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Introduction

It is the job of highway managers to sustainably ensure the mobility and safety
of road users at all times. On rural highways at night, drivers can only rely on
their vehicle headlamps to detect potential hazards on the roadway in time to take
evasive actions. The visibility of an object ahead is directly related to the contrast
between the object and its background, in this case the pavement. Consequently,
it depends on the road surface reflective properties. In thisreport, we present a
highway visibility meter tool to measure the impact of the pavement on nighttime
visibility distance along the road. The system we propose isintended for highway
managers to rate the visibility they offer to drivers at night, to locate road sections
where nighttime visibility is poor, and to prioritize countermeasures.

Our approach to rate nighttime visibility is inspired by lighting system design
practice. Street lamps and headlamps share the same purpose, which is to al-
low drivers to see traffic control devices (the markings for guidance and the signs
for direction) and obstacles at night. The difference lies in the fact that a roadside
lighting installation can (and should) be optimized by taking into account the pho-
tometric properties of the particular pavement it is meant to illuminate, whereas
vehicle front-lighting systems will meet all kinds of road surfaces along various
highways. Hence, the influence of road surface photometric characteristics on the
visibility of objects under headlight illumination has rarely been studied, contrary
to road lighting.

The first chapter presents our nighttime visibility metering approach, based on
a conventional nighttime driving scenario, a computational target visibility model
and a retroreflectivity monitoring apparatus. The implementation of this approach
is detailed in the second chapter, with a special section on headlight glare. The
third chapter gives sample results showing that darker pavement materials seem
to serve best the visibility under headlight illumination,and that the proposed
nighttime visibility meter can indeed be used to locate pavement sections where
an obstacle may surprise the drivers.

3



Chapter 1

Concept

1.1 A conventional scenario

It is standard practice for the designers of both automotiveand road equipment
to rely on conventional driving scenarios to assess the performance of their de-
signs. In the case of lighting systems, these scenarios mostly involve small ob-
stacles or pedestrians which must be detected by the driver in time to avoid a
collision [1, 6, 10, 24]. In the present work, we chose to focus on small obstacles
for two reasons: because the visibility of pedestrians is a more complex problem
in which we feel the pavement reflective properties are less relevant, and because
conclusions pertaining to a small target will apply to pedestrians, only with less
significance. The following parameters are summarized in Table 1.1, and the ge-
ometry is described in Figure 1.1.

The original scenario is that of a passenger car on a rural road without traffic,
illuminating the roadway with high-beam headlamps (supposedly [21]). Except
for the retro-reflected luminance coefficient of the pavement, the values of all
geometric and photometric parameters are set to “standard”values found in the
literature.

The eyes of the driver are 1.2 m above the ground and the headlamps mounting
height is 0.65 m [14]. These values were set by European countries participating
in the COST331 action on road marking visibility. They are slightly different from
those reported by an SAE task force on headlamp mounting height in 1996 [11],
with no significant effect.

The headlighting beam pattern is the median (50th-percentile) European high-
beam pattern as measured by UMTRI in 2001 [16]. UMTRI has published more
recent data, but it only concerns the US market, and there is no comparable ini-
tiative in Europe that we are aware of. We discarded the constant intensity beam
pattern defined in the framework of the COST331 action [14] asan over-simplified
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alternative.
The obstacle is a square object of 0.18 m side [9] with a luminance factor of

8% [6], standing in the middle of the lane. The choice of a small dark target is
based on common practice in headlight visibility studies [10, 27]. We initially
considered darker targets, with luminance factor values aslow as 6% (to have a
contrast close to 30%, similarly to a 20% target under streetlighting [9], only
in positive contrast) or even 4% (as measured from tire treads, which constitute
a credible candidate for a small obstacle on the road), but they led to extremely
small visibility distances.

The road is a 7 m wide 2-lane highway. The retroreflected luminance coef-
ficient of the pavement is measured along the road with the ECODYN (mlpc R©)
system described in Section 1.3, and determines the visibility range of the small
target.

Table 1.1: Nighttime visibility parameters, and their values in the conventional
scenario.

Parameter Value Description
Headlamps s 1 m Distance between headlamps

h 0.65 m Mounting height
Driver A 25 y Age

dD 1.8 m Distance behind the headlamps
hD 1.2 m Eye height

Target a 0.18 m Size
ρ 8% Luminance factor

Road w 7 m Width
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Figure 1.1: Geometry of the conventional scenario for assessing nighttime visibility. D: driver; T: target;H±: left- and
right-side headlamps;G±: left- and right-side headlamps of oncoming traffic.
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1.2 A computational model

For a given driver, with a given acuity and a given contrast sensitivity, the ability
to detect a given achromatic object in a given traffic situation mainly depends on
three parameters: object luminance, background luminanceand adaptation lumi-
nance. To put it simply, the luminance difference required to detect an object on
its background increases with the overall light level to which the driver is adapted.

The luminance difference threshold (i.e. the minimal detectable luminance
difference) was investigated in laboratory conditions by Blackwell in the 1940’s,
with uniform discs on uniform backgrounds [2]. The results of his experiments,
based on an extensive number of individual observations, now constitute a ref-
erence. He later proposed to use the ratio between actual contrast and threshold
contrast as a visibility descriptor, and this so-called Visibility Level (VL) was
adopted by the CIE to evaluate lighting design in terms of visual performance [3]:

V =
C

Cth

=
(L − Lb)/Lb

(Lth − Lb)/Lb

=
∆L

∆Lth

(1.1)

whereC is the actual contrast andCth the threshold contrast,L is the actual ob-
ject luminance andLth the object luminance at threshold contrast,Lb is the back-
ground luminance,∆L is the actual luminance difference and∆Lth the threshold
luminance difference.

Given all the parameters, the most accurate way to calculatethe threshold con-
trast, or threshold luminance difference, for a particularsituation is to interpolate
from Blackwell’s laboratory data [19]. However, a more convenient method is to
use analytic functions fitted to the laboratory data. Several such empirical models
have been introduced in the past [13]. One of the most popularamong lighting
practitionners was proposed by Adrian in the 1980’s for small targets (subtending
less than 60 minutes of arc) [9]. Adrian’s computational model is described in
Appendix C.

1.3 A metering tool

ECODYN (mlpcR©) is an apparatus developed by LCPC for monitoring the per-
formance of road markings. Travelling at up to 110 km/h, it allows in-traffic
measurements, as illustrated in the pictures of Figure 1.3.The device consists of
a removable measurement box installed on the side of the vehicle. It contains a
source of white light, emission-reception optics with mechanical modulation, and
all electronic signal detection and processing circuits. The retroreflected lumi-
nance coefficient of the pavement and the marking is transmitted to an on-board
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computer which synchronizes the acquisition with the relative position of the ve-
hicle along the road, measured with an odometer, in order to make a record every
40 cm.

Figure 1.2: ECODYN (mlpc(R)) was developed to monitor the performance of
road markings, but it also measures the retroreflectivity ofthe pavement.

The geometry of the measurement follows the European standard EN 1436
on road marking performance for road users: 1.24◦ illumination angle and 2.29◦

observation angle, which roughly corresponds to a position30 m ahead of the
vehicle. This normally means that we can only use ECODYN measurements
for assessing pavement luminance at 30 m, but previous studies on pavement
retroreflectivity tend to show that the retroreflected luminance coefficient of pave-
ment materials under headlamp illumination is relatively constant beyond this dis-
tance [7, 14]. Typical values are reported in Appendix A.
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Chapter 2

Implementation

2.1 Filtering RL values

The ECODYN system can be fitted on both sides of the monitoringvehicle, and
thus provide data about the pavement retroreflectivity on the left- and right-hand
sides of the road. Sample data is presented in Figure 2.1. It can be seen that the
measurements can be quite noisy. For road marking monitoring, the results are
usually integrated on 150-m sections for easier interpretation by the road operator.
We apply the same kind of pre-processing, only on a shorter basis arbitrarily set to
50 m. This length was chosen as a compromise between legibility and accuracy:
50 m corresponds to the safety distance at 90 km/h, so we felt it was a maximum.
Practically, the pavementRL at any position along the road is the average of the
median of the left- and right-hand measured values on a 50-m length around that
position.

Figure 2.1: ECODYN measurements along a 3.5-km road sectionwith asphaltic
pavement (near Strasbourg, France).

The example in Figure 2.1 is interesting because it shows a section, between
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about 1.5 and 3 km, with a different retroreflectivity profile. The pavement is more
recent on that particular section, as can be seen in the picture taken at that spot.
Fresh asphalt concrete is darker than weathered asphalt concrete, which explains
the lower and more uniform retroreflectivity.

2.2 Setting VL parameters

There are several parameters that we need to compute in orderto compute the VL
of the considered target at a specified distance: target angular size, target lumi-
nance difference and adaptation luminance. We also need to set the observation
time and the probability of detection.

2.2.1 Target size

The angular sizeα of the target depends on the distance from the driver. In
Adrian’s model, it must be expressed in arc minutes.

tan

(

π

180

α/2

60

)

≈
a/2

dD + d
(2.1)

2.2.2 Target luminance

The luminance of the targetL results from the illuminance generated by the head-
lamps and the luminance factor of the target. The illuminance in turn results from
the intensity in the direction of the target. The illumination of the target by the
headlamps is approximately perpendicular.

L =
ρ

π

(

EH−
+ EH+

)

≃
ρ

π

(

E⊥H−
+ E⊥H+

)

(2.2)

with

E⊥H±
=

IH±

H±T2

=
IH−

+ IH+

(s/2)2 + d2 + h2
(2.3)

hence,

L ≃
ρ

π

IH−
+ IH+

(s/2)2 + d2 + h2
(2.4)
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whereIH±
are the intensities of the left- and right-hand side headlamps. These

intensities are bilinearly interpolated from the tabulated beam pattern after com-
puting the vertical and horizontal angles between the target direction and the head-
lamp axis, as illustrated for a single headlamp in Figure 2.2.

tan θvH±
=

zT − zH±

yT − yH±

= −
h

d
(2.5a)

tan θhH±
=

xT − xH±
√

(yT − yH±
)2 + (zT − zH±

)2
=

±s/2√
d2 + h2

(2.5b)

� � � ��
θ�

θ�
Figure 2.2: Illumination angles needed to extract the intensity emitted by a head-
lamp at H toward the target at T from the headlamp beam pattern.

2.2.3 Background luminance

How to set the background luminance to use Adrian’s model with a non uniform
background remains an unanswered question. Practically, it is usually dealt with
in two ways: either the background luminance is set to the average luminance
inside a ”small” region around the target [27], or it is set tothe luminance of
the pavement at one of the borders of the target [10, 25]. Blackwell and Bixel
tend to validate the second approach, stating that the visibility of targets in target-
background complexes of non-uniform luminance can probably be best under-
stood in terms of the contrast made by the target with respectto its background at
the target border, and that it is not meaningful to describe target contrast in terms
of the average luminance of the background [4]. We made the same somewhat
arbitrary choice as Farber and Bhise, setting the background luminance to the lu-
minance of the pavement at the base of the target [6]. Assuming that the target and
the pavement at its base receive the same amount of illumination, and knowing the
retroreflected luminance coefficientRL of the pavement, we draw the following
expression for the background luminance:

Lb = RL

(

E⊥H−
+ E⊥H+

)

(2.6)
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hence, with (2.3),

Lb = RL
IH−

+ IH+

(s/2)2 + d2 + h2
(2.7)

The resulting expression for the luminance difference between the target and
its background is:

∆L =
(

ρ

π
− RL

)

IH−
+ IH+

(s/2)2 + d2 + h2
(2.8)

An interesting outcome of our choice for setting the background luminance is
that the contrast of the target is independent of headlamps illumination.

C =
∆L

Lb

=
ρ

πRL

− 1 (2.9)

2.2.4 Adaptation luminance

The question which remains to be settled in order to compute the VL is whether
the driver is adapted to the background luminanceLb, or if the adaptation lumi-
nanceLa should be used instead as proposed by Adrian [9]. Practically, the adap-
tation luminance in headlight illumination conditions is generally unknown [26],
although a couple of experimental methods have been proposed to estimate it [10,
12]. In headlight visibility studies, the adaptation luminance is usually set to
the background luminance, although it is sometimes set to the average lumi-
nance around the object or over some region at the center of the driver’s field
of view [25, 28]. We use the typical assumption thatLa = Lb.

2.2.5 Correction factors

Like most VL-based visibility studies, we chose to set the target exposure time
to 200 ms, which is based on observations of eye movements while driving [5,
8]. As for the probability of detection, we chose to use the same value as the
one introduced by Adrian in his model [9]:Fp = 2.6, which corresponds to a
probability of 99.96% according to C.4. The age of the driver, which also affects
the threshold, was set to 25 y in the conventional scenario.

2.2.6 Numerical application

As an example, let us consider the case where the small targetis set 60 m ahead of
the vehicle, with typical values reported by the COST331 Action for the pavement
retroreflectivity (RL = 15 mcd.m−2.lx−1) and the headlamps intensity (IH± =
10 kcd). In that case, the target luminance isL = 0.141 cd.m−2, the pavement
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luminance isLp = 0.083 cd.m−2. The resulting contrast isC = 69.8%. Accord-
ing to Adrian’s model, the threshold luminance difference in these conditions is
∆Lth = 0.022 cd.m−2, which sets the VL of the target to 2.65.

2.3 Visibility distance from VL

2.3.1 Field factor

Theoretically, an object with VL= 1 is just noticeable. However, threshold con-
trasts measured in operational conditions are always higher than the threshold
contrasts predicted from laboratory data because of the driving task demand [5,
20, 23]. This is dealt with by a so-called field factor, which can also be inter-
preted as a threshold VL for visibility in actual traffic situations as opposed to
laboratory conditions. With a theoretical analysis on how to set a value for the
field factor, Dunipace et al suggest that VL= 15 should be an adequate visual re-
quirement for highway driving with a detection probabilityof 99% (Fp = 2) [5].
They also argue that the field factor is smaller in the case of road tests, mostly
because of the controlled test procedures. The experimental analysis by Ising et al
gives compatible conclusions, with required visibility levels of 1 to 23 for alerted
drivers [20]. These field factor values corroborate those proposed for roadway
lighting by Adrian [8]: 15 to 20 for night-time driving, with6 or 7 as a strict
minimum for safety, considering a detection probability over 99.9% (Fp = 2.6).
IESNA recommends VL values between 2.6 and 3.8 (depending onroad cate-
gory) for an even higher detection probability (Fp = 2.9) [15]. We chose to adopt
Adrian’s VL threshold value of 7 in order to be consistent with the French recom-
mendations on roadway lighting [17].

2.3.2 Visibility distance

Computing the distance at which the VL of the target equals a specified value
cannot be done analytically with Adrian’s model. The solution, inspired by the
COST331 Action [14], is to iteratively set the headlamps closer and closer to
the target until the previously chosen threshold VL is reached. This gives us the
visibility distance, which we can confront to the “safe distance”, i.e. the distance
covered at legal speed during the 2 s time usually consideredas the minimum time
needed for an evasive action. It should be noted that as the distance gets smaller,
the target contrast remains constant (as predicted by (2.9)) while its angular size
and background luminance both increase, resulting in a lower ∆Lth, and thus
in a higher VL and a higher visibility distance. This is clearly illustrated in the
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graph of Figure 2.3, which was obtained for a pavement retroreflected luminance
coefficient of 15 mcd.m−2.lx−1.

Figure 2.3: Target luminance difference and threshold luminance difference as a
function of target distance in the high-beam situation. Thetarget luminance factor
is 8%, and the pavement retroreflected luminance coefficientis 15 mcd.m−2.lx−1.
A field factor of 7 yields a visibility distance of 56 m.

2.4 Introducing headlight glare

In the conventional scenario presented in Section 1.1, the headlamps are set on
high beam because the driver is alone on a highway without roadway lighting.
But with ever increasing traffic, there is a chance that the driver will meet oncom-
ing vehicles. A potential obstacle on the roadway will be allthe more difficult to
detect, for two reasons: the driver must switch to low beam, and he will suffer
glare from the headlamps of the oncoming vehicle. Headlampsproduce two types
of glare [22]: disability glare refers to an objective impairment in visual perfor-
mance while discomfort glare refers to a subjective annoyance. In our study, we
focus on disability glare because it can be accounted for in Adrian’s model, and
thus its impact on our nighttime visibility index can be assessed.

The masking effect of disability glare, caused by intraocular scatter, is com-
parable with the effect of an overimposed veiling luminanceLeq which depends
on the illuminanceEg from the glare source at the eye and the angular distance
θ between the glare source and the line of sight. The veiling luminance is also
affected by the ageA of the observer.

Leq

Eg

=
10

θ3
+

5

θ2

(

1 +
(

A

62.5

)4
)

(2.10)
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The Small Angle Disability Glare Equation (2.10), adopted by the CIE in 2002,
is valid in the restricted angular range0.1◦ < θ < 30◦, which leaves out the
influence of ocular pigmentation at very small angles [18]. It describes glare from
point light sources, and must be integrated over the angularaperture in case of
extended light sources.

In order to introduce headlight glare into our conventionalscenario, we needed
to define the position of the oncoming vehicle, so we arbitrarily chose to set it
so that its headlamps were at the same distance as the target,as illustrated in
Figure 1.1. Assuming that the line of sight of the driver is set onto the target, the
excentricity of the headlamps is obtained as follows:

cos θ± =

−−→
DG±.

−→
DT

DG± DT

= (d+dD)2+(hD−h) hD
√

[

(−w

2
±

s

2)
2
+(d+dD)2+(hD−h)2

]

[(d+dD)2+h2
D]

(2.11)

and so the illuminance they produce at the eye of the driver is:

EG±
=

IG±
cos θ±

DG±
2 (2.12)

The intensitiesIG±
are interpolated from the tabulated beam pattern, after com-

puting the vertical and horizontal angles between the driver direction and the axis
of the headlamps:

tan θvG±
=

zD − zG±

yD − yG±

=
h − hD

d + dD
(2.13a)

tan θhG±
=

xD − xG±
√

(yD − yG±
)2 + (zD − zG±

)2

=
−w/2 ± s/2

√

(dD + d)2 + (hG±
− h)2

(2.13b)

The veiling luminanceLv produced by both headlamps is the sum of the glare
luminance values computed for each headlamp with Equations(2.10), (2.11) and
(2.12).

The total glare luminanceLv is added to both the target luminance and the
background luminance, so the target contrast is lowered butthe luminance differ-
ence∆L remains unaffected. However, the glare luminance is also added to the
adaptation luminance (La = Lb + Lv), which results in a lower VL for the target.
In effect, the visibility distance is reduced, as illustrated in Figure 2.4.
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Figure 2.4: Target luminance difference and threshold luminance difference as a
function of target distance in the low-beam situation, without and with headlight
glare from oncoming traffic. The target luminance factor is 8%, and the pavement
retroreflected luminance coefficient is 15 mcd.m−2.lx−1. A field factor of 7 yields
a visibility distance of 41 m without glare, and 36 m with glare.
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Chapter 3

Results

3.1 Target luminance factor vs. pavement retrore-
flectivity

When considering a target on the pavement ahead of the vehicle, illuminated by
high-beam headlamps, we intuitively expect a positive contrast because the target
is (almost) perpendicular to the lighting direction, whilethe pavement is illumi-
nated at a grazing angle. This leads to the rather counter-intuitive deduction that
the pavement needs to be as dark as possible for the target to be more visible.
But it suffices to consider the expression of the contrast as afunction of the tar-
get luminance factor and pavement retroreflected luminancecoefficient to see that
for dark enough targets, the contrast can be negative. In such cases, the pave-
ment needs to be as light-colored as possible to maximize thevisibility. On the
other hand, the range of luminance factors which make the obstacle ”invisible”
is smaller with darker pavements. This can be clearly seen inFigure 3.1. More
details are provided in Appendix D.

3.2 Tests on field data

The Public Works Laboratory of Strasbourg made ECODYN measurements on
several road sections to test our nighttime visibility meter tool. The measuredRL

profiles are presented in Figure 3.2. They give an idea of the variations in retrore-
flectivity that one can expect when driving along the highway. The nighttime
visibility distance profiles computed with our approach arepresented alongside
the measurements. Unfortunately, the range of measuredRL values is limited: we
only have asphalt concrete pavements, with a maximum around8 mcd.m−2.lx−1.

The measurements presented in Section 2.1 are more interesting, because of
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Figure 3.1: Visibility distance of 18-cm gray target under high-beam illumination
in the middle of the road as a function of the luminance factor(left) and pavement
retroreflected luminance coefficient (right).

Figure 3.2: Median-filtered retroreflectivity profiles measured with ECODYN
along several road sections (left), and computed nighttimevisibility distance pro-
files for high-beam illumination (right).
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the higher range of retroreflectivity (up to 13 mcd.m−2.lx−1) and because of the
presence of a discontinuity. As expected, the first graph in Figure 3.3 shows that
the darker section between 1.5 and 3 km provides a higher visibility, hence more
reaction time, to the driver, with a 20% increase in visibility distance (from 85 m
to 105 m). There are also local peaks of retroreflectivity (around 1.25 and 3.5 km)
which bring the visibility distance down to 65 m. This is still acceptable as regards
the 2-s safety distance. However, when the driver meets oncoming traffic and
switches to low-beam, the visibility drops below the 50-m minimum. And should
the driver stay in low-beam after crossing the other vehicle, the visibility is barely
above the minimum even though the driver no longer suffers from disability glare.
These findings concern a young driver, but the computationalmodel we use allows
us to investigate the influence of driver age. The second graph of Figure 3.3
shows that older drivers may be surprised by a dark obstacle on the light-colored
pavement sections of the highway, with retroreflected luminance coefficient values
above 10 mcd.m−2.lx−1.

Figure 3.3: Computed nighttime visibility distance profiles along a 3.5 km road
section, as a function of illumination conditions (left) and driver age (right).
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Conclusion

We propose a nighttime visibility meter tool for secondary roads devoid of road-
way lighting. The tool is based on a conventional driving scenario, a computa-
tional visibility model, and a retroreflectivity monitoring apparatus. It takes pave-
ment retroreflected luminance coefficient profiles as input,and produces small
target visibility distance profiles as output. Such profilescan serve to locate lo-
cal discontinuities where an obstacle on the roadway might surprise the drivers at
night under headlight illumination.

The preliminary tests performed with the proposed tool brought encouraging
results. However, we need to address several questions before the nighttime visi-
bility tool can be implemented for highway inspection. First, we need to assess the
influence of the forward reflection of headlight on the pavement, which we have
neglected so far. Second, we need to assess the correctness of using the pavement
luminance at the base of the target as the background and adaptation luminance
in the visibility model, and maybe consider a better definition of contrast. Last
but not least, we need to validate the arbitrary choices on which we have built our
tool, and to calibrate the output, and that will involve psychometric experiments.
And after we have gone through these questions, we should consider taking the
geometry of the road into account, because headlight illumination varies in bends
and slopes.

Headlight glare was introduced into the conventional scenario, but disability
glare alone has been considered so far, because it impairs visual performance
with a direct impact on target visibility distance. However, discomfort glare is
also affected by pavement retroreflectivity, as it takes a background luminance
parameter[29]. The problem is we need to increase the background luminance to
reduce discomfort glare. This calls for light-colored pavement materials, while we
have seen that target visibility was best served by dark pavement materials. Hence,
we should also consider discomfort glare in future work, as an additional index to
evaluate the quality of service of the roadway in terms of nighttime visibility.
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Appendix A

Pavement retroreflected luminance
coefficient values

Hubert et al measured retroreflected luminance coefficient values between about
5 and 40 mcd.m−2.lx−1 for typical pavement materials in dry condition [7]. The
COST331 action reports values between 5 and 30 mcd.m−2.lx−1 for asphaltic sur-
faces [14].

Table A.1:RL values of typical pavement materials in dry condition [7].
Material RL (mcd.m−2.lx−1)

Cement concrete 14
Surface dressing (dark aggregate) 9-13

(light-colored aggregate) 20-48
Asphalt concrete (dark) 4-8

(apparent aggregate) 9-15
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Appendix B

Luminance factor of tire treads

In the conventional scenario presented in Section 1.1, the idea was to consider a
potential small dark obstacle on the roadway. A tire tread was a credible candidate,
so we measured the luminance factor of the used tire treads ofseveral vehicles,
as well as the luminance factor of a new tire tread, using a portable color-meter.
The measured values are presented in Table B. We found luminance factor values
around 3% for used tire treads, and close to 5% for an unused one.

Table B.1: Luminance factorρ (and chrominance(x, y)) values measured on sev-
eral tire treads with a color-meter, using CIE standard illuminant A.

Sample no.1 (75N7895E) Sample no.2 (75N1956G)
No. ρ (%) x y No. ρ (%) x y
1 3.25 0.4518 0.4089 1 3.40 0.4443 0.4068
2 3.59 0.4494 0.4083 2 2.69 0.4463 0.4074
3 3.58 0.4500 0.4086 3 3.09 0.4451 0.4070
4 3.61 0.4491 0.4081 4 2.58 0.4464 0.4074
5 3.43 0.4500 0.4083 5 3.07 0.4467 0.4075

Sample no.3 (75N3715G) Sample no.4 (new)
No. ρ (%) x y No. ρ (%) x y
1 3.38 0.4528 0.4092 1 4.78 0.4563 0.4104
2 3.52 0.4511 0.4085 2 4.85 0.4506 0.4091
3 3.07 0.4525 0.4084 3 4.80 0.4568 0.4105
4 3.21 0.4514 0.4085 4 4.68 0.4523 0.4097
5 3.54 0.4517 0.4086 5 4.95 0.4587 0.4106
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Appendix C

Adrian’s model for target visibility

C.1 Basic formula

∆Lth =





Φ
1

2

α
+ L

1

2





2

(C.1)

whereΦ
1

2 andL
1

2 are defined in three ranges of the background luminanceLb.
If Lb ≥ 0.6 cd.m−2:

Φ
1

2 = log
(

4.1925 L0.1556
b

)

+ 0.1684 L0.5867
b

L
1

2 = 0.05946 L0.466
b

If 0.00418 cd.m−2 < Lb < 0.6 cd.m−2:

Φ
1

2 = −0.072 + 0.3372 log Lb + 0.0866 (log Lb)
2

L
1

2 = −1.256 + 0.319 log Lb

If Lb ≤ 0.00418 cd.m−2:

Φ
1

2 = 0.028 + 0.173 log Lb

L
1

2 = −0.891 + 0.5275 log Lb + 0.0227 (log Lb)
2

C.2 Correction factors

(C.1) only applies for long exposure times (2 s or more), positive contrast, young
observers (in their 20’s), and a 50% detection probability.But it can be extended
to account for other sets of these important parameters by means of several multi-
plying factors for which Adrian also introduced analytic expressions.
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C.2.1 Contrast polarity factor

The polarity factorFn accounts for a negative contrast (target darker than the
background).

Fn = 1 −
m α−β

2.4 ∆Lth

(C.2)

where

β = 0.6 L−0.1488
b

If Lb ≥ 0.1 cd.m−2:

log(− log m) = −0.125 (log Lb + 1)2 − 0.0245

If 0.004 cd.m−2 < Lb < 0.1 cd.m−2:

log(− log m) = −0.075 (log Lb + 1)2 − 0.0245

C.2.2 Time factor

The time factor Ft accounts for an exposure time e shorter than 2 s.

Ft = 1 +
a(α, Lb)

e
(C.3)

where

a(α, Lb) =
1

2.1

(

a(α)2 + a(Lb)
2
) 1

2

with

a(α) = 0.36 −
0.0972 b(α)2

b(α)2 − 2.513 b(α) + 2.7895

b(α) = log α + 0.523

and

a(Lb) = 0.355 −
0.1217 b(Lb)

2

b(Lb)2 − 10.4 b(Lb) + 52.28

b(Lb) = log Lb + 6
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C.2.3 Age factor

The age factorFa accounts for the ageA of the observer. It is defined in two
ranges.
If 23 y < A < 64 y:

Fa =
(A − 19)2

2160
+ 0.99

If 64 y < A < 75y:

Fa =
(A − 56.6)2

116.3
+ 1.43

C.2.4 Probability factor

Finally, the probability factorFp accounts for a probability of detectionp higher
than 50% [8].

Fp =

(

ln(1 − p)

ln(0.5)

) 1

2.532

(C.4)
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Appendix D

Target luminance factor vs.
pavement retroreflectivity

Figure D.1: Visibility distance of an 18-cm grey target in the middle of the road
under high-beam illumination as a function of the target luminance factor and
pavement retroreflected luminance coefficient

.
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Figure D.2: Visibility distance of an 18-cm grey target in the middle of the road
under low-beam illumination as a function of the target luminance factor and pave-
ment retroreflected luminance coefficient

.

Figure D.3: Visibility distance of an 18-cm grey target in the middle of the road
under low-beam illumination and with headlight glare as a function of the target
luminance factor and pavement retroreflected luminance coefficient

.
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