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the results it can be concluded that road pavement 
is a very important parameter in optimisation and de-
velopment of road lighting energy effi ciency.

Keywords: road lighting, target visibility, ach-
romatic and coloured targets, pavement spectral re-
fl ectance, aggregate lightness and colour, vehicle 
windshield transmittance 

1. INTRODUCTION 

The primary purpose of road lighting is to make 
people, vehicles and targets on the road visible to 
the driver. In the development of design criteria for 
road lighting it has been assumed that targets are vis-
ible to the driver only if they have adequate lumi-
nance contrast to their background [De Boer 1967, 
Van Bommel 1980]. However, it can be argued that 
colour contrast can also be effective at revealing a 
target from its background, especially in the case 
of road lighting installations with good colour ren-
dering properties. In this paper visibility experiments 
with achromatic and coloured targets are conduct-
ed to study the effects of different colours on target 
visibility. The main hypothesis of the experiments 
is that all targets located on the road in road lighting 
environments can not be considered to be achromatic 
and that different colours affect target visibility dif-
ferently in various road lighting conditions.

For the perception of colour contrast it is impor-
tant that the road is lit with a light source with good 
colour rendering properties. With the development 
of metal halide (MH) lamps and LEDs for road light-
ing use the effect of colours on target visibility have 
become more important.

ABSTRACT 

This paper focuses on studying the effects of col-
our contrast and pavement aggregate type on road 
lighting performance. Road lighting visibility exper-
iments are conducted to study the visibility of ach-
romatic and coloured targets in metal halide (MH) 
lamp and high pressure sodium (HPS) lamp road 
lighting installations. Pavement measurements are 
made to investigate the effects of aggregate light-
ness and aggregate colour on refl ectance properties 
of pavements. Finally, the effects of vehicle wind-
shields on driver’s visibility and road lighting per-
formance are discussed.

The results of visibility experiments show that 
colours have a major effect on target visibility if the 
road is illuminated with a light source with adequate 
colour rendering properties. Thus in road lighting de-
sign it cannot always be assumed that targets on the 
road are achromatic and visible to the driver only 
because of the adequate luminance contrast. As ex-
pected, colours have more signifi cant effect on tar-
get visibility when illuminated with MH lamps com-
pared to HPS lamps.

The results of pavement measurements show 
that aggregate colour and especially aggregate light-
ness have a signifi cant effect on pavement refl ection 
properties. For the most of the measured pavements 
the relative refl ectances were higher for the long 
wavelength region of the visible spectrum. The pave-
ment measurement results suggest that due to the 
higher content in the long wavelength region HPS 
lamps are more effective than MH lamps in terms 
of light refl ected from the pavements. According to 
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In both installations the luminaires were posi-
tioned in four luminaire groups with 8 m spacing. 
The fi rst installation consisted of four Osram HCI-
TS 70 W/942 NDL metal halide (MH) lamps and 
the second one of four Osram NAV-TS Super 70 W 
(SON-TS Plus) high pressure sodium (HPS) lamps. 
HPS lamps were selected for the study, because they 
are very commonly used in road lighting installa-
tions in Finland. MH lamps were selected because 
of their good colour rendering properties and sig-
nifi cantly different spectral distribution compared 
to HPS lamps. Both road lighting installations were 
dimmable.

For the purposes of this paper, four different 
road lighting conditions were used: two light spectra 
(HPS/MH) and two luminance levels. Fig. 1 shows 
the relative spectral power distributions of the MH 
and HPS lamps at the two dimming levels; the full 
lumen output and the minimum lumen output. The 
measured average road surface luminances were 
1.35 cd/m2 (100 % lumen output) and 0.52 cd/m2 
(40 % lumen output) for the MH installation and 
1.71 cd/m2 (100 % lumen output) and 0.27 cd/m2 
(15 % lumen output) for the HPS installation.

Fig. 2 shows power and lumen output of MH and 
HPS lamps as a function of dimming levels. The 
dimming was done by using voltage as a control pa-
rameter. The control values used in the experiments 
were 10 V (100 % lumen output) and 1.5 V (40 % 
lumen output) for the MH installation, and 10 V 
(100 % lumen output) and, 1 V (15 % lumen output) 
for the HPS installation.

Road lighting standards in Europe and North 
America are expressed mainly in terms of three lu-
minance metrics: average road surface luminance, 
overall luminance uniformity ratio and longitudi-
nal luminance uniformity ratio [EN 2003, IESNA 
2005]. The luminance of any point of road surface 
is a function of the illuminance on the road and the 
refl ection properties of the road surface [CIE 1982]. 
The refl ection properties of the road surface, on the 
other hand, are determined by the pavement mate-
rial and the aggregate type used. In this paper the ef-
fects of aggregate lightness and aggregate colour on 
refl ectance properties of pavements are studied un-
der metal halide (MH) lamp and high pressure so-
dium (HPS) lamp.

The main hypothesis of the pavement measure-
ments is that the lightness of the aggregate has a sig-
nifi cant effect on pavement refl ection properties and 
thus also a major effect on the road lighting perform-
ance. It can be argued that despite the higher costs 
of light aggregate, signifi cant road lighting energy 
savings could be achieved by using light aggregate 
for the road surface pavements. This of course re-
quires that quality factors of the light aggregate, such 
as for example wearing properties, are adequate for 
the road traffi c use.

The other hypothesis of the pavement measure-
ments is that the aggregate colour also affects road 
lighting performance and that the same pavement 
can result in different refl ection factors when differ-
ent light sources are used.

Also the transmittance of the vehicle windshield 
and changes in the spectrum of transmitted light has 
an effect on the visual performance of the driver. 
The effects of windshields’ spectral transmittances 
on drivers’ visibility and road lighting performance 
are introduced and discussed in the paper.

2. MEASUREMENT SET-UP 

In Lighting Unit of Helsinki University of Tech-
nology two identical road lighting installations were 
built in an underground tunnel to simulate viewing 
conditions on roads at night-time. The length of the 
tunnel is 200 m, the height is 3.5 m and the width 
is 5 m. The advantage of the tunnel is that the ex-
terior conditions remain constant. Thus it was pos-
sible to carry out visibility tests with test subjects 
in exactly the same visibility conditions [Elohol-
ma 2005]. The road surface of the tunnel consisted 
of coarse sand.

Fig. 1. The relative spectral power distributions of the 
a) MH lamp and b) HPS lamp at 100 % lumen output and 

at 40 %/15 % lumen output levels
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test series. Test series were defi ned by four differ-
ent road lighting conditions; two light spectra (HPS/
MH) and two luminance levels. The visibility experi-
ments were made from two viewing distances, 50 m 
and 83 m. The targets were achromatic and coloured 
20 cm x 20 cm fl at square surfaces positioned per-
pendicular to the road surface. The size of the targets 
represents a critical object which is the most diffi cult 
to perceive but still dangerous for a normal-sized ve-
hicle [Güler 2003, Narisada 2007]. In the American 
National Standard Practice for Roadway Lighting 
similar achromatic square targets are used for Small 
Target Visibility calculations [IESNA 2005]. Similar 
achromatic fl at surface targets with different refl ec-
tion factors were used as the basis of the present road 
lighting recommendations [De Boer 1967].

Fig. 4 represents the colour coordinates of the 
blue, red and green targets and their spectral distri-
bution under daylight (6800 K). In each test series 
two targets; one achromatic and one coloured, were 
positioned on the central axis of the road. The tar-
gets were positioned close to each other at interval 
of 10 cm in the transverse direction. The task of the 

Fig. 3 shows the colour temperatures and the 
colour rendering indexes of MH and HPS lamps as 
a function of the lumen output. The correlated col-
our temperature (CCT) of MH lamp was 4182 K 
without dimming and increased to 6134 K when 
the lumen output was decreased to 40 %. The col-
our rendering index (Ra) decreased from 93 to 70. 
In the case of HPS lamp the correlated colour tem-
perature (CCT) decreased from 1942 K to 1777 K 
and the colour rendering index (Ra) decreased from 
23 to –10.0 as the lumen output was decreased from 
100 % to 15 %.

The measurements were made using spectroradi-
ometer CS-2000 and imaging luminance photometer 
LMK Mobile Advanced.

3. VISIBILITY EXPERIMENTS WITH 
ACHROMATIC AND COLOURED 
TARGETS 
3.1. Experimental set-up 

The relative visibility of two targets located on 
the road was used as the visual task in four different 

Fig. 2. Measured power and lumen output of a) MH lamp and b) HPS lamp as a function of control voltage 

Fig. 3. Colour temperature (CCT) and colour rendering index (Ra) of a) MH lamp and b) HPS lamp as a function of lumen 
output 
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oured target will appear. The experiments were done 
in random order for each subject. Randomized pa-
rameters were road lighting installation (MH/HPS), 
luminance level, targets and viewing distance.

Twelve young subjects (seven males, five fe-
males) of 20–29 age participated in the experiments. 
The subjects were not working in the lighting fi eld 
and were not familiar with the theory of road light-
ing. They had normal colour vision (Ishihara test) 
and visual acuity. Before the experiments the subject 
had adapted to the tunnel lighting for 30 min. The 
subject was also adapted to each of the following 
lighting conditions used in the test series for 5 min. 
Before the experiments the subject was asked to im-
agine the situation as he/she were driving a vehicle 
at night-time.

Fig. 5 a shows the underground tunnel and fi ve 
different targets illuminated with MH lamps (100 % 
lumen output). Fig. 5 b shows an example of the 
visual task in the experiments, where an achromatic 

subject was to defi ne which target is more visible. 
Subjects used a simple fi ve-option scale to defi ne the 
targets relative visibility. The options were:

1. The left target is substantially more visible 
than the right target (SMV);

2. The left target is slightly more visible than the 
right target (MV);

3. No difference, do not know (S);
4. The right target is slightly more visible than 

the left target (MV);
5. The right target is substantially more visible 

than the left target (SMV).
The subject was always positioned at a distance 

of 50 m or 83 m from the targets. The subject viewed 
the targets with foveal vision and the angle of obser-
vation was approximately 1° in both cases. The re-
action time of the subject was 2 s. The targets were 
covered between the measurements and thus the sub-
ject did not know which coloured and which achro-
matic targets will appear, and on which side the col-

Fig. 4. a) The colour coordinates of the blue, red and green targets in the CIE chromaticity diagram. b) Refl ected spectrum 
of a white reference surface (barium sulphate, ρ=0.97) and coloured targets. The targets were measured under daylight 

(6800 K) with spectroradiometer CS-2000

Fig. 5. Experimental set-up in the underground tunnel and two road lighting installations used in the experiments. a) Two 
achromatic and three coloured targets illuminated with MH lamps. b) An achromatic and a green target illuminated with 

HPS lamps
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luminance variations of coloured targets in differ-
ent road lighting conditions, numerous achromatic 
targets with different refl ection factors were used 
in the experiments. Target combinations and target 
positions were chosen separately for each viewing 
condition.

The target and the background luminances were 
measured for each target and for each visual task. 
Luminance contrast between the target and the back-
ground was calculated as follows:

C
L L

L
t b

b

=
−

, (1)

where, C is contrast, Lt is luminance of the target 
and Lb is luminance of the background. The contrast 
value is negative when the target luminance is lower 
than the background luminance. In this case the tar-
get is seen darker than the background and the low-
er the contrast value the better the target visibility. 
On the other hand, if the target luminance is higher 
than the background luminance and the target is seen 
brighter than the background, its luminance contrast 
is positive. A contrast of zero corresponds to a situa-
tion in which Lt = Lb; the target with no colour con-
trast being invisible.

Tables 1 and 2 show results of two test series 
in the MH lamp installation; both, 100 % lumen 
output and 40 % lumen output. Table 1 shows re-
sults with achromatic and coloured targets having 
approximately the same luminance contrasts. Ta-
ble 2 shows results with coloured targets having 
lower luminance contrast (luminance contrast closer 
to 0) than achromatic targets. The results are pre-
sented as a fi ve-option scale for two viewing dis-
tances 50 m and 83 m.

The results show that at a viewing distance 
of 50 m all coloured targets were substantially or 
slightly more visible than the achromatic targets de-
spite the fact that the luminance contrasts of both tar-
gets were approximately the same (Table 1 a). 50 % 
of the subjects rated the blue target, as substantially 
more visible than the achromatic target, and other 
50 % of the subjects responded that the blue target 
was slightly more visible than the achromatic target. 
In the case of the red target, 67 % of the subjects re-
sponded that the red target was substantially more 
visible than the achromatic target. For the green tar-
get the differences in visibility ratings between ach-
romatic and coloured target were the smallest.

and a green target are positioned on the road and il-
luminated with HPS lamps (100 % lumen output).

3.2. Results 

Fig. 6 shows the variations in relative luminanc-
es of the coloured targets in different lighting condi-
tions. White surface (barium sulphate) with refl ect-
ance of 0.97 was used as a reference. The relative 
luminances of the coloured targets were calculat-
ed in proportion to the luminance of the reference 
in every lighting condition.

The relative luminance of the blue target was sig-
nifi cantly higher in the MH lamp illumination; both 
dimmed and not dimmed, compared to the HPS lamp 
illumination. The relative luminance of the red tar-
get, on the other hand, was higher in the HPS lamp 
illumination. The relative luminance of the red tar-
get decreased signifi cantly when the MH installa-
tion was dimmed from 100 % to 40 % lumen output. 
The relative luminance of the green target increased 
when the MH installation was dimmed but decreased 
substantially when illuminated with HPS lamps. The 
variations in relative luminances of the coloured 
targets were due to differences in the lamp spectra 
in various conditions.

In the experiments an achromatic and a coloured 
target were placed in the road close to each other 
and the effect of colour on the relative target vis-
ibility was studied. The fi rst experiments were done 
with achromatic and coloured targets having ap-
proximately the same luminance contrasts against 
the background. The second experiments were made 
with achromatic targets having higher luminance 
contrast compared to the coloured targets. Due to 

Fig. 6 Relative luminances (luminance of target / lumi-
nance of reference) of coloured targets in different lighting 

conditions
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ible than the achromatic targets. For example at a 
viewing distance of 50 m, 25 % of the subjects rated 
the blue target and 42 % of the subjects the red target 
as substantially more visible than the achromatic tar-
get, whereas in the case with 100 % lumen output the 
same values were 50 % and 67 % of the subjects. The 
changes can mainly be explained by different light 
spectra, decreased colour rendering index (Ra) and 
lower luminance level. Still, at a viewing distance 
of 50 m all coloured targets were mainly considered 
to be substantially or slightly more visible than the 
achromatic targets. At a viewing distance of 83 m, 
the effect of target colours on visibility were signifi -
cantly lower compared to the case with 100 % light 
output and viewing distance of 50 m.

The luminance contrasts of the targets varied be-
tween C = –0.70…-0.49. Such luminance contrast 
values can be considered to be relatively common 
for small targets positioned on the road in road light-
ing environments [Hansen 1979, Smith 1938].

The effects of colour on targets visibility de-
creased when the viewing distance was increased 
to 83 m. For example in the case of the blue target, 
only 17 % of the subjects answered that the blue tar-
get was substantially more visible than the achro-
matic target, while at a viewing distance of 50 m the 
percentage was 50 %. Also in cases with the red and 
the green targets the differences in visibility ratings 
between achromatic and coloured target were lower 
compared to the results with the viewing distance 
of 50 m. Even so, the coloured targets were mostly 
rated as more visible than the achromatic targets de-
spite the fact that the luminance contrasts of the tar-
gets were approximately the same. Also for the 83 m 
viewing distance the red colour had the highest ef-
fect on the relative visibility of the targets.

The effects of target colour on visibility de-
creased when the MH installation was dimmed to 
40 % of the total lumen output (Table 1 b). The col-
oured targets were mainly rated as slightly more vis-

a) average road surface luminance 1.35 cd/m2

Achromatic AC = 
–0.57

ВС = 
–0.55 Blue

SMV MV s MV SMV

50 м 0 0 0 6 6

83 м 0 0 1 9 2

Achromatic AC = –0.64 RC = 
–0.61 Red

SMV MV S MV SMV

50 м 0 0 0 4 8

83 м 0 0 1 7 4

Achromatic AC = –0.53 GC = 
–0.51 Green

SMV MV s MV SMV

50 м 0 0 0 10 2

83 м 0 0 4 8 0

b) average road surface luminance 0.52 cd/m2 

Achromatic AC = 
–0.56

ВС = 
–0.52 Blue

SMV MV S MV SMV

50 м 0 0 0 9 3

83 м 0 0 4 8 0

Achromatic AC = –0.70 RC = 
–0.65 Red

SMV MV S MV SMV

50 м 0 0 0 7 5

83 м 0 0 2 8 2

Achromatic AC = 
–0.53 GC = –0.49 Green

SMV MV S MV SMV

50 м 0 0 1 11 0

83 м 0 0 6 6 0

TABLE 1. Experiment results with MH lamp installation: 
a) 100 % lumen output, average road surface luminance 1.35 cd/m2. b) 40 % lumen output, average road 
surface luminance 0.52 cd/m2. The luminance contrasts of achromatic and coloured targets were approxi-
mately the same. AC = achromatic target contrast, BC = blue target contrast, RC = red target contrast, 
GC = green target contrast. The results are presented for two viewing distances 50 m and 83 m. SMV 
LEFT – the achromatic target is substantially more visible than the coloured target, MV LEFT – the 
achromatic target is slightly more visible than the coloured target, S = no difference, do not know, MV 
RIGHT – the coloured target is slightly more visible than the achromatic target, SMV RIGHT – the col-
oured target is substantially more visible than the achromatic target:
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ing the targets position in relation to the luminaires, 
the red target still remained substantially more vis-
ible than the achromatic target despite the large dif-
ference in luminance contrasts. 83 % of the subjects 
rated the red target as substantially more visible than 
the achromatic target though the luminance contrast 
of the red target was C = –0.10 and the luminance 
contrast of the achromatic target C = –0.52. 8 % 
of the subjects rated the achromatic target as slight-
ly more visible than the red target. Although the lu-
minance contrast of the red target was very low, the 
target luminance was high and the red colour was 
clearly visible. Hence, the red target resulted mostly 
in better relative visibility compared to the achro-
matic target.

Similar results were found with the green target. 
When the luminance contrast value of the green tar-
get was close to 0 and the target was visible only 
because of the colour contrast, the green target was 
rated as substantially more visible or as slightly 

Table 2 shows experiment results for the same 
MH lighting conditions and with the same coloured 
targets as in Table 1. However, in these experiments 
the luminance contrasts of the achromatic targets 
were higher compared to the luminance contrasts 
of the coloured targets.

When the luminance contrasts of the achromat-
ic and the red target were set to C = –0.72 and C = 
–0.61, and the lumen output of the MH lamps was 
100 %, the red target was rated as substantially more 
visible by 58 % of the subjects (Table 2 a). None 
of the subjects considered the achromatic target to 
be as visible as the red target, not to mention rating 
the achromatic target as more visible than the red tar-
get. When the viewing distance was increased from 
50 m to 83 m the visibility differences between the 
targets were not as high as in the case of 50 m view-
ing distance.

When the absolute luminance contrast values 
of the targets were decreased closer to 0 by chang-

a) average road surface luminance 1.35 cd/m2

Achromatic AC = –0.72 RC = 
–0.61 Red

SMV MV S MV SMV

50 м 0 0 0 5 7

83 м 0 0 3 6 3

Achromatic AC = 
–0.52

RC = 
–0.10 Red

SMV MV S MV SMV

50 м 0 1 1 0 10

83 м 0 1 3 1 7

Achromatic AC = –0.59 GC = 
–0.51 Green

SMV MV S MV SMV

50 м 0 0 3 7 2

83 м 0 0 7 5 0

Achromatic AC = –0.32 GC = 
–0.03 Green

SMV MV S MV SMV

50 м 0 0 0 8 4

83 м 0 0 2 6 4

b) average road surface luminance 0.52 cd/m2 

Achromatic AC = 
–0.75 RC = –0.85 Red

SMV MV S MV SMV

50 м 0 0 1 8 3

83 м 0 0 5 7 0

Achromatic AC = –0.53 RC = 
–0.32 Red

SMV MV S MV SMV

50 м 0 0 0 4 8

83 м 0 0 4 4 4

Achromatic AC = 
–0.60 GC = –0.45 Green

SMV MV S MV SMV

50 м 0 0 5 7 0

83 м 0 0 8 4 0

Achromatic AC = 
–0.31

GC = 
0.04 Green

SMV MV S MV SMV

50 м 0 0 0 9 3

83 м 0 1 1 9 1

TABLE 2. Experiment results in the MH lamp installation: 
a) 100 % lumen output, average road surface luminance 1.35 cd/m2; 
b) 40 % lumen output, average road surface luminance 0.52 cd/m2. The luminance contrasts of the col-
oured targets were lower than those of the achromatic targets:
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more visible that the achromatic target. The viewing 
distance had no effect on the results. When the lumi-
nance contrast of the achromatic target was changed 
from C = –0.65 to C = –0.73, 58 % of the subjects 
rated the achromatic target as slightly more visible 
than the green target. The increase of the viewing 
distance to 83 m lowered the percentage to 50 %.

Increasing the targets luminances and decreas-
ing the luminance contrasts of the targets did not in-
crease the effect of green colour on relative visibil-
ity of the green target. 50 % of the subjects answered 
that the achromatic target (C= –0.42) was slightly 
more visible than the green target (C = –0.21). 42 % 
of the subjects could not tell which one of these 
targets was more visible and 8 % of the subjects 
thought that the achromatic target was substantially 
more visible than the green target.

The results suggest that in the HPS lamp illumi-
nation green targets are mostly seen as achromatic, 
and that green colour does not have a signifi cant ef-
fect on target visibility under HPS lamps.

Due to the light spectra and low colour render-
ing index of HPS lamps the blue target was seen as 
achromatic when illuminated by HPS lamps. The 
blue target resulted in the same relative target vis-
ibility as the achromatic target with the same lumi-
nance contrast.

more visible than the achromatic target though the 
luminance contrast of the achromatic target was C = 
–0.32 (Table 2 a). In all cases the increase of the 
viewing distance decreased the effects of colour on 
the relative visibility of targets.

As expected, the effects of colour on target vis-
ibility decreased when the MH installation was 
dimmed to 40 % of the lumen output (Table 2 b). 
The colour temperature increased and the light col-
our changed from natural white towards greenish, 
which negatively affected the visibility of the green 
target. Nevertheless, the red and the green target re-
sulted mostly as being more visible than the achro-
matic targets despite the fact that the luminance con-
trasts of the achromatic targets were higher.

Table 3 shows the relative visibility evaluation 
results in the HPS installation (100 % lumen out-
put) for the green and the red target. The green col-
our was hardly visible when illuminated with HPS 
lamps. When the green target and the achromatic 
target had similar luminance contrasts, 75 % of the 
subjects could not tell which one of these targets 
was more visible. 17 % of the subjects answered that 
the achromatic target was slightly more visible than 
the green target. This was due to slightly higher lu-
minance contrast of the achromatic target. Only one 
subject out of twelve rated the green target as slightly 

Achromatic AC = 
–0.64

RC = 
–0.59 Red

SMV MV S MV SMV

50 м 0 0 0 10 2

83 м 0 0 1 11 0

Achromatic AC = –0.69 RC = 
–0.59 Red

SMV MV S MV SMV

50 м 0 3 2 7 0

83 м 0 2 3 7 0

Which road lighting installation do you piefet more?

MH S HPS

8 2 2

TABLE 3. Experiment results with HPS installation (100 % lumen output, average road surface 
luminance 1.71 cd/m2) for the red and the green target. 
The Table also shows which road lighting installation the subjects preferred more when asked after the 
experiments

Achromatic AC = 
–0.65

GC = 
–0.60 Green

SMV MV S MV SMV

50 м 0 2 9 1 0

83 м 0 2 9 1 0

Achromatic AC = 
–0.73

GC = 
–0.60 Green

SMV MV s MV SMV

50 м 0 7 5 0 0

83 м 0 6 6 0 0

Achromatic AC = –0.42 GC = 
–0.21 Green

SMV MV S MV SMV

50 м 1 6 5 0 0

83 м 0 7 5 0 0
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road is illuminated with a light source with adequate 
colour rendering properties. The results indicate 
that in MH lighting conditions the target visibility 
is not only defi ned by luminance contrast but rather 
by the combination of colour contrast and luminance 
contrast. It can also be argued that the combination 
of colour and luminance contrast seems to be a good 
way of revealing targets on a road surface.

Under MH lamp illumination, at a viewing dis-
tance of 50 m, all coloured targets were substantially 
or slightly more visible than the achromatic targets 
despite the fact that the luminance contrasts of both 
targets were approximately the same. Dimming and 
the increase of the viewing distance decreased the ef-
fects of colours on target visibility. When the lumi-
nance contrasts of the achromatic targets were higher 
compared to the luminance contrasts of the coloured 
targets, the coloured targets were still rated as more 
visible than the achromatic targets. Under HPS lamp 
illumination only red colour had an infl uence on the 
visibility of the target.

Generally, colour discrimination is best in the 
fovea and decreases toward the periphery, where 
there are fewer cones. However, colour discrimi-
nation for very small fi elds (1/3 º or less) presented 
to the fovea is not so good, because there are very 
few short wavelength cones in the middle of the 
fovea [IESNA 1993]. When the viewing distance in-
creases, the size of the target presented to the fovea 
decreases and this might be one possible explanation 
why the increase of the viewing distance decreased 
the effects of colours (especially blue colour) on vis-
ibility of target.

The results of this paper suggest that especially 
red colour has a signifi cant effect on target visibility. 
One explanation for this might be that the red colour 
is usually experienced as a strong stimulus and also 
because the red colour is commonly used as a nega-
tive colour for traffi c signs and traffi c lights. Green 
colour had the lowest effect on target relative visi-

The results with the red target indicate that red 
colour, unlike green and blue, does have an effect on 
the relative visibility of targets in HPS illumination. 
When the luminance contrasts of the achromatic 
and the red target were almost the same, the red tar-
get was rated as slightly more visible than the ach-
romatic target by 83 % of the subjects. 17 % of the 
subjects were of the opinion that the red target was 
substantially more visible than the achromatic target. 
At the viewing distance of 83 m, the effect of red 
colour on target visibility decreased slightly. When 
the luminance contrast of the achromatic target was 
lowered from C = –0.64 to C = –0.69, the subjects 
found it hard to defi ne which target was more vis-
ible than the other and there seemed to be large var-
iation in the views. The results in the HPS installa-
tion indicate that red colour partly loses its effi ciency 
in making the targets visible when illuminated with 
HPS lamps.

When the HPS installation was dimmed to 15 % 
of the maximum light output, the effects of col-
ours on target visibility were unsubstantial and all 
coloured targets were basically seen as achromat-
ic having certain luminance contrasts against the 
background.

After the visibility experiments subjects were 
asked which road lighting installation they preferred 
better (100 % lumen output). 67 % of the subjects 
preferred the MH lamp illumination more than the 
HPS lamp illumination. The main reason was the 
light colour temperature which for MH installation 
was rated as more natural and pleasant. 17 % of the 
subjects preferred lighting conditions caused by HPS 
installation because the HPS lamp illumination was 
familiar and the light was warmer compared to the 
MH lamp illumination. 17 % of the subjects could 
not justify which road lighting installation they pre-
ferred better.

The results of visibility experiments show that 
colours have a major effect on target visibility if the 

Fig. 7. Samples (D = 100 mm) of fi ve different pavements used in the measurements; a) SMA 16 White with white ag-
gregate; b) SMA 16 with slightly reddish aggregate; c) SMA 8 Grey, quiet asphalt with greyish aggregate; d) SMA 8 Hiltti, 

quiet asphalt; e) SMA 6
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tween vertical plane of incidence and vertical plane 
of observation) and γ=50 º, 46 º, 40 º, 35 º, 30 º, 
25 º, 20 º, 13 º (angle of incidence from the upward 
vertical) [CIE 1984, Crabb 2005].

During the measurements only one luminaire was 
on. White barium sulphate surface (ρ = 0.97) with 
homogeneous spectral refl ectance was used as a ref-
erence. The measurement accuracy of the spectrora-
diometer CS-2000 is ± 2 % [Konica 2008].

4.2. Results 

Fig. 8 shows the measured spectral refl ectanc-
es of the pavements. For the most of the measured 
pavements the relative refl ectances were higher for 
the long wavelength region. The results suggest that 
light sources with high output in the long wavelength 
region (for example HPS lamps) are more effec-
tive compared to ones with high output in the short 
wavelength region.

As shown in Fig. 8 SMA 16 White with white 
aggregate resulted in highest relative spectral re-
fl ectance. For SMA 16 White the refl ectance values 
were higher for the long wavelength region, partly 
because of the fact that fi ne aggregate used for the 
pavement was reddish. When compared to the SMA 
16 with the same aggregate size, SMA 16 White re-
sulted in signifi cantly higher spectral refl ectance 
due to differences in the aggregate lightness. SMA 

bility, which might be partly due to the use of green 
colour as a positive colour for traffi c lights.

As expected, colours had more signifi cant effect 
on target visibility when illuminated with MH lamps 
compared to the HPS lamps.

4. EFFECTS OF AGGREGATE TYPE 
ON PAVEMENT REFLECTANCE 
PROPERTIES 

4.1. Measurements 

In this paper eight, different pavements were 
measured to study the effects of aggregate lightness 
and aggregate colour on spectral refl ectance prop-
erties of the pavements. Also relative luminances 
of the pavement samples were investigated and two 
different light sources and four different lighting 
conditions were used in the measurements: two light 
spectra HPS/MH and two dimming levels of the 
lamps. The Prall method, which follows the Euro-
pean standard EN 12697–16, was used for the wear-
ing of the pavement samples [EN 2004]. The pave-
ments used in the measurements were stone mastic 
asphalt (SMA) pavements. SMA pavement has a 
high coarse aggregate content that interlocks to form 
a stone skeleton that resists permanent deformation. 
The stone skeleton is fi lled with mastic of bitumen 
and fi ller to which fi bres are added to provide ad-
equate stability of bitumen and to prevent drainage 
of binder during transport and placement. Typical 
SMA composition consists of 70−80 % coarse ag-
gregate, 8−12 % fi ller, 6.0−7.0 % binder, and 0.3 % 
fi bre [Troutbeck 2005]. The main purpose of the 
SMA pavement is to provide a deformation resist-
ant, durable surfacing material, suitable for residen-
tial streets and highways.

For each pavement two samples (100 mm in di-
ameter) were measured. Fig. 7 shows fi ve different 
pavements used in the measurements. The meas-
ured pavements varied in aggregate lightness, col-
our and size.

The measurements were made using spectro-
radiometer CS-2000. The measurement angle be-
tween the sample and the spectroradiometer was set 
to 30° (α= angle of observation) and the measure-
ment area covered most of the sample area [Gib-
bons 1997]. The spectroradiometer was placed on 
the same longitudinal axis as the pavement samples. 
The measurements were made using different val-
ues of β=90 º, 55 º, 35 º, 25 º, 20 º, 13 º (angle be-

Fig. 8. Relative spectral refl ectances of eight differ-
ent pavements measured under the MH lamp spectrum 

(Fig. 1 a). White barium sulphate surface (ρ = 0.97) with 
homogeneous spectral refl ectance was used as a reference. 

The angles β and γ were set to 90 º and 25 º
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MH lamp was dimmed to 40 % of the lumen output, 
the relative luminances of the pavements decreased 
but when the HPS lamp was dimmed to 15 % of the 
lumen output, the relative luminances increased. 
This was due to the changes in light spectra (Fig. 1) 
and due to the spectral refl ectance properties of the 
pavements.

No signifi cant variations were found in the shapes 
of the relative spectral refl ectance curves between 
samples of the same pavement type. However, there 
were some minor variations in the refl ectance values 
of these samples. In calculating the pavement rela-
tive luminances one sample was used for each pave-
ment type (Fig. 9).

The pavement samples of SMA 16 White had 3 % 
higher relative luminances when illuminated with 
HPS lamp compared to the MH lamp. When the MH 
lamp and HPS lamp were dimmed, the relative lumi-
nances were 6 % higher for the HPS illumination. As 
shown in Fig. 9 SMA 16 White had signifi cantly high-
er relative luminances than the other pavements. The 
relative luminance of SMA 16 White was 68 % higher 
than the relative luminance of SMA 16 when illumi-
nated with MH lamp, and 61 % higher when illumi-
nated with HPS lamp. When compared to the SMA 
8 Grey, SMA 16 White resulted in three times high-
er relative luminances (Figs. 7 a, 7 c). This means 
that if SMA 8 Grey is used for road pavement, lumi-
naires would have to produce three times more light 
to achieve the same luminance levels on the road 
surface as in the case with SMA 16 White pavement.

16 represent quite common aggregate type (light-
ness and colour) used for road pavements in Fin-
land. Thus the results suggest that by using the white 
aggregate instead of conventionally used aggregate 
types, signifi cantly higher road surface luminances 
could be achieved with the same road lighting en-
ergy consumption.

SMA 18 with light aggregate resulted in the sec-
ond highest spectral refl ectance. Also for SMA 18 the 
relative refl ectance values of the long wavelength 
region were higher compared to those of the short 
wavelength region. For the noise reducing quiet as-
phalt SMA 8 Hilja the relative refl ectance was sim-
ilar to the SMA 16. However, for SMA 8 Hilja the 
shape of the relative spectral refl ectance curve was 
different compared to the SMA 16 due to differenc-
es in the aggregate colour. SMA 6, SMA 11 and qui-
et asphalt SMA 8 Hiltti all had very similar spectral 
refl ectances. The noise reducing quiet asphalt SMA 
8 Grey had very low relative spectral refl ectance val-
ues. Because of the grey aggregate the SMA 8 Grey 
also resulted in somewhat uniform spectral refl ect-
ance over all wavelengths.

Fig. 9 shows relative luminances of the pave-
ments measured in four different lighting conditions. 
The results show that the same pavement can result 
in different road surface luminance values under 
various light sources with various light spectra. As 
expected, for the most of the measured pavements 
relative luminances were higher when illuminated 
with HPS lamp compared to the MH lamp. When the 

Fig. 9. Relative luminances of eight different pavements. White surface (barium sulphate) with refl ectance of 0.97 was 
used as a reference. Relative luminances were measured in four different lighting conditions. MH – metal halide lamp, 

HPS – high pressure sodium lamp. The angles β and γ were set to 90 º and 25 º
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It can be argued that road pavement is a very im-
portant parameter in optimization and development 
of road lighting energy effi ciency. Thus more exten-
sive cooperation between road administration au-
thorities and road lighting experts is needed in or-
der to be able to effi ciently optimise road lighting 
performance.

5. SPECTRAL TRANSMITTANCE 
OF VEHICLE WINDSHIELD 

One important factor, which is usually not con-
sidered in the road lighting design and practice, 
is the spectral transmittance of the vehicle wind-
shield. In driving, most of the visual information 
is gained through a windshield of a vehicle. Thus the 
spectral transmittance of vehicle windshield affects 
the visibility conditions of the driver. Fig. 11 shows 
the spectral transmittance curves for four different 
windshield types used in Europe. Windshields A, B 
& C are green tinted windshields while IRR Wind-
shield is an infrared reflective (IRR) type wind-
shield with a metallic coating [Bolton 2008]. As 
shown in Fig. 11 spectral transmittances of different 
windshields are not homogeneous for various wave-
lengths. For all four windshields types the transmit-
tance values are the highest for the green and the yel-
low wavelength regions. For the green tinted wind-
shields (Windshields A, B & C) the transmittance 
value decreases signifi cantly in the long wavelength 
region, while for the IRR Windshield the change 
in the transmittance value is lower. It can be argued 
that such variations in the transmittance values for 

In the case of SMA 16 the relative luminance was 
8 % higher when illuminated with HPS lamp com-
pared to the MH lamp. When the light sources were 
dimmed the relative luminance was 16 % higher 
when illuminated with HPS lamp (15 % lumen out-
put) compared to the MH lamp (40 % lumen output). 
For SMA 18, the corresponding values were 6 % and 
14 %. The relative luminances of the SMA 8 Hilja 
varied the most and the relative luminances of the 
sample were 11 % and 18 % higher when illuminat-
ed with HPS lamp compared to the MH lamp. The 
relative luminances of SMA 8 Grey did not change 
signifi cantly in various lighting conditions.

The pavement samples were measured using dif-
ferent β and γ values. Fig. 10 shows an example 
of relative spectral refl ectance variations of SMA 
18 sample in relation to the parameters β and γ. As 
shown in Fig. 10 there were no signifi cant chang-
es in the shapes of the relative spectral refl ectance 
curves of the pavement samples. However, the re-
flectance values and the total reflectances of the 
pavement samples varied signifi cantly depending 
on the β and γ values. This means that the spec-
tral refl ectance properties of the pavement remain 
relatively the same but the total refl ectance of the 
pavement changes in relation to the position of the 
light source relative to the road surface point under 
consideration.

The pavement measurements in this paper indi-
cate that the aggregate lightness and the lightness 
of the pavement are very important factors in road 
lighting design. Also, the aggregate colour seems to 
have a major effect on road lighting performance. 

Fig. 10. Relative spectral refl ectances of SMA 18 sample measured with different β and γ  values. White barium sulphate 
surface with refl ectance of 0.97 was used as a reference
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tance values for the green and the yellow wavelength 
regions compared to the other windshield types. 
In scotopic vision, some variations between different 
windshield types occur for the bluish and the green 
wavelength regions.

In photopic vision, if compared to the V (λ) 
curve, the total spectral transmittance curves of the 
windshields are slightly shifted towards the short 
wavelength region (Fig. 12). In scotopic vision simi-
lar but reversed effects appear and the spectral trans-
mittance curves of the windshields are slightly shift-
ed towards the long wavelength region. According 
to these results, it can be argued that spectral trans-
mittances of the windshields are well optimized for 
the mesopic light levels, which lie between the pho-
topic light levels and the scotopic light levels [Vi-
ikari 2008].

The effect of vehicle windshield transmittance 
was not included in the experiments for this pa-
per because of the limited dimensions of the un-
derground tunnel entrance. This can be defi ned as 
a major lack of the experiments and measurements. 
The spectral transmittance of vehicle windshield af-
fects the visibility of coloured targets, the visibility 
conditions of the driver in different lamp type and 
road surface conditions, and fi nally also the mesopic 
visual performance. Thus the effect of vehicle wind-
shield and possible variations of windshield spec-
tral transmittance values should also be considered 
in evaluating the visibility conditions for drivers.

6. DISCUSSION 

The visibility experiments indicate that colours 
have a high impact on target visibility if the road 
is illuminated by light sources with good colour ren-
dering properties. It is, however, very diffi cult to de-
termine how these effects relate to the safety of the 
driver in various traffi c conditions. It is not known 
whether the use of light sources with good colour 
rendering properties can actually reduce traffi c ac-
cident rates by improving the visibility of coloured 
targets. A number of extended fi eld measurements 
and traffi c statistics are needed in order to determine 
the overall effects of colours and colour contrasts on 
target visibility in road lighting environments. How-
ever, it is obvious that with the further development 
of road lighting it cannot be assumed anymore that 
targets located in the road are always achromatic and 
visible to the driver only because of the adequate lu-
minance contrast.

different wavelengths have a signifi cant effect on 
driver’s visibility in different road lighting condi-
tions. In reality, also such factors as the cleanliness 
of the windshield and the inclination of the wind-
shield in relation to the driver affect the transmit-
tance properties of the vehicle windshield.

Fig. 12 shows the spectral transmittances of the 
same vehicle windshield types, shown in Fig. 11, 
multiplied by the V (λ) function (spectral sensitiv-
ity of the eye, photopic vision) and the V’ (λ) func-
tion (spectral sensitivity of the eye, scotopic vision). 
The results represent the total spectral transmittances 
of the windshields as perceived by the driver. The 
results show that in photopic vision the Windshield 
B, Windshield C and IRR Windshield result in very 
similar transmittance curves despite the differences 
in the transmittance values shown in Fig. 11. The 
Windshield A results in slightly higher transmit-

Fig. 12. Spectral sensitivities of the eye V (λ) and V’ (λ) 
(photopic and scotopic vision) and spectral transmittances 
of four different vehicle windshield types multiplied by the 

V (λ) and V’ (λ) functions

Fig. 11. Spectral transmittances of four different vehicle 
windshield types [Bolton 2008]
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that white aggregate has to be imported from other 
countries, for example Norway. In assuming that ag-
gregate costs are about 15 % of the total pavement 
and paving costs, the white pavement would result 
in about 30 % higher total expenses compared to the 
conventional pavements. However, at the same time 
it may be possible to save more than 50 % of road 
lighting energy consumption by using white pave-
ment instead of conventional pavements. In addition, 
such energy savings could be achieved basically for 
the whole lifetime of the pavement.

Yet, despite the high energy saving potential 
of light pavements, there are two major problems 
concerning the use of pavements with white aggre-
gate in Finland. First of all, in Finland, white aggre-
gates with suitable quality properties for pavement 
use are very rare. Secondly, the use of studded types 
at winter time sets very high wearing requirements 
on the pavements and thus not all white aggregates 
are suitable for the pavement use.

One potential extension scenario for pavement 
measurements presented in this work would be to 
study the refl ectance properties of wet pavement 
surfaces. The pavement samples used in the meas-
urements were also quite clean, while in reality such 
factors as dirt, gravel and rubber affect the refl ect-
ance properties of the road surface. Thus the pave-
ment measurements should be made on real roads, 
which are used by traffi c. Pavement measurements 
should also be made in different seasons to be able 
to study the actual effects of studded tyres on the re-
fl ectance properties of pavements. Also the effect 
of vehicle windshield on drivers’ visibility should 
be considered in the measurements.

7. CONCLUSIONS 

The results of visibility experiments show that 
in road lighting environments colours have a major 
effect on target visibility in road lighting with lamps 
of adequate colour rendering properties. Thus in road 
lighting design it cannot always be assumed that tar-
gets on the road are visible to the driver only because 
of the adequate luminance contrast but colour con-
trasts should also be considered in the development 
of road lighting design criteria.

Colours have clearly a more signifi cant effect on 
target visibility when illuminated with MH lamps 
compared to HPS lamps. Dimming and the increase 
of the viewing distance decreased the effects of col-
our on target relative visibility.

One major problem of these kinds of visibility 
experiments is that it is not precisely known what 
targets are likely to appear in the road and which tar-
gets are critical for the safety of the driver. In driv-
ing, luminance and colour contrasts of targets are 
changing constantly and the target cannot be ex-
pected to be stationary. Visual targets may also have 
non-uniform luminance and colour contrasts against 
the background.

The road lighting conditions used in the visi-
bility experiments are partly different from actual 
road lighting conditions. The geometry of both road 
lighting installations was limited by the dimensions 
of the underground tunnel and thus the pole spac-
ing and the pole height were smaller compared to 
the commonly used values in road lighting design. 
However, road surface average luminances and lumi-
nance uniformities were adjusted to represent quite 
common road lighting conditions (MH: average lu-
minance 1.35 cd/m2, overall luminance uniformity 
0.40, longitudinal luminance uniformity 0.61, HPS: 
average luminance 1,71 cd/m2, overall luminance 
uniformity 0.38, longitudinal luminance uniformity 
0.59) [EN 2003]. The road surface of the tunnel con-
sisted of coarse sand, which differs from the com-
monly used road surface pavements in colour and 
refl ection properties (Fig. 5).

Small Target Visibility design described in the 
American National Standard for Roadway Light-
ing is based on visibility of 18 cm x 18 cm achro-
matic small targets with refl ection factor 0.50 [IE-
SNA 2005]. Similar achromatic fl at surface targets 
with different refl ection factors were also used as 
the basis of the present road lighting recommenda-
tions [De Boer 1967]. However, the experimental 
results of this paper indicate that when a coloured 
target is placed in the road, the visibility of such 
target is not necessarily the same compared to the 
similar achromatic target with the same luminance 
contrast. The question is whether it can be assumed 
that colours have only positive effect on target vis-
ibility and that coloured targets are always more 
visible compared to achromatic targets if the lumi-
nance contrasts of the targets are the same? If this 
is true, it can be concluded that if the road lighting 
conditions are adequate for the driver to see an ach-
romatic target, they will also be able to see a col-
oured target.

In Finland the use of white aggregate for road 
pavements is rather expensive and may result in tri-
ple aggregate costs. This is mostly due to the fact 
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on the prevailing weather conditions. Thus a large 
number of extended fi eld measurements and experi-
ments are needed in order to determine the overall 
effects of colour contrast and pavement aggregate 
type on road lighting performance.
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