypothesis testing are applied for their analysis due to differences in the nature of the data and how they were collected. If not indicated otherwise (e.g., due to Bonferroni correction), a p-value smaller than 0.05 is assumed to represent significance in all cases.



2.2.1. HDR Luminance Images


The acquired HDR luminance images for the different brightness settings were exploited to relate the measured roadway luminance to the relative PWM code values used for LED control. In each case, the three different forefield areas’ mean roadway luminances were subsequently determined in the static case by averaging over the five study nights. According to Damasky [21] and Kleinkes [36], these average roadway luminance values were assumed to define the corresponding adaptation luminances for the different PWM settings, which were then used to examine the correlations among the three different forefield areas. For this purpose, a simple linear regression analysis is applied.




2.2.2. Brightness Ratings


In the scope of this work, the collected data of brightness perception should be tested for both differences and correlations. Since a semi-semantic, 5-step bipolar rating scale was used for their acquisition, non-parametric Friedman’s test and Wilcoxon signed-rank test with Bonferroni correction must be applied for hypothesis testing. For the correlation analysis, Spearman’s rank correlation coefficients are calculated first to check whether a correlation exists or not. If a correlation can be confirmed, logarithmic regression analysis is used to determine more precisely the relationship between the roadway luminance and the median values of the subjects’ brightness ratings.



Finally, a probability distribution for positive answers, i.e., for a “bright” or better rating, should be derived. For this purpose, the proportion of the latter in relation to all given ratings is determined for each examined roadway luminance. Logistic regression analysis is then applied to determine the corresponding probability distribution.






3. Results and Discussion


As discussed in the introduction section, the literature suggests that with respect to nighttime driving an increased roadway luminance and an improved brightness perception are beneficial for safety enhancement and driving comfort. However, these previous investigations were usually carried out in laboratory environments or under static test conditions only. Therefore, the present study extends the current knowledge by explicitly considering the impact of driving speed on brightness perception for real-world nighttime-driving scenarios. For this purpose, the study results will be discussed in the following with respect to the initially formulated research questions, i.e., (i) the relevance evaluation of different areas in the vehicle forefield for brightness perception, (ii) the analysis of the functional relationship of the latter with regard to driving speed, and (iii) the determination of an adequate feeling of safety luminance threshold to perform a nighttime driving task.



3.1. Forefield Luminance and Its Correlation between Different Evaluation Areas


Figure 4 shows the mean roadway luminance ± standard deviation (Std) of the three different forefield areas (cf. Figure 2 and Figure 3) averaged over the five consecutive test nights as a function of the PWM code values used for driving the LED headlights. Thus, for each combination of evaluation area and PWM code value, the corresponding mean roadway luminance can be extracted and used for further analysis.



Simple linear regression is applied to determine the correlation of the average luminance between the different evaluation areas. As can be seen from Figure 5, there is a significant linear relationship between the average luminance of the near-field and the average luminance of both the mid-field,   r = 0.999  ,   p < 0.001  ,    R 2  = 0.998  , and the far-field,   r = 0.998  ,   p < 0.001  ,    R 2  = 0.996  , where r is the Pearson’s correlation coefficient and   R 2   denotes the coefficient of determination.




3.2. Relevance of the Different Forefield Areas for Brightness Evaluation


The assessment of the relevance of the different vehicle forefield areas (see Figure 2 and Figure 3) for the evaluation of the subjects’ brightness perception was conducted under static conditions (0 km h−1). The results are summarized in Figure 6. Corresponding box plots illustrate the subjects’ median ratings and quantiles for each of the three different evaluation areas.



Indication is given that the far-field is not as important as the other two evaluation areas. Friedman’s test revealed that the subjects’ relevance ratings significantly differ across evaluation areas,    χ 2   ( 2 )  = 17.45  ,   p < 0.001  . Post hoc Wilcoxon signed-rank tests used with Bonferroni correction (adjusted significance level    α Bonferroni  = 0.0167  ) confirmed a statistically significant effect between the far-field area ratings and the ratings obtained for both the near-field,   p < 0.001  ,   z = − 3.34  , and the mid-field area,   p < 0.001  ,   z = − 3.86  . However, there was no significant difference between the near- and the mid-field ratings. Hence, it can be concluded that these two areas of the vehicle’s forefield are equally important with respect to the subjects’ brightness perception, whereas the far-field seems to be less relevant for their evaluation. Both near- and mid-field should therefore be combined in the following to be considered as a single evaluation area that is most crucial for brightness perception while nighttime driving. Again, the average roadway luminace of the combined evaluation area as a function of PWM is determined from the corresponding HDR images as described in Section 2.2.1 and Section 3.1, respectively.




3.3. Speed-Dependent Brightness Evaluation of the Vehicle Forefield


As discussed in the previous section, the luminance data of the combined near- and mid-field evaluation area will be considered for the subsequent analysis since it was identified as most relevant for the assessment of brightness in the vehicle’s forefield, in particular determined by the subjects’ corresponding median relevance ratings depicted in Figure 6. However, it should be emphasized that, due to the linear correlation of the average roadway luminance between the different forefield areas confirmed in Section 3.1, all reported general conclusions and inferences presented here likewise hold for each of the individual evaluation areas without restrictions.



To determine whether a significant correlation between the subjects’ perceived brightness and the average roadway luminance of the combined near- and mid-field evaluation area can be concluded, corresponding Spearman’s correlation coefficients  ρ  were calculated on their respective median ratings. The results show that there are significantly positive correlations for all three speed levels (static, i.e., 0 km h−1:   ρ = 0.94  ,   p = 0.0167  ; 30 km h−1:   ρ = 0.85  ,   p = 0.0491  ; 60 km h−1:   ρ = 0.99  ,   p = 0.0056  ). For a more detailed examination of these rank correlations, a model function of the form


  f ( x ) = a  ·  log ( x ) + b  



(2)




is used to fit the data. Following the Weber-Fechner law [22], this function approximates human sensory perception and, as such, is hypothesized to be suitable for modeling the present data.



The corresponding results of this model fit applied to the different test conditions are shown in Figure 7. Goodness-of-fit measures are summarized in Table 1. As expected, the logarithmic relationship between the medians of the subjects’ brightness ratings and the average roadway luminance can clearly be confirmed. Looking at the respective coefficients of determination   R 2  , more than 80% of the variance in the medians of the ratings obtained for different roadway luminances can be explained by the model of Equation (2) at all driving speeds. However, the model predictions appear to be less accurate for the 30 km h−1 condition than for the other two driving conditions. A possible explanation for this finding could be that the subjects experienced more difficulties in judging the degree of appropriateness of the provided forefield brightness at this specific driving speed. While a good consistency was observed in their ratings for both the static and the 60 km h−1 test condition, considerably larger inter-personal deviations were observed for the 30 km h−1 case. Moreover, a conspicuous number of participants occasionally rated a higher forefield luminance to be perceived as darker and, thus, less appropriate to perform the driving task than a lower forfield luminance when driving at 30 km h−1, which again points towards the possible difficulties some of the participants might have in properly judging the lighting conditions at this driving speed. Nevertheless, it should again be emphasized that despite the slightly reduced accuracy observed for the 30 km h−1 test condition, the overall model performance indicated by the Goodness-of-fit measures of Table 1 is still in an acceptable range for all driving speeds considered in this work.



In addition, it should be noted that by applying the proposed model equation the lower feeling of safety threshold luminance of about 1 cd m−2, which was identified by Kleinkes [36] for his static test conditions as the transition point between “dark” and “bright” ratings, can also be confirmed here. With increasing driving speed, this threshold luminance shifts towards higher values. From Figure 7, it can further be seen that, with increasing driving speed, the median of the brightness evaluation follows a decreasing trend.



Friedman’s test applied to the subjects’ brightness ratings obtained for the different test conditions revealed a significant main effect of driving speed for each of the six different roadway luminance levels. The corresponding p-values and   χ 2   statistics are tabulated in Table 2. This analysis is limited to those luminance levels used for both static and dynamic testing. Post hoc Wilcoxon signed-rank tests with Bonferroni correction (results are summarized in Table 3) confirmed a statistically significant difference between the two driving speeds at 0 km h−1 and 60 km h−1 for all roadway luminance values. For 0 km h−1 and 30 km h−1 the observed differences are less pronounced. Here, statistically significant deviations can only be concluded for two out of the six different roadway luminance levels used for evaluation. However, with the respective p-values at   0.13   cd m−2 and   0.41   cd m−2 being close to the Bonferroni-corrected significance level, the potential existence of a true difference in the subjects’ brightness ratings between 0 km h−1 and 30 km h−1 cannot be rejected with sufficient confidence.



A similar conclusion holds when comparing the subjects’ brightness ratings at 30 km h−1 and 60 km h−1, respectively, where differences were significant for three out of the six different roadway luminance settings. Particularly of interest is the noticeable increase of the p-value at an average roadway luminance of   0.41   cd m−2. This marks the empirically determined threshold at which more than 91% of the subjects declared to be willing to drive along the test track at both speeds. At lower luminance values, anxiety due to poor light conditions predominated, which resulted in a larger number of subjects refusing to drive, especially for the 60 km h−1 test scenario. Thus, it can be presumed that for most subjects, this absolute minimal safety requirement threshold at   0.41   cd m−2 (not to confuse with the lower feeling of safety threshold of Figure 7 or the adequate feeling of safety threshold determined later in this work) defines their personal lower anchor on the respective evaluation scale. Even though they would be willing to drive, they still feel uncomfortable and, in general, demand for higher brightness levels. As a consequence, the subjects’ brightness ratings at this threshold are more or less the same for both velocities showing low variances and equal median values, which leads to the observed highly non-significant post hoc result when testing for differences in brightness perception between 30 km h−1 and 60 km h−1 at a roadway luminance of   0.41   cd m−2 as shown in Table 3.



In summary, a significant effect of driving speed on the subjects’ brightness ratings and, thus, on their perception of brightness while driving must be stated. Furthermore, it can be concluded that an average roadway luminance of at least   0.41   cd m−2 is required in the vehicle’s combined near- and mid-field area for the subjects to be willing to drive in a country road situation without additional stationary road lighting.



In addition to the provided analysis of medians to explore general trends, it is also of interest to determine, as a function of velocity, the adequate feeling of safety luminance threshold for different speed levels. For this purpose, the relative frequency of “bright” or better ratings (cf. Wagner and Khanh [15]) is determined for each examined roadway luminance as obtained for the three different test conditions at 0 km h−1, 30 km h−1, and 60 km h−1, respectively. The analysis is performed by employing logistic regression, using the psychometric function defined by Linschoten et al. [44]:


  P  ( x )  = γ +  ( 1 − γ )   ·    1  1 +    (  x α  )    − β       



(3)







This function is determined by three different parameters, where  α  represents the stimulus (i.e., the average roadway luminance) with a 50% probability of a positive response (i.e., a “bright” or better rating),  β  defines the steepness of the curve, and  γ  denotes the probability of a positive response occurring simply by chance. In the context of the present study and due to the nature of the stimuli, it is likely that such a random assignment of a “bright” or better rating can be precluded so that  γ  can be set to zero. Hence, the psychometric function of Equation (3) reduces to


   P  γ = 0    ( x )  =   1  1 +    (  x α  )    − β       



(4)







The results of this logistic regression model applied to the different test conditions are shown in Figure 8. The corresponding Goodness-of-fit measures can be obtained from Table 4.



As can be seen, the psychometric model of Equation (4) approximates the data with sufficient accuracy, in particular for the driving speeds of 0 km h−1 and 60 km h−1. At 30 km h−1, the proportion of variance explained by the model is slightly reduced, but with an   R 2   of 0.74 still in an acceptable range.



Compared to the analysis of the subjects’ median ratings, similar tendencies can be observed here. First, as the average roadway luminance increases, the probability of a “bright” or better rating is also raised for each test condition. Second, with increasing driving speed, the probability of a “bright” or better rating at a given roadway luminance decreases accordingly. From the inverse of the psychometric functions shown in Figure 9, it is further possible to determine the average roadway luminance needed to achieve a certain probability level beyond the standard 50% threshold. To maximize the driver’s general feeling of safety, considerably larger probability thresholds, such as 75%, 90%, or 99%, might be useful in practice.



As shown in Figure 9, for higher probability thresholds beyond 80%, the required roadway luminance increases quite strongly. Again, it can be confirmed that with increasing driving speed, the required roadway luminance for achieving a certain threshold related to “bright” or better ratings also increases. To investigate this effect in more detail and with the goal of extrapolation to higher velocities, a simple linear regression should be performed, including four common probability thresholds, i.e., 50%, 75%, 90%, and 99%. The individual regression curves are shown in Figure 10. The corresponding coefficient of determination is always greater than 0.99, confirming the linear relationship between driving speed and the required roadway luminance to achieve a certain evaluation threshold for “bright” or better ratings to promote an adequate feeling of safety (cf. Wagner and Khanh [15]).



Furthermore, looking at the regression slopes obtained for the different probability thresholds, a steeper increase in the required roadway luminance can be observed at higher thresholds, making them more demanding with regard to proper headlamp design. From the model fits of Figure 10, inter- and extrapolation become possible. Table 5 indicates required luminance values for different probability thresholds at some intermediate and higher speed levels as determined from the corresponding regression equations.



As can be seen, for a given probability threshold, an increase in driving speed entails considerably higher roadway luminance values to be required. Note that the maximal average roadway luminance that is feasible in the present study is about   2.08   cd m−2. In comparison to Table 5, where bold numbers indicate required roadway luminance values that therefore cannot be achieved with the used headlight system, this means that for example, at a driving speed of 130 km h−1 more than 50% of the subjects would rate the illuminated roadway as “dark” or worse. This results in a significantly diminished feeling of safety and, most likely, reduced object detection performance when driving at such high velocities.



What makes it even more severe is that, except for the static case, at no other speed condition, the roadway would be evaluated as “bright” or better by at least 90% of the subjects. This indicates that standard LED low-beam systems are usually not suited for driving at high velocities that are common on highways and country roads. Even at moderate velocities, the current generation of headlamp systems are anything but optimal so that there is great need for further optimization with respect to subjective safety requirements and objective nighttime driving performance.




3.4. Implications for Urban Areas


Since, in contrast to country roads and highways, stationary road lighting is usually provided in urban areas as an additional source of illumination, the preconditions for headlight systems are somewhat different for these driving situations. According to the European Standard DIN EN 13201-2:2016-06 [45] for urban street lighting, minimum values for the average roadway luminance are defined for several different urban road classes. With a minimum roadway luminance being guaranteed by these regulations, the headlights, in urban-driving situations, are intended to compensate for the differences between the preferred roadway luminance (rated as “bright” or better) to promote an adequate feeling of safety and the roadway luminance provided by the stationary road lighting intended to fulfill legal requirements. As an example, theoretical differences are calculated for a velocity of 50 km h−1, which is the typical speed limit in European urban areas. Results are summarized in Table 6.



The second column of Table 6 shows the minimum legal requirements for the roadway luminance provided by stationary road lighting according to the urban road classification system (M-classes; first column) of DIN EN 13201-2:2016-06. The third, fourth, and fifth column tabulate as a reminder the absolute minimum required roadway luminance for a test person to be willing to drive a vehicle as well as the approximated luminance values of the probability thresholds in brightness perception for 50% and 90% “bright” or better ratings, as derived from the present study for a velocity of 50 km h−1. Finally, for each road class, the differences between these three luminance threshold values and the DIN EN 13201-2:2016-06 requirements for stationary road lighting are summarized in the three last columns of Table 6.



Negative differences indicate that the threshold luminance values are already exceeded by the legally required minimal roadway luminance that must be guaranteed by the stationary road lighting installation for a specific urban road class. In these cases, the headlamps’ low-beam function contributes to an increased driving comfort and feeling of safety by providing an additional illumination of the roadway. This is particularly important in cases where the DIN EN 13201-2:2016-06 requirements are just bright enough for a motorist to be willing to drive a vehicle but do not really contribute to an adequate safety perception (e.g., in case of M4 and M5). The positive differences shown in italic further indicate those roadway classes for which the low-beam function of the headlight system used in the present study can be dimmed in such a way that the perceptual threshold requirements can be achieved by combining the individual contributions of the stationary road lighting and the vehicle’s headlamps. The bold numbers, on the other hand, highlight those roadway classes for which even the full low beam output (i.e.,    L Avg,max    =   2.08   cd m−2) of the headlight system used in the present study is not sufficient to achieve the respective threshold luminance on the roadway even though stationary road lighting is provided. In those cases, further optimization of the low-beam function seems to be also indicated for urban areas.



Note that for this theoretical consideration, an utterly homogeneous illumination of the roadway provided by the stationary road lighting is assumed, which, of course, rarely occurs in real-world situations. Furthermore, the theoretical consideration is carried out under the assumption of a completely dark surrounding with no other light sources being present, which of course is also not the case in the real world. Thus, further investigations in urbanized areas are required to validate these results and to transfer them into practice.





4. Conclusions and Outlook


This work was intended to quantitatively assess the driver’s brightness perception of the vehicle forefield with regard to an adequate feeling of safety as a function of roadway luminance provided by the vehicle’s headlight system and driving speed. In particular, the explicit inclusion of dynamic driving situations extends the current knowledge in this field of research, which, so far, was derived from laboratory studies and static experiments only. Based on the collected rating data, it was found that a range of up to 32  m  in front of the vehicle is relevant for the general perception of brightness. In addition, it could be shown that an absolute minimal average roadway luminance of   0.41   cd m−2 is required in this forefield area for a driver to be willing to perform a driving task.



In the static case, the average roadway luminance should be at least   0.88   cd m−2 so that every second driver evaluates the roadway as “bright” or better, a rating that based on the literature is associated with an adequate feeling of safety regarding nighttime driving. At higher velocities, this roadway luminance must be increased accordingly (i.e., for 30 km h−1 to   1.21   cd m−2 and 60 km h−1 to   1.54   cd m−2) to still ensure the 50% probability threshold. If, on the other hand, the probability of a “bright” or better rating should be increased to a considerably higher value, for example, to 99%, the corresponding roadway luminance must be strongly enhanced. Compared to the 50% probability threshold, a factor of approximately 3.7 is required independent of the driving speed, which usually cannot be achieved with the low-beam function of standard LED headlamps. As the experimental setting of the present work represents a single driving scenario of a countryside roadway (i.e., no stationary lighting) with two lanes of constant width, the question arises whether different environmental test conditions may affect the subjects’ rating results. Potential impact factors that need to be considered for a comprehensive evaluation are for example the width of the lanes, the road and lane markings, as well as the roadway surroundings including reflector posts and street signs. Another factor that may have a direct impact on the subjects’ feeling of safety while nighttime driving and, thus, affect their corresponding ratings is the topological nature of the course of the road. It is for example likely that it makes a difference whether the driving task is performed in a flat or in a rather hilly environment. Hence, further experiments will be required—preferably to be conducted in real-world traffic situations—in order to be able to draw corresponding conclusions.



Based on theoretical considerations for urban areas, it could at least be shown that in German and European cities, where the typical driving speed is limited to 50 km h−1, a combination of stationary road lighting and dimmed low-beam distribution is sufficient to meet the considered threshold requirements in preferred roadway luminance for the majority of road classes defined by DIN EN 13201-2:2016-06. However, in some of these cases, particularly regarding the 90% probability threshold, even the combination of stationary road lighting and the vehicle’s low-beam distribution driven at maximal intensity was insufficient to meet the corresponding minimum requirements for an adequate brightness perception, which is expected to considerably diminish the drivers’ feeling of safety in these situations.



Thus, concerning future research and practice, it is crucial to develop and optimize new low-beam systems that are capable of providing higher roadway luminance values than the standard LED headlamps that are used today, of course, without introducing additional sources of glare. Furthermore, the experiments should be repeated for urban areas, including stationary road lighting, to validate the theoretical considerations of Section 3.4. The present study was conducted with a group of younger drivers recruited from university, which introduces a certain bias in the reported results in case one attempts to generalize them to a more global population. Thus, future studies should likewise include older drivers to explicitly consider the age dependency of brightness perception as a probably important impact factor. In addition, larger sample sizes may also increase statistical power, which is especially important for the exploration of higher-order interaction effects such as between gender or driving speed and age.



Finally, this work also creates the basis for subsequent considerations on potential energy savings and the adaptation of regulations for current and future adaptive headlight systems. With such future systems being capable of automatically adapting to the environmental conditions, an energy-efficient lighting concept could be developed that is suitable for satisfactory forefield lighting on both illuminated and unilluminated roads while still promoting an adequate feeling of safety. To define system requirements for a reliable detection of objects, corresponding contrast thresholds must be investigated and defined accordingly.
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Figure 1. Influence of the roadway luminance on the Weber contrast required for object detection. According to Damasky [21], the necessary Weber contrast decreases with increasing roadway luminance. This behavior can be described by a rational fit function. 
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Figure 2. Test arrangement for the static test. Area 1 (near field): 0  m –20  m , area 2 (mid field): 20  m –32  m , area 3 (far field): >32  m  (to vanishing point of road). 
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Figure 3. Spatial luminance distribution in the forefield of the test vehicle as obtained for a maximal headlamp PWM value of 255, captured by using a TechnoTeam LMK 5. Area 1 (near field): 0  m –20  m , area 2 (mid field): 20  m –32  m , area 3 (far field): >32  m  (to vanishing point of road). 
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Figure 4. Mean luminance values (data points: crosses—area 1, open circles—area 2, triangles—area 3) and standard deviation (Std) as a function of the PWM code values representing the twelve different brightness settings of the static experiments. 
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Figure 5. Average luminance values of the mid-field (crosses) and far-field area (open circles) in relation to the average near-field luminance. The linear relation between the luminances of these areas is clearly shown and statistically significant (  p < 0.001  ). 






Figure 5. Average luminance values of the mid-field (crosses) and far-field area (open circles) in relation to the average near-field luminance. The linear relation between the luminances of these areas is clearly shown and statistically significant (  p < 0.001  ).



[image: Vehicles 03 00049 g005]







[image: Vehicles 03 00049 g006 550] 





Figure 6. Relevance ratings for the three different evaluation areas in the vehicle’s forefield obtained for the static case, 0 km h−1). The near-field and mid-field areas seem to be more important for the brightness evaluation than the far-field area. 
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Figure 7. Dependence of the brightness evaluation on the average road surface luminance for different driving speeds (0, 30 and 60 km h−1). With increasing roadway luminance, the median brightness rating increases logarithmically; with increasing speed, the same roadway luminance values are perceived darker. Dashed line represents the lower feeling of safety threshold to perform a nighttime driving task as defined in Section 2.1.1. 
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Figure 8. Relative frequency of “bright” or better responses at different driving speeds as fitted by the psychometric model of Equation (4). The probability of a “bright” or better rating increases with increasing roadway luminance. At higher speeds, a higher roadway luminance must be available to keep this probability at the same level. 
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Figure 9. Required luminance for different probability levels of “bright” or better ratings at different speed levels. By using the calculated inverse functions, the minimal roadway luminance, which is required for a “bright” or better evaluation with a certain probability (dashed lines: probability levels 50%, 75%, 90%, 95%, and 99%), can be determined as a function of velocity. 
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Figure 10. Speed dependence of the average road surface luminance required for achieving the indicated probability levels of a “bright” or better rating. By linear regression, the behavior of the road surface luminance can be interpolated or extrapolated to estimate required luminance values for arbitrary velocities enabling an adaptive headlamp design. 
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Table 1. Goodness-of-fit parameters for the logarithmic fit function at the three velocities (  R 2  : Coefficient of determination,   R M S E  : Root mean squared error). The determined parameters confirm the logarithmic relationship between the roadway luminance and the medians of the brightness rating.
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	v in km h     − 1    
	    R 2    
	   RMSE   





	0
	0.96
	0.21



	30
	0.82
	0.40



	60
	0.96
	0.23
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Table 2. Results of Friedman’s test for each of the six different average luminance levels of the combined near- and mid-field evaluation area. The results reveal a significant effect of driving speed for all luminance levels.
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	   L Avg    in cd m     − 2    
	     χ 2   ( 2 )     
	p-Value





	0.13
	21.59
	   2.05   ×  10  − 5     



	0.41
	11.77
	   2.80   ×  10  − 3     



	0.85
	24.96
	   3.80   ×  10  − 6     



	1.16
	7.89
	   1.93   ×  10  − 2     



	1.34
	18.35
	   1.04   ×  10  − 4     



	2.08
	15.92
	   3.49   ×  10  − 4     
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Table 3. Test statistics for pairwise comparison of the three velocities at the investigated luminance levels. p-values smaller than the significance level (   α Bonferroni    = 0.0167) indicate luminance levels at which a significant difference between the two compared velocities exists (marked with *).
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   L Avg    in in cd m     − 2    

	
Compared Velocities




	
0 km h     − 1     ↔ 30 km h     − 1    

	
30 km h     − 1     ↔ 60 km h     − 1    

	
0 km h     − 1     ↔ 60 km h     − 1    




	
p

	
z

	
p

	
z

	
p

	
z






	
0.13

	
   2.54   ×  10  − 2     

	
−2.22

	
  9.77   ×  10  − 4     *

	
−3.07

	
  5.84   ×  10  − 5     *

	
−4.02




	
0.41

	
   2.08   ×  10  − 2     

	
−2.31

	
   4.30   ×  10  − 1     

	
−0.79

	
  1.20   ×  10  − 3     *

	
−3.25




	
0.85

	
   1.89   ×  10  − 1     

	
−1.31

	
  7.33   ×  10  − 5     *

	
−3.97

	
  1.80   ×  10  − 3     *

	
−3.12




	
1.16

	
  1.29   ×  10  − 2     *

	
−2.49

	
   1.31   ×  10  − 1     

	
−1.51

	
  4.60   ×  10  − 3     *

	
−2.83




	
1.34

	
  1.89   ×  10  − 4     *

	
−3.73

	
   9.67   ×  10  − 2     

	
−1.66

	
  1.40   ×  10  − 3     *

	
−3.19




	
2.08

	
   2.04   ×  10  − 1     

	
−1.27

	
  5.21   ×  10  − 4     *

	
−3.47

	
  4.63   ×  10  − 4     *

	
−3.50
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Table 4. Goodness-of-fit parameters for the logistic regression at the three different driving speed levels (  R 2  : Coefficient of determination,   R M S E  : Root mean squared error). The determined parameters confirm the psychometric relationship between the roadway luminance and the relative frequency of “bright” or better ratings as a function of driving speed.
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	v in km h     − 1    
	    R 2    
	   RMSE   





	0
	0.96
	0.08



	30
	0.74
	0.18



	60
	0.87
	0.12
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Table 5. Required average roadway luminance values for different probability thresholds at different speed levels. The bold numbers indicate the cases where the used standard LED headlights cannot provide the necessary roadway luminance.
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v in km h     − 1    

	
Required Luminance in cd m     − 2    




	
50%

	
75%

	
90%

	
99%






	
0

	
0.88

	
1.21

	
1.65

	
3.27




	
30

	
1.21

	
1.65

	
2.26

	
4.48




	
50

	
1.43

	
1.95

	
2.67

	
5.30




	
60

	
1.54

	
2.10

	
2.88

	
5.70




	
100

	
1.98

	
2.70

	
3.70

	
7.33




	
130

	
2.31

	
3.15

	
4.31

	
8.55
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Table 6. Differences determined for achieving the minimum required and preferred roadway luminance values at a velocity of 50 km h−1. The determined differences (columns 6–8) show that for the majority of lighting classes (column 1), a combination of street lighting and dimmed headlights is sufficient to provide the preferred roadway luminance (columns 3–5).
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Class

	
Minimum Average Roadway Luminance    L m   

in cd m     − 2    

	
Difference to DIN EN 13201

in cd m     − 2    




	
DIN EN 13201

	
Dare to Drive

	
50%

	
90%

	
Dare to Drive

	
50%

	
90%




	
“Bright”

	
“Bright”

	
“Bright”

	
“Bright”






	
M1

	
2.00

	
0.41

	
1.43

	
2.67

	
−1.59

	
−0.57

	
0.67




	
M2

	
1.50

	
−1.09

	
−0.07

	
1.17




	
M3

	
1.00

	
−0.59

	
0.43

	
1.67




	
M4

	
0.75

	
−0.34

	
0.68

	
1.92




	
M5

	
0.50

	
−0.09

	
0.93

	
2.17




	
M6

	
0.30

	
0.11

	
1.13

	
2.37
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