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The performance of photoluminescent paints for road marking have been evaluated from calibrated camera measurements during four months in outdoor conditions. A method was developed to quantify the performance over time depending on the external conditions (lighting, temperature, rain). Findings confirm the influence of night-time illumination. A simple model is proposed to predict the time during which the luminescent pain t is more luminous than a traditional one based on the illuminance averaged during the night.

Introduction

In response to public lighting extinction, municipalities invest in innovative markings products. One approach is to use luminescent road markings, which are increasingly widespread for pedestrian and cyclist paths, in order to improve visual guidance in unlit areas during nighttime, especially in adverse weather conditions (fog, rain). But the performance of these products over time is not known. Light is emitted from the markings after absorption of photons from sunlight, with a delay from a few nanoseconds to several hours. The intensity of this emission depends on the quantity and on the spectrum of the light previously absorbed, and gradually decreases during the night. Therefore, the luminance of luminescent road marking corresponds to the addition of the light emission and of the light reflection and varies during the night [START_REF] Villa | Characterization of luminescent road markings[END_REF]. It also varies from one night to another depending on weather conditions and temperature [START_REF] Botterman | Persistent phosphor SrAI2O4:Eu,Dy in outdoor conditions: saved by the trap distribution[END_REF][START_REF] Lin | Active luminous road markings: A comprehensive review of technologies, materials, and challenges[END_REF].

In previous work, performance of luminescent road products was assessed by measuring the luminance decay in the dark in laboratory and compared to a threshold luminance [START_REF] Bullough | Nighttime Highway Construction Illumination[END_REF][START_REF] Giuliani | Revêtements routiers photoluminescents : étude expérimentale préliminaire en laboratoire[END_REF]Weise et al., 2019;[START_REF] Saleem | Development and testing of glow-in-the-dark concrete based raised pavement marker for improved traffic safety[END_REF]. [START_REF] Pratico | Optimisatio n of photoluminescent painting treatments on different surface layers[END_REF]2018) propose three indicators based on the exponential modelisation of the luminance decay curve in the dark between the start of the decay (maximum luminance) and a threshold of 0.01 cd/m²: the average luminance, the average slope and the product of the average luminance and the decay duration. The last one is called "performance indicator" and is used to assess the performance of luminescent road products in terms of luminance and duration.

To be applied on the road, luminescent markings must ensure performance at least equivalent to traditional markings whatever the environmental conditions (illumination, temperature, weather). Therefore, some authors also compare the innovative product with a traditional road marking taken as a reference, visually [START_REF] Bacero | Evaluation of Strontium Aluminated in traffic paint pavement markings for rural and unilluminated roads[END_REF] or quantitatively comparing measured luminance (Park et al., 2021in Korean, cited in Lin et al., 2023) or visibility level [START_REF] Villa | Characterization of luminescent road markings[END_REF]. The gain of luminescent road markings compared to traditional ones in unlit areas could vary from few minutes to few hours, depending on the nighttime illumination [START_REF] Villa | Characterization of luminescent road markings[END_REF], the performance being greater in dark environment [START_REF] Bacero | Evaluation of Strontium Aluminated in traffic paint pavement markings for rural and unilluminated roads[END_REF][START_REF] Villa | Characterization of luminescent road markings[END_REF][START_REF] Lin | Active luminous road markings: A comprehensive review of technologies, materials, and challenges[END_REF]. According to [START_REF] Botterman | Persistent phosphor SrAI2O4:Eu,Dy in outdoor conditions: saved by the trap distribution[END_REF], the effects of temperature and illuminance are balanced with SrAl2O4:Eu2+,Dy3+ powder: in summer the maximal luminance (charge) is higher than in winter due to the higher illuminance, but the decay is quicker due to a higher temperature. Previous work also reveals that the performance of such SrAl2O4-based products decreases when it is raining (BBC 2014[START_REF] Bacero | Evaluation of Strontium Aluminated in traffic paint pavement markings for rural and unilluminated roads[END_REF][START_REF] Wiese | Assessing the performance of glow in the dark concrete[END_REF][START_REF] Lin | Active luminous road markings: A comprehensive review of technologies, materials, and challenges[END_REF].

Most studies have been conducted in laboratory conditions [START_REF] Bullough | Nighttime Highway Construction Illumination[END_REF][START_REF] Bacero | Evaluation of Strontium Aluminated in traffic paint pavement markings for rural and unilluminated roads[END_REF][START_REF] Botterman | Persistent phosphor SrAI2O4:Eu,Dy in outdoor conditions: saved by the trap distribution[END_REF][START_REF] Pratico | Optimisatio n of photoluminescent painting treatments on different surface layers[END_REF][START_REF] Pratico | Photoluminescent road coatings for opengraded and dense-graded asphalts: theoretical and experimental investigation[END_REF][START_REF] Wiese | Assessing the performance of glow in the dark concrete[END_REF][START_REF] Villa | Characterization of luminescent road markings[END_REF] or in indoor full-scale demonstrators (Park et al., 2021in Korean, cited in Lin et al., 2023;[START_REF] Villa | Characterization of luminescent road markings[END_REF]). Outdoor, [START_REF] Ismail | Performance of the glow in the dark thermoplastic road marking in uniten[END_REF] measured the luminance of luminescent road marking samples at twilight (18h-19h30) during few days in summer. They confirm that on a rainy day, the decrease in luminance was faster compared to a sunny day. But literature findings need to be confirmed by more systematic on-site measurements, under different conditions over the year. The experimental deployment of these In this context, this paper presents a longitudinal follow-up of four months of luminescent road markings, using a low luminance ILMD developed for that purpose. A method is introduced to quantify the performance over time depending on the external conditions. A statistical analysis is conducted in order to identify the main factors influencing it.

Material and method

Material

A low-luminance ILMD was developed and calibrated in our lab based on a front-illuminated cooled sCMOS camera fitted with a photopic filtra and a 2048 x 2040 sensor. The exposure time could vary from 13 μs to 10s, enabling to capture High Dynamic Range images from three exposure times during daytime and nighttime. The camera was embedded in a waterproof case and fitted with a water cooling system . It was installed on the roof of the Gustave Eiffel University (48°50'33.7"N, 2°35'13.2"E), facing the East.

Samples

A green luminescent paint (SrAl2O4-based material) and a traditional white marking were applied on asphalt plates with a road marking machine. Asphalt plates were cut in half to obtain two luminescent samples (Qd=220 mcd/m².lx) and two traditional samples (Qd=300 mcd/m².lx). Pairs of luminescent and traditional samples were placed at two different spots on the roof six meters away from the camera with an observation angle of 10°. Monitoring two pairs (Areas 1&2 and Areas 3&4 on Figures 1 and2) makes it possible to increase the amount of data, because the illumination was not the same (especially when one pair was illuminated while the other remains in the shadow). The samples were away from traffic and urban lighting , i.e. in favourable conditions with respect to luminescent properties . 

Data

The measurements were conducted between 11/02/2022 and 28/06/2022, from 2 hours before the civil twilight to the civil dawn. Luminance images were collected every five minutes. An area was defined on each sample (see Figure 2). The mean luminance of each sample area was linearly interpolated every minute during each evening and night. Solar and lunar calendar were downloaded and ambient temperature and cumulated rain were recorded every minute from the university weather station. The horizontal illuminance on the samples was estimated over time from the luminance of the traditional marking samples during dry weather days (see Section 2.5.2).

To assess the benefit of luminescent road markings, we have compared their performance with that of traditional ones. The ratio LR of the luminance of the luminescent sample over the luminance of the traditional one was computed all night long, for each pair of samples. For each pair, we assume that both luminescent and traditional samples were exposed to the same illuminance during day and night. Under this hypothesis, we assume that a short local shadow did not impact the long-term luminescence performances, and therefore the computed ratio LR.

For each night, one LR curve was obtained for each pair.

Preliminary analysis

A preliminary analysis was carried out in order to remove inconsistent data (e.g. camera noise, missing data, local shadow, etc). Especially, for each pair, we wanted to remove data corresponding to a local shadow on only one of the two samples in the pair, leading to an inconsistent LR. Each LR curve was filtered to remove the noise linked to the sensitivity limits of the camera (saturation, underexposure) and to a punctual shadow ov er one of the samples. To that purpose, the relative standard deviation ( RSD in %) was computed on each measurement area, and data was kept if the following criteria were simultaneously satisfied on both adjacent measurement areas (1&2 or 3&4) :

• Saturated pixels in the measurement area < 5% ; • Underexposed pixels in the measurement area < 5% ;

• RSD in the measurement area < 10% ; • RSD < Avg(RSD) + 5% ; Avg(RSD) being the mean value over the night.

Otherwise data was removed from the LR curve.

During full moon nights, due to the orientation of the rooftop and the east -west moon path, the traditional marking (area 2) could be fully in a shadow whereas the luminescent one (area 1) was not, leading to bias the LR of the areas 1&2. In order to identify when the moon was present, a moon index was introduced based on the percentage P of the moon, its position in the sky over time (0 at moonrise, π at moonset) and the angle φ between the zenith and the meridian (highest position at lunar noon):

𝐼 𝑚𝑜𝑜𝑛 (𝑡) = 𝑃 cos(𝜑) sin ( 𝑡-𝑡 𝑚𝑜𝑜𝑛𝑟𝑖𝑠𝑒 𝑡 𝑚𝑜𝑜𝑛𝑠𝑒𝑡 -𝑡 𝑚𝑜𝑜𝑛𝑟𝑖𝑠𝑒 𝜋) (1)
The moon index is maximal when the moon is full (P=100%) and at the zenith at the meridian. It is 0 when the moon has not yet risen or when it is new moon. The data were filtered out when the moon index was over 0.25 and the relative difference between the LR of areas 1&2 and 3&4 was higher than 20%.

Finally, a LR curve was included in the dataset if more than half of the data was not filtered out between 30 minutes before civil twilight and four hours after civil twilight.

Statistical analyses

A descriptive analysis was first conducted based on the Luminescence Performance (LP) defined in Section 2.5.1. Then, an analysis explores various variables associated to the ambie nt temperature and illuminance in order to identify the main factors influencing the performance , based on data collected during dry weather only (zero rainfall between four hours before to four hours after civil twilight).
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Dependent variable: Luminescence Performance (LP)

For the analysis, a performance indicator LP was defined as the cumulative time during which the ratio LR is higher than 1, i.e. the luminance of the luminescent road marking is higher than the one of the traditional road marking, from 30 minutes before the civil twilight to 30 minutes before the civil dawn.

Independent variables

Table 1 summarises various variables computed from the collected data. 

T4hB °C

Average ambient temperature between 4h and 2h before civil twilight

T2hB °C

Average ambient temperature between 2h and 1h before civil twilight

T1hB °C

Average ambient temperature between 1h before civil twilight and civil twilight

T1hA °C

Average ambient temperature between civil twilight and 1h after

T2hA °C

Average ambient temperature between 1h and 2h after civil twilight

T4hA °C

Average ambient temperature between 2h and 4h after civil twilight

Temperature

The ambient temperature was averaged over various periods of time before and after civil twilight (see Table 1).

Horizontal illuminance

The horizontal illuminance was estimated over time from the luminance of each traditional white road marking sample and their Qd=300 mcd.m -².lx -1 , measured at t0 in dry condition (E=L/Qd). Doing this, we assume a similar reflection property of the road marking at 2.29° (observation angle for Qd measurement) and 10° (observation angle of our camera). Assuming that after filtering, illumination conditions of adjacent traditional and luminescent samples were identical, we could quantify the horizontal illuminance independently for each pair (areas 1&2 and areas 3&4). Without reliable estimation of the horizontal illuminance during rainy days, variables related to horizontal illuminance were only considered for the nights in dry weather.

Based on previous work, we assume that the performance of luminescent road markings depends on the amount of light received during the excitation phase, i.e. during the last one or two hours before civil twilight, but also on the night -time illumination, i.e. several minutes to few hours after civil twilight (moon, light pollution). Therefore, to quantify the illumination, various variables based on the estimated horizontal illuminance (in lx) were considered. The horizontal illuminance was averaged over various periods of time before and after civil twilight. Horizontal illuminance before civil twilight (E2hB-1hB, E1hB-CT) impacts the excitation of the luminescent paint and therefore the luminescence during the night. The illuminance during the night, after civil twilight (E30'A-1h30A, E1h30A-2h30A, ENight), impacts the amount of reflection of the samples: under high level of nighttime illumination, the luminance of the product is mainly due to reflection compared to luminescence and therefore the traditional road marking samples (with an higher Qd) are brighter than the luminescent ones. The horizontal illuminance at civil twilight (E CT) was also computed because it may depend on what happens before (excitation phase) and after (nighttime illumination). From these computations, various variables were considered (see Table 3 in Section 3.3).

Results

Data

Due to technical glitches (power cut, light on the roof), 27 days are missing (see Table 2). After filtering out the inconsistent data, 171 LR curves in dry weather (86 days) and 48 LR curves in rainy weather (24 days with non-zero rainfall between four hours before to four hours after civil twilight) were analysed. However, the camera recordings of five nights do not fully include the two hours before civil twilight and after filtering, E2hB-1hB was missing for twelve LR curves. Due to filtering, one data was also missing for E30'A-1h30A and E1h30A-2h30A.

Descriptive statistics LR curves

As shown in Figure 3 (blue curve), during the nights with clear sky, dry weather and no moon, theoretical decay curves (as measured in the laboratory) are observed and the performance LP is found greater than four hours. The curves are noisier during cloudy days (orange curve). During rainy day, the performance is reduced (grey curve). 

Distribution of the performance indicator

As shown in Figure 4, a large variability of the performance of the luminescent samples was observed from one night to another. The performance varies from 0 to eight hours (493 min) depending on the night, with an average of 3h36 (median: 3h40) . For nights in dry weather, the average performance is 250 minutes (median: 247 min), i.e. around 4 hours. In wet weather (rain between four hours before and after the civil twilight), except for four days out of 24, the performance is less than two hours, with a median performance around 1h (median: 65 min, average: 96 min). For nights in which it was raining in the period between 2 hours before and after civil twilight, the median performance is reduced to 47 min (average: 75 min) . As shown in Table 2, performance was increasing from February to June, especially due to bad performances during rainy days in winter. The LP indicator provides some findings on the luminescent product under investigation. This product was less performant when it is raining, which is consistent with previous work with such SrAl2O4-based materials [START_REF] Lin | Active luminous road markings: A comprehensive review of technologies, materials, and challenges[END_REF]. Thus, this result probably applies to any current luminescent road marking. In dry weather, benefit is obtained for several hours over traditional marking. It should be noted that, as the Q d of the luminescent marking is lower than that of the traditional one, this latter is more visible during the rest of the night.

Distributions of environmental factors

Temperature

The ambient temperature in the evening (T4hBaverage between 4h and 2h hours before civil twilight) ranges between 1.6°C and 28.6°C (M=16.5°C, SD=5.37, median=17.3°C); see Figure 5. The variability of ambient temperature during the nights for which we have camera measurements was closer around twilight: before civil twilight, T 1hB ranges between 2.4°C and 25.4°C (M=14.6°C, SD=4.6) and after civil twilight, T1hA ranges between 2.2°C and 23.6°C (M=13.5°, SD=4.4). Finally, during the night (T4hAaverage between 2h and 4h hours after civil twilight), ambient temperature ranges between 2.1°C and 22.4°C (M=11.9°C, SD=4.1).

Horizontal illuminance (dry weather only)

Figure 5 presents the distribution of the estimated horizontal illuminance at the civil twilight (ECT) and averaged during the night (ENight) from 30 minutes after civil twilight to 30 minutes before the civil dawn, when dry weather only. 3). Preliminary analyses showed that the logarithm of illuminance was always better correlated to LP than the illuminance, so that we use the log illuminance in the paper. 

Discussion

Findings of our follow-up of the performance of a luminescent road marking, compared to a traditional one, are consistent with the state of the art on such SrAl2O4 -based materials [START_REF] Lin | Active luminous road markings: A comprehensive review of technologies, materials, and challenges[END_REF], especially the low performances under rain [START_REF] Wiese | Assessing the performance of glow in the dark concrete[END_REF]. It also confirms previous findings from laboratory measurements regarding the strong influence of night-time illumination and the lesser influence of the illumination at dusk [START_REF] Villa | Characterization of luminescent road markings[END_REF]. However, our results are related to only one luminescent paint under conditions without public lighting but in urban area (skyglow). We expect better performances in rural environments with darker nighttime conditions.

A measurement method and a model were introduced to predict the performance of luminescent road markings with respect to the distribution of horizontal illuminance at civil twilight and during the night. It is based on a performance indicator LP which provides the time during which the luminescent paint is more luminous than a traditional one in unlit areas. In this work, the traditional road marking taken as reference was Q5 (Qd > 200 mcd/m².lx) (CEN, 2018). But, the proposed approach allows referring to EN1436 standard in using traditional road marking with various Qd class.

The proposed method relies on ILMD measurements only, estimating local horizontal illuminance from the Qd of the traditional road marking. In our work, we assume a constant Qd of the traditional road marking for the four months period . But for longer measurement period, a correction needs to be considered to correct the illuminance estimations over time with respect to the degradation of the Qd of the traditional road marking taken as reference.

In future work, our method needs to be validated on a longer measurement period, when traffic wearing occurs, with various luminescent samples. In addition, the illuminance estimation deserves to be validated using an illuminancemeter. Finally, wet days need to be added in the method (e.g. improve wet indicator, illuminance estimation).

Conclusions

The on-site measurements of luminescent road marking samples confirm pr evious findings obtained in laboratory. In unlit areas, such as cycle paths, it seems that a gain can be obtained compared to traditional markings during the few minutes to the first few hours of the night. Indeed, the performance largely varies from one night to another depending on weather conditions (rain, clear/overcast sky, light pollution) and the presence of the moon, which can be summarize with the horizontal illuminance at twilight and during the night.

A performance indicator (LP) was proposed for luminescent road markings. A method to predict the distribution of this performance during a long period (several months) was developed. It is based on the modelisation of LP from the distributions of the horizontal illuminance at twilight and during the night. In future work, this method will be improved and applied on data collected over one full year, in order to estimate the performance distribution based on the distribution of external conditions and propose some guidelines to assess a nd regulate the performance of luminescent markings.
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Figure 1 -

 1 Figure 1 -Experimental conditions Left: Aerial view of the building with the position of the camera and the samples; Right: Samples positions with respect to the camera.

Figure 2 -

 2 Figure 2 -Camera image with the four areas used for computing the average luminance on each sample.
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Figure 3 -

 3 Figure 3 -Examples of LR curves from two hours before the civil twilight to the civil dawn, obtained during a night with clear sky, dry weather and no moon (Blue, 30/04/22), during a cloudy day (Orange, 05/05/22) and during a rainy day (Grey, 30/03/22).

Figure 4 -

 4 Figure 4 -Distribution of LP between February and June 2022
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Figure 5 -

 5 Figure 5 -Distribution of horizontal illuminance during dry nights (ECT and ENight) and ambient temperature T4hB (all days) between February and June 2022

  Figure 6 -LP as a function of Enight
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Table 1 -Variable description

 1 

	Variable	Unity Description
	E2hB-1hB	lx	Average horizontal illuminance between two hours and one hour before civil twilight
	SD(E2hB-1hB)	lx	Standard deviation of horizontal illuminance between two hours and one hour before civil twilight
	E1hB-CT	lx	Average of horizontal illuminance between one hour before and civil twilight
	ECT	lx	Horizontal illuminance at civil twilight
	E30'A-1h30A	lx	Average of horizontal illuminance between half an hour and 1h30 after civil twilight
	E1h30A-2h30A	lx	Average of horizontal illuminance between 1h30 and 2h30 after civil twilight
	ENight	lx	Average of horizontal illuminance from 30 minutes after civil twilight to 30 minutes before civil dawn
	SD(ENight)		

lx

Standard deviation of horizontal illuminance from 30 minutes after civil twilight to 30 minutes before civil dawn

Table 2 -Performances of luminescent road marking during dry and rainy days between February and June 2022: LP in minutes

 2 

		Number of days	Mean LP -DRY days	Mean LP -WET days	Mean LP -all days	Median LP -all days
	February	9 DRY / 8 WET (1 missing day)	206	79	146	65
	Mars	19 DRY / 8 WET (4 missing days)	199	51	155	147
	April	21 DRY (9 missing days)	231	n.a.	231	215
	May	21 DRY / 6 WET (3 missing days)	301	152	268	318
	June	15 DRY / 2 WET (10 missing days)	297	180	283	324
	TOTAL	171 DRY / 48 WET	250	96	217	222

Villa, C. et al., FOLLOW -UP OF LUMINESCENT ROAD MARKING PERFORMANCES OF…
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The correlation analysis confirms that the horizontal illuminance during the night impact s the performance of the luminescent paint (Table 3). Log(ENight) presents the highest correlation with LP. As expected, the higher the horizontal illuminance during the night, the lower the LP (r=-0.845). Regarding the horizontal illuminance during twilight, a low correlation was found with Log (E2hB-1hB) (r=0.377) and Log(ECT) (r=0.360) but not with Log(E1hB-CT). A low correlation was also found with the ambient temperature before civil twilight and just after it, with the highest correlation obtained with T4hB (r=0.345). It reveals a robust performance of the product with respect to the temperature variation in the considered range.

Model of the performance (dry weather only)

Twenty-three independent variables (IV) were tested. An agglomerative hierarchical clustering (AHC) was conducted on R² Pearson correlation matrix of these IV with average linkage. Three clusters were identified and the variable with the highest Pearson correlation with LP was selected in each cluster (see Table 3). As shown in Table 3, cluster 1 is mostly related to the illumination during the night, cluster 2 to the horizontal illuminance during dusk and cluster 3 to the ambient temperature. In cluster 2, since the r of Pearson with LP was similar for Log (E2hB-1hB) and Log(ECT), Log(ECT) was selected because we had no missing data for this factor and it would be easier to measure in practice in addition to log(E night) (same order of magnitude, shorter period). Table 4 shows that the correlation between the three selected factors is low.

Table 4 -Pearson correlation between the three selected factors

T4hB

Log(ECT) Log(ENight) T4hB

1

-0,234 -0,411

Log(ECT)

-0,234 1 -0,300

Log(ENight)

-0,411 -0,300 1

A linear regression was performed with the three factors: log(ENight), log(ECT) and T4hB 

Based on horizontal illuminance distribution of ECT and ENight (see Figure 5), this model can predict a distribution of LP over a given period. As shown in Table 5, when applied to our dataset the model predicts the standard deviation of LP quite well.

We also investigated using only ENight (R²=0.727, F(1,169)=450.30, p<0.0001), it leads to the following model (Figure 6):

The R² is a bit lower (0.727 vs. 0.739) but it may be considered as a parsimonious proxy.