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Influence of Pavement Reflection on Target Visibility 

Abstract 

The properties of light reflecting from pavement surfaces have been studied for several 

years in both Europe and North America. The data has been used for the calculation of the 

luminance of the pavement in fixed roadway lighting design. With the proposed IESNA 

Standard Recommended practice RP-8 [1997], the visibility of objects on the roadway has 

been added as a design quality criterion rather than the pavement luminance only. 

To calculate the visibility of objects on the pavement, a model of visual sensitivity is used 

to calculate the required contrast of an object to its background. The required contrast, 

called the contrast threshold, is then compared to the actual contrast of the object. The 

ratio of these two values is called the visibility level. The average of this visibility level, 

calculated for several points on the roadway, is then established as the criteria for the 

quality of the roadway lighting design. In order to calculate the contrast threshold and the 

actual contrast, both the background luminance of the target and the target luminance must 

be calculated. The background luminance of the target is based on a calculation which has 

been established for several years. The target luminance, however, is not as simple. It is 

calculated from both the direct light from the luminaires and the indirect light reflected 

from the pavement surface. Both of these calculations, the background and target 

luminance, require knowledge of the reflection properties of pavement surfaces. 
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The pavement reflection data which currently exists is valid for a one degree observation 

angle only and can be used only for the background pavement luminance. It is not valid for 

the target luminance calculation. This research is the investigation of the surface reflection 

properties in order to fully describe the scatter of reflected light in all directions. Using 

samples of several pavement types, the reflection properties of the surfaces were measured. 

These measurements were then analyzed in terms of the surface characteristics. 

An investigation of the surface roughness of the sample was also undertaken to investigate 

the possibility of relating the reflection properties to the physical properties of the 

pavement. No relationship was found to the reflection data but the roughness was used 

towards the development of an analytical model of the reflection properties. 

Several methodologies have been investigated for an analytical solution of the reflection 

data. Some work towards a solution has been undertaken but the final model requires 

further investigation into the physical characteristics of the pavement. 

This reflection data has been used in the development of a computer program which 

calculates the pavement luminance, the target luminance and the visibility level. The 

visibility level for several installations has been calculated. These test installations which 

have been studied by other researchers, have provided actual target luminance and 

background luminance measurements. The results of the calculations have then been 

compared to the data provided. It was found that the calculated contribution of the reflected 
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light to tht: target luminance follows the same trend as the measured results. This verifies 

both the calculation methodology and the nature of the reflection data 

The influence of the reflected light calculation on the design weighted Visibility Level of 

the roadway is very small. The impact was calculated for differing road surfaces and 

installation types and very little influence was found. The impact of the reflected light is 

very significant to individual target locations. For some ind~vidual targets't the addition of 

the reflected light reversed the calculated target contrast and increased the visibility by as 

much as 4 visibility levels. The effect is very similar to that found by previous research into 

the verification of the visibility level calculation. Further comparisons of the calculated 

target luminance to actual target luminance is required to fully verify the calculations of 

IESNA RP-8. 
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1. Introduction 

In 1934, Waid.ram discussed the issue of the reflection properties of pavement, why they 

are important and why they deserve study. He quoted Lord Kelvin, saying: 

"When you measure what you are speaking about and express it in 

numbers, you know something about it; but when you cannot 

measure it, when you cannot express it in numbers, your 

knowledge is of a meagre and unsatisfactory kind; it may be the 

beginning of knowledge, but you have scarcely, in your thoughts 

advanced to the stage of 'Science', whatever the matter may be." 

At that time, the amount of light striking the surface of a roadway, the illuminance, could 

be calculated but the portion of the incident light which reflects off the pavement into the 

eye, or the luminance, could not be calculated. This led to the development of road 

surface reflection studies. The goal of this early pavement reflection research was to 

develop a system which could estimate the appearan~e of the road surface. This goal 

was partially accomplished. Using tables and nomograms, a rough estimate was able to 

be developed. However, this solution was far from satisfactory; the number of different 

types of pavements and different installations was too overwhelming. With the 

development of the computer, the calculation systems were improved and good estimates 

of road surface luminance were calculated. Stilt the different features of the road 

surfaces had to be classified and estimates had to be made in order to allow the computer 



to handle the volume of data. 

At the same time as the development of the improved pavement luminance calculation, 

studies were performed which related the number of accidents in a given roadway area to 

lighting criteria. Box [1971] and Box[l973] both state that there is no direct relationship 

of illumination level to a reduction of accidents, rather a uu,, shaped relationship exists, 

showing that it is possible to both overlight and underlight a roadway. Scott[ 1980] found 

no consistent relationship of increasing pavement luminance to a reduction in night 

versus daytime accidents. Janoff et al.[1977] found an inverse relationship of the 

visibility index of objects to the nighttime accident rate and a direct relationship of the 

accident rate to the illumination level. This means that increasing the visibility of 

objects reduces nighttime accidents and merely increasing the illumination level 

increases the nighttime accident rate. 

The visibility of an object is a measure of how easily things can be seen in the driver's 

path. Because the relationship to accident rate exists, the interest of roadway lighting 

designers has changed. They are no longer interested in just the luminance of the 

pavement surface but in visibility. Design standards are being changed to incorporate this 

new outlook. The lliuminating Engineering Society of North America (!ESNA) has 

recently proposed a change to the roadway lighting standard to include the visibility of 

objects rather than strictly luminance. 
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The calculation of this new quality criterion has led to some difficulty. The interest in 

pavement reflection is no longer just the reflection of the light from the pavement surface 

into the eye of the observery but it is also the reflection of the light onto objects in the 

roadway7 onto the walls of a tunnel7 or into the night sky. The current methods of 

calculation of the pavement reflection characteristics have become inadequate. The 

purpose of this research project is to develop new road surface reflection dat~ as well as 

to develop a calculation system which will allow for the estimation of target visibility. 
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2. Roadway Lighting Design 

The illuminating Engineering Society of North America Recommended Practice for 

Roadway Lighting states that the purpose of roadway lighting "is to produce quick, 

accurate, and comfortable seeing at nightn(IESNA - RP-8[ 1997] page 2). This will allow 

roadways to be as useful at night as they are during the day and should reduce accidents, 

improve security and improve traffic flow. Lighting in the roadway environment comes 

from four sources, the fixed roadway lighting, the vehicle headlighting, signal and sign 

lighting, and off-roadway lighting sources. RP-8 [ 1997] deals only with the fixed 

lighting design; other standards are available for vehicle headlighting. 

RP-8[ 1997] proposes lighting levels for two categories of roadways. The first is the 

urban roadway. These are lower-speed city streets where there is high pedestrian usage, 

many entrances to the roadway and areas adjacent to the roadway like parks and 

residences. In lighting the urban areas, the headlight is a major contributor to the 

luminance of objects in the roadway. Light spillage from the roadway in the adjacent 

areas is a concern. The second roadway type is high-speed roadways, which are usually 

divided and have controlled access. Lighting for this environment is generally provided 

by fixed luminaire installations and the area of concern for the driver is close to one 

hundred metres in front of the vehicle. At this distance of interest, the vehicle headlamps 

are generally not a contributor to the visibility of the driver as the illumination provided 

for objects is not substantial. It is this type of roadway where the visibility of targets and 

the pavement luminance are defined as the quality criterion for the roadway lighting 
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design. A pictorial example of the Visibility Level and the influence of glare is provided 

in Appendix A. 

Table l shows the specified values of target visibility and pavement luminance in RP-

8[1997]. 

Table 1- Design Criteria for High Speed Roadways Specified in IESNA RP-8[1997] 
(page 14) 

Classification of STV Criteria Luminance Criteria 
Roadway Area 

Wtg. Avg. Lavs. Lavs, 4v1, Ratio 
VL cd/m· cd/m· cd/m· 

~Q 

(STV) 
Median<24' 24<Median<48' Median:>48' 

Freeway "A" 3.2 0.4 0.5 0.4 6 to l 

Freeway "B .. 2.6 0.4 0.3 0.3 6 to I 

Expressway 3.8 0.5 0.4 0.4 6 to I 

Other Roadways 2.6 0.5 - - 6 to I 
- Undivided 

Isolated Traffic 2.6 0.5 0.4 0.4 6 to l 
Conflict Area 

In this table. the target visibility is specified in terms of minimum Small Target Visibility 

(STV) which is a weighted average of several Visibility Level calculations in a grid on 

the roadway. The pavement luminance is specified in terms of the average luminance 

and the uniformity ratio of maximum luminance to minimum luminance. The road 

classifications are defined by their complexity. Freeway ••A" represents a high volume 
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visually complex roadway. Freeway "BH represents all other controlled access roadways. 

Expressways are divided roadways which have partial access control. Other roadways 

are any undivided roads which have a maximum speed over 72 km/hr (45 miles/hr). The 

final roadway type is isolated interchanges where fixed lighting installations are used. 

The median is the central division of the traffic direction. For the undivided highway, 

there is no median and thus no specification is made according to the median distance. 

The reflection properties of pavement are used to calculate both of these high-speed 

roadway criteria. The original data describing pavement reflection was developed 

specifically for the pavement luminance calculation. Again, with the proposed changes 

in RP-8 [ 1997], the reflection of light onto other objects has become important and is the 

area of concern for this research. The calculation systems for both the pavement 

luminance and the target visibility are described in the following sections. 

2.1 Road Lighting Calculations 

The pavement luminance system presented in this section has been in use in Europe 

since the mid 1970's and in North America since 1983. 

The luminance of a point on a road surface can be calculated from the light intensity of a 

luminaire directed to it, the geometry of the installation and the reflection characteristics 

of the pavement. 
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h 

q(y,p) 

Figure 1 - Geometry for Calculating Pavement Luminance 

The geometry of the calculation is shown in Figure I. The luminance from a single 

luminaire at the point P is calculated as: 

(1) 

where EP is the horizontal illuminance at point P and q(y ,~) is the directional reflection 

property of the pavement. The horizontal illuminance at the point is: 

EP = l(c .. y) ·cos(y) 
D2 

where l(c,y) is the intensity of the light source in the direction defined by the angles c 

7 
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and y and D is the distance from the point P to the light source. 

D follows from: 

h 
D=--

cos(y) (3) 

where h is the mounting height of the luminaire. With the substitution of D into Equation 

2 we obtain: 

And Equation 1 reads with EP: 

EP = l(c,y) ·cos3(y) 
h2 

(4) 

(5) 

The reflection properties of the pavement are combined with the cosine into a function. r: 

(6) 

This r function is measured for pavement surfaces and standard tables have been set up 

for many different luminaire geometries. It was introduced to reduce the magnitude of 

the values of q and to ease the measurement methodology. 
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It is noteworthy that the luminance of the pavement is always relative to a 1 ° observation 

angle (ex= IO
, Figure I). The observation angle results from the chosen geometry of 

1.45m height of the driver's eye looking at a point at 83 meters in the distance. This 

geometry has been chosen by the !ESNA and is specified in RP-8 [1997]. The driver's 

eye height could be much lower than the 1.45m for many vehicles or could be much 

higher in vehicles such as trucks and buses. The 83 metres is the centre, in perspective. 

of the field of evaluation ranging from 60 metres to 160 metres from the observer. 

Using the reflection tables previously described, the luminance equation reduces to: 

(7) 

Calculations of the luminance as seen under a IO observation angle can be performed for 

any road lighting installation and geometry and for any point on the pavement surface. 

For a realistic roadway lighting installation with many luminaires, the total luminance of 

a point on the roadway surface is the sum of the luminance from each lurninaire in the 

design. 

The intensity, l{c,y), used in this calculation is found in intensity distribution tables 

which are provided by the luminaire manufacturer. These tables specify the intensity of 

the luminaire at varying angles of y and c. In the North American calculation system, 

the angle measurement c is a rotational angle about the centre of the lurninaire. c::0° is 

defined as perpendicular to the street curb in the street side direction. When performing 
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the pavement luminance calculation, the intensity distribution table, the mounting height, 

the overhang of the luminaire from the support pole, the tilt of the luminaire from 

horizontal, the rotation of the luminaire about its horizontal axis and the orientation of 

the luminaire to the curb on the roadway must all be recorded. The angles, c, y and p, of 

the luminaire and the point of interest are then calculated and modified to account for the 

tilt~ rotation and orientation of the luminaire. These angles are then used to look up the 

~.ppropriate intensity in the distribution table. The intensity is linearly interpolated 

between the two nearest entries in the table, or for greater accuracy a quadratic 

interpolation can be used. These intensity tables are measured such that the linear 

interpolation between two points results in less than 5% error. 

As described earlier, the quality criterion used for roadway lighting design in this 

pavement luminance system are the average luminance and the uniformity ratio of the 

maximum luminance to the minimum luminance. In order to calculate these criteria, a 

grid of several points on the road surface is used. The pavement luminance of each of 

the points on this grid is calculated and the quality criterion are then calculated based on 

this grid of points. The process of designing a roadway based on these criteria is an 

iterative one. The initial design is proposed by the lighting engineer and the criterion are 

then calculated. Based on these results, the design is modified and the calculation is 

performed again. This process will continue until the criterion specified in RP-8 are met. 

There are other aspects of the roadway lighting design which come into play in this 

methodology. The IESNA also specfies the veiling luminance, which is a determination 
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of the disability glare in the installation, must be less than 0.3 of the pavement 

luminance. The visual flow of the Iuminares following the road path~ and the stray light 

from the installation onto the surrounding areas are all a concern. A full description of 

these other criterion are defined in RP-8 [ 1997]. 

The international requirements for roadway lighting specified by the Commission 

Internationale d'Eclairage (CIE) Report 30-2, [ 1982], are different than those specified 

by RP-8 [ 1997]. Similarly, the definition of the angles and the calculation methodology 

are different between these two specifying bodies. The overall impact of the differences 

in the calculation methods is generally considered to not be significant. Throughout this 

research, the IESNA methodology is used. 

2.2 Target Luminance and the Visibility Level 

As discussed, the IESNA proposed system for evaluating the quality of a road lighting 

installation is the Small Target Visibility (STV). The STV is calculated based on the 

visibility level (VL) of objects on the pavement surface. The VL is a measure of the 

driver's ability to see objects in the roadway and is based on the visibility of a critical 

detail which represents the smallest object which must be seen by the driver for safe 

travel. The current target used in the calculation is a flat square 18 cm by 18 cm placed 

with its vertical face facing the driver and a reflectance of approximately 20%. This 

detail might represent a lost muffler or a small obstacle in the driver's path. The 20% 

target reflectance was chosen by the IESN A to represent a worst case scenario for objects 
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in the roadway. If an actual object was more reflectant than 20% it would be more easily 

seen than the calculated object. Some discussion has been put forward for using a 50% 

reflectance target, which might more closely represent physical objects. Mace [ 1997] has 

found that STV calculated with a 50% target seems to be no more closely related to 

accident rates than STV calculated with a 20% target. 

Lecocq [ 1993) suggests a multifaceted hemispherical target as an alternative to the flat 

target as a quality criterion. This target type represents realistic objects more closely than 

the flat target. These results have been futher investigated and are presented in Lecocq 

[ 1997] and King [ 1997]. In both of these investigations, it was found that the 

multifaceted targets is more visible and more recognizable that the flat target. These 

investigations also show a strong relationship of the calculated visibility level to the 

actual visibility. The advantage of the multifacted target over the flat target is that the flat 

target is oriented only towards vertical illuminance where the multifaceted target is able 

to reflect light received from all directions. These results show that the flat target does 

represent a worst case in the visibility calculation. The current revision of RP-8 

continues to use the flat target as the quality criterion and that calculation will be used in 

this research. 

The VL is the ratio of the actual target contrast to the target's threshold contrast. The 

visibility level calculation is: 
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~arg~, - L/Jadgrount1 

VL = C act ___ L_Bac_tg ___ roun11 __ _ (8) 

cth cth 

where Li-argct is the luminance of the target face and Lsactground is the luminance of the 

pavement around the target. The threshold contrast, Cth, is the minimum contrast of the 

target luminance to the background luminance which allows the target tc just be seen. 

AL.h is the threshold luminance difference and is related to the threshold contrast as: 

llL,h 
C,h = ----

L Background 

~ depends on the size of the target, the age of the observer. the amount of time the 

driver has to see the target and the background luminance behind the target. The 

threshold contrast is calculated by an algorithm developed by Adrian [ 1989] which is 

shown in Appendix B. 

(9) 

In the calculation of VL, the pavement or background luminance is calculated in the 

same manner as previously described. For the target, the background luminance is the 

average of the pavement luminance just over the top centre of the target and at the 

bottom centre of the target. The target luminance calculation however requires special 

consideration. 

The luminance of a target on a road surface is a result of two components. The first is the 
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direct light component from the luminaire itself and the second is the component 

reflected off the pavement surface (Figure 2). 

Direct I/luminance 
from lumlnalre "-

Target 

Observer's 
Location 

t:;,, 

\ 
Reflected light from 

road surface 
Figure 2- Sources of Target Luminance 

The overall luminance of the target, as seen by the Observer. can be calculated as: 

(10) 

where Erv is the vertical illuminance of the target and p is the reflectance of the target 

surface. The vertical illuminance of the target. Erv is then composed of two parts: 

where Ero is the direct component and ErR is the reflected component. Ero is easily 

calculated: 

14 
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E = /(c.,y) ·cos(y)·cos{P)·cos2(y) 
TD h2 

The reflected ponion Era is more difficult. The geometry of the reflected portion is 

shown in Figure 3. 

Figure 3 - Geometry for the Indirect Target Illuminance Calculation 

If you consider a small portion of the road surface as a light emitting source. then the 

vertical illuminance of the target would be: 

15 
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(13) 

where I,. is the intensity emitted from the road surface area (F), DT is the distance from 

the pavement portion to the target, a is the angle of the reflected light upward, and o is 

the angle of the reflected light to the normal of the target surface. 

The intensity of the light coming from the portion of the pavement, !.;. would be: 

where ~ is the luminance of the pavement and F is the area of the pavement portion. 

This means that the reflected portion of the target illuminance is calculated as: 

ETR = 
L • F·sin(a:) 

P ·cos(a)·cos(o) 
Di 

T 

(14) 

(15) 

This calculation can be performed relatively easily except for one component. The 

pavement reflectance measurements are al ways based on a ex= 1 ° observation angle. 

However, the target and the pavement reflection points show a different geometry with 

variable angles for a. A new factor must be incorporated to the pavement reflection 

calculations, one which takes the influence of the change in observation angle into 

account. This would result in the pavement luminance calculation depending on three 

variables: 
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(16) 

Like the pavement luminance criteri~ the overall target luminance is calculated based on 

the contribution of all of the luminaires in the design. 

The STV as the quality criterion is based, like the pavement luminance, on the average of 

a calculation of a grid of points on the pavement surface where the target is 

mathematically placed and its visibility is calculated. The STV is calculated from this 

grid as a weighted average using the following methodology : 

I) The visibility level at all of the grid points is converted to a factor called 
RWVL. This factor is calculated as: 

RWVL :: 10--l·IVLI (17) 

2) The RWVL values for each of the points is averaged 

3) The RWVL is converted to a weighted·average using the formula: 
Wtg. Avg. VL == -10· Log10(Average of RWVL) (18) 

It is noteworthy that the current revision of RP-8[ 1997] specifies the calculation of the 

direct illuminance of the target only. The indirect contribution is not calculated. The 

calculation methodology of the indirect target luminance and the relationship of the 

pavement luminance to observation angle is not well known and is the purpose of this 

research. 
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3. Reflection Properties of Pavement Surfaces 

The reflection of light from surfaces can be a result of many different reflection modes: 

specular. spread, diffuse and compound. The nature of the reflection depends on the 

nature of the surface of the reflecting material and on the geometry of the reflected light 

source. A surface can be specular at one geometry and diffuse at another. Pavement has 

a character of reflection which depends on several different aspects of the surface, and 

makes it difficult to predict the reflection characteristic. Due to this complexity, different 

classification systems of pavement have been proposed. These systems are an attempt to 

allow the lighting designer to identify the reflection properties of the surface based on 

only a few criteria. 

3.1 Reflection Modes 

The reflection modes define the mathematics of calculating the brightness of a surface. 

The extreme modes of reflection, specular and diffuse have very simple mathematical 

relationships. The other modes are difficult to represent. These are defined by the 

IESNA Handbook [1984]. 

3.1.1 Specular Reflection 

Specular reflection is the first extreme reflection mode. It is evident in polished surfaces 

such as mirrors. The nature of the reflection is such that the angle of the incident ray to 

the normal of the surface is equal to the angle of the reflected ray to the normal of the 

surface as in Figure 4. 
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Figure 4 - Specular Reflection Profile 

In perfect reflection9 the intensity of the reflected beam is equal to the intensity of the 

incident beam. The reflection is seldom perfect however, and a simple scalar is used for 

the intensity. This scalar represents the reflectivity of the surface and is noted asp. Toe 

mathematical relationship is then: 

1,nndtnt ::; p·JrE/lEcttd 

and 

Y incident = Y rejkcrtd 

(19) 

This relationship is well known and is the basis of many optics and imaging technology 

calculations. 

3.1.2 Spread Reflection 

Spread reflection is similar to specular reflection except that instead of a single ray of 

reflected light~ the reflection occurs throughout a cone of reflected rays as shown in 

Figure 5. This is usually a result of figuring in the surface such as brushing~ etching or 

peening. 
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Figure S - Spread Reflection Profile 

The mathematics of this relationship are similar to specular reflection in that the angle of 

the centre of the reflected cone is equal and opposite to the incident angle and that the 

spatial integration of the intensities in the reflected cone is equal to the incident intensity 

multiplied by the reflectivity of the surface: 

/incident= P f / reflecteid/ 

cone 

and 
(20) 

Y incident= Y rejkcred (centre of cone) 

Spread reflection is generally used for visual effects such as highlighting, sparkling and 

starbursting of reflected images. 

3.1.3 Diffuse Reflection 

Diffuse or Lambertian reflection is the other extreme of reflection from specular 

reflection. Rough surfaces are generally Lambertian. A perfectly diffuse surface reflects 

equal brightness in all directions independent of the angle of observation. The term 

Lambertian comes from Lambert's cosine law which states that the intensity of the 

reflected light from a perfectly diffusing surface varies only with the cosine of the angle 

between the observation angle and the normal of the surface. For Lambert's cosine law~ 
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the incident intensity is always considered perpendicular to the surface.~- Lambert's 

cosine law is represented by the following equation: 

l = p ··/ ·cos(0) r~cud o (21) 

where p is the reflectivity of the surface. The result is shown in Figure 6. 

Figure 6 - Diffuse Reflection Profile 

Luminance is calculated as the quotient of the intensity in a given direction coming from 

a surface and the projected area of the surface, as shown in Figure 7 and Equation 22: 

L 

dA 
Figure 7 - Relationship of Luminance to Intensity 
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L = d/refk~d 

dA ·cos(0) 

Using this relationship, and Lambert's cosine law, it can be seen that: 

dJ 
L=p·-o 

dA 

(22) 

(23) 

This relationship shows that the luminance of the surface is independent of the angle of 

observation. Using the geometry and nomenclature assigned for pavement surfaces, this 

relationship means that the luminance of the surface is independent of ex and ~ and only 

depends on y since: 

(24) 

Lambertian reflection provides a simple method to calculate the luminance of a surface 

based on the incident intensity. Many rough surfaces can be approximated as 

Lambertian surfaces. 

3.1.4 Compound Reflection 

Most surfaces actually have a compound or mixed reflection nature. This means that, 

depending on the angles of observation and of incidence., the mechanism at work can be 

either diffuse reflection., specular reflection or spread reflection as shown in Figure 8. 
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Figure 8 - Compound Reflection Profile 

There is no easy definition of the reflection intensities for compound reflection surfaces. 

For these surf ace types, the concept of the bidirectional reflectance distribution function 

(BRDF) has been developed. The BRDF is the ratio of the differential luminance of a 

ray in a given direction to the differential luminous flux density incident from another 

given direction [IESNA, 1984]. In terms of roadway lighting applications, the reflection 

function r is related to the BRDF through equation: 

L = E · r(«,(3, y) 
p p 

cos3(y) 
(25) 

Therefore, 

r(a,y,(3) = LP = BRDF = q(a,P,Y) 
cos3(y) EP 

(26) 

The BRDF function is dependent on the ~,gle of incidence of the light and the angle of 

observation. The geometry of the BRDF is shown in Figure 9. 
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Source 

Observer 

Figure 9 - Geometry of the BRDF 

The CIE has determined that for roadway lighting calculations, the influence of the angle 

o can be ignored. This will be investigated briefly as part of the results of this 

experiment. 

The has been some work to quantify the nature of the BRDF according to the physical 

make up of the surface itself. This work, generally performed by Beckmann and 

Spizzichino[ 1963] for the radio industry, uses diffraction laws to calculate the nature of 

the surface reflection. This is discussed later as a possible analytical solution of the 

reflection properties. 

3.2 Pavement Reflection 

Research has shown that the reflection properties of pavement surfaces depend on the 
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colour, texture, and structure of the surface (Jung et al.[1984]). Some factors which 

influence these parameters are the materials chosen for the surface, the pavement recipe, 

and surface wear. 

Pavement is a mixture of aggregate stone, usually over 75% by volume, and a binder 

material to hold the aggregate in the road surface. The binders used are generally either 

Portland cement or asphalt. The type of aggregate used in pavement varies greatly. 

Usually, the aggregate is stone from the local area, used to minimize trucking and 

transport costs. Some artificial aggregates are used to provide a better skid resistance or a 

better light reflection. The light reflection properties of the pavement surface vary greatly 

with the type of material used. If the pavement has a concrete binder, the reflectance is 

approximately 10%. For an asphalt surface the reflectance is about 5% (Ketvirtis and 

Bastianpillai [ 1978]). However, if a light colour aggregate is used in the asphalt, the 

reflectance can be as high as 15%. The goal of the road specifier is to choose a material 

recipe which incorporates good skid resistance, good reflection properties and cost 

effectiveness. 

As stated, the mode of reflectance of the pavement is compound. The reflection of light 

off of the pavement surface is generally considered to be a result of several different 

facets of the material in the pavement. These facets are random in size, shape and facing 

direction. Some of these facets reflect light specularly, some reflect light diffusely., some 

absorb light and some are in shadow. This aspect of reflection is shown in Figure 10. 
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Figure 10 - Contribution of Pavement Facets to the Reflection Profile 

The facing angle of the various facets also changes the local angle of incidence and 

reflection as shown in Figure 11. This also contributes to the reflection characteristic of 

the pavement. 

Figure 11 - Local Reflection and Incidence Angles from a Single Stone in the Pavement 
Surface from CIE [1995] 
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The fmal aspect of the pavement facets which contributes to the reflection characteristics 

is surface roughness. Each of the various facets in pavement surface has a roughness 

inherent in the stone itself referred to as micro roughness. Micro roughness is generally 

so small that it is not perceivable by eye. The other type of surface roughness is macro 

roughness. This is perceivable by eye and is generally related to the size of the stone 

aggregate. These roughness types are shown in Figure 12. 

Figure 12 - Macro Roughness (Top Diagram) and Micro Roughness (Bottom Diagram) 

The interesting feature of this roughness model is the interaction with wet surfaces. 

When the pavement is dry, both of the roughness natures of the pavement contribute to 

the reflection. When the surface is wet, the water will fill the micro roughnesses of the 

surface leaving the macro roughness to be the dominant contributor. The wet pavement 

becomes much more specular. This would lead to the assumption that the micro 

roughness contributes to the diffuse nature of the reflection and the macro roughness 
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contributes to the specular portion of the reflection. This has yet to be shown 

conclusively in any research. Some attempts have been made to describe the reflection 

properties of pavement surfaces in terms of the surface roughness. Some of these 

procedures will be reviewed later. 

Schmidt-Clausen and Van Bommel[l972] have studied the polarization character of 

pavement surfaces. They found that when using polarized headlamps, the luminance of 

the pavement was less and the luminance of objects in the roadway was greater than for 

the same lighting geometry with non-polarized light. This result shows that pavement 

surfaces behave reasonably well in a polarized environment. Our interests are in 

studying non-polarized light as we are considering fixed lighting installations. 

As mentioned, the reflection characteristics of the pavement have been measured for 

hundreds of different pavement types since the mid l 960's. These measurements have 

most! y been carried out under a 1° observation angle. In an effort to simplify the lighting 

design system, road classes and pavement classification systems were developed. These 

systems use criteria to separate the surfaces into classes which are generalizations of all 

the pavement measurements and which represent roads with similar reflection 

characteristics. A generalized table of reflection data, referred to as an r-table is used for 

each road class. The results of the current experiment will be evaluated in terms of the 

various classifications systems. 

28 



3.2.1 CIE Road Surface Classification 

The current system used in the CIE for road classification is based on three criteria 

These criteria are: 

qo 
SI and S2 

Average Luminance Coefficient 
Specular Factors 

The first is an average luminance coefficient. The component called q0 is calculated as 

the integral of the product of the reflection factor q and the solid angle represented by q 

divided by the solid angle of all of the measurements. Equation 27 shows the calculation 

of q0. 

(27) 

Ce is the solid angle of the integration area defined by the CIE Report 30-2 [ 1982]. The 

integration limits for the q0 calculation are P= 0° to 180° and tan( y) = -4 to 12. The 

value, q0, is just a scaling factor of the overall brightness of the surface and does not 

change the overall shape of the reflection characteristic. 

The other factors., S 1 and S2, are used to define the road class. S 1 is the ratio of an r 

value which is generally large for specular reflection to a factor which is generally large 

for diffuse reflection. Thus S l is a measure of the degree of specular reflection. 
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Similarly, S2 is the ratio of the average luminance coefficient to a value which is large 

for diffuse reflection. These factors are shown in Equations 28 and 29. 

SJ = 
r(0,2) 

= 
r(p =0°,tan(y)=2) 

r(0,0) r(P =0°,tan(y)=O) 
(28) 

and 

S2 % 
= 

r(0,0) 
(29) 

Several atlases of reflection data have been published in order to assist the roadway 

designer. The atlas for Canadian pavement surfaces was developed by the University of 

Toronto in 1983 (Dmitrevsky and Bassett [1983]). Using the three reflection criteria, the 

lighting designer could choose a pavement reflection table from the atlas which most 

closely matches the pavement of interest. The chosen r-table would then be used for the 

design. 

A simpler method than atlases is to classify pavement surfaces into Road Classes. Using 

the S 1 value, the road surface reflections were divided into the four classes, R l, R2, R3 

and R4. The classes are arranged as RI to R4 from the flatest to the most specular. The 

limits of the S l values for the road classes are shown in Table 2. 
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Table 2 - Road Classification Criteria Boundaries (CIE 30-2 [1982]) 

Road Class SI Limit S 1 of Standard S2 of Standard Normalized q0 

Rl SI «>.42 .25 1.53 0.10 

R2 0.42<=S I <0.85 0.58 1.80 .07 

R3 0.85<= S 1 <l.35 1.11 2.38 .07 

R4 1.35 <= SI 1.55 3.03 .08 

Each road class has a standard table of reflection properties, an r-table, which allows for 

the calculation of pavement luminance. These tables are the basis of roadway lighting 

calculations and have standard SI, S2 and q0 values. 

The road classes relate to pavement types as shown in Table 3. 
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Table 3 - Pavement Surface Classifications according to IESNA RP-8 [I 997] page 10 

Class Qo Description Reflection 
Mode 

Rl 0.10 Portland cement concrete road surface. Asphalt Mostly Diffuse 
road surface with minimum of 12 percent of the 
aggregates composed of artificial brightener 
(e.g. Synopal) aggregates (e.g. labradorite, 
quartzite). 

R2 0.07 Asphalt road surface with an aggregate Compound 
composed of a minimum 60 percent gravel (Diffuse and 
(size greater than 10 mm). Specular) 

Asphalt road surface with 10 to 15 percent 
artificial brightener in aggregate mix (Not 
normally used in North America). 

R3 0.07 Asphalt road surface (regular and carpet seal) Slightly 
with dark aggregates (e.g. trap rock, blast Specular 
furnace slag); rough texture after some months 
of use (typical for most highways). 

R4 0.08 Asphalt road surface with very smooth texture. Mostly Soecular 

By generalizing road surfaces into classes, an error is inherently introduced into the 

pavement luminance calculation. A surface might have an S 1 value of .43, which would 

place it into an R2 category but which is also close to RI. This pavement might be 

considered an R 1.5 class. The error resulting from this generalization was calculated for 

the pavement luminance. The error parameter was considered for 44 light distributions 

and 113 pavement surfaces, resulting in 4972 luminance calculations. The resulting error 

is shown in Table 4. 
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Table 4 - Errors Resulting from the Classification of Pavement Surfaces from Van 
Bommel and de Boer [ 1980] 

Road Class Error in(%) of Average Pavement Luminance 

RI 5.4 

R2 6.0 

R3 5.7 

R4 5.4 

This error represents a calculation error only and does not compare road installation 

measurements to calculations. 

3.2.2 Proposed CIE Classification System 

A new proposal has been suggested for the CIE system. This new system. proposed by 

the CIE working group TC 4-25, uses the same specular factor, S 1, as the current CIE 

system but recommends a change to the luminance criteria. This proposal is documented 

in CIE [ 1995]. 

The new luminance criteria, Qd, is based on diffuse illumination. Qi is the quotient of 

the luminance of a surface in a given direction based on the illuminance of the surface. 

Qd is calculated in Equation 30. 

(30) 

where 
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and (31} 

Lo is the luminance of an spheriod enclosure which is located on the pavement surface of 

interest; aw is the solid angle attributed to each q value. Qd replaces q0 as it is more 

easily measured in situ and is supposed to be more closely representative of the lightness 

of the surface. The S 1 factor was not replaced and the S2 factor is not used in this 

proposed procedure. 

There has been extensive work performed in comparing the use of q0 and ~ but there 

has been little acceptance of the new proposal. The draft of the CIE document remains 

in discussion due to the controversy over the comparative use of these two criteria. 

3.2.3 The K System 

The system which was the basis of the CIE system is a two criteria system which uses q0 

and a reflection factor K. Westermann [ 1963] developed this factor which uses the 

relationship of the diffuse portion reflection to the overall luminance coefficient. The 

factor is calculated as in Equation 32. The input variables are shown in Figure 13. 

(32) 
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Figure 13 - The Reflection Profile and the Variables Used for the K Calculation 

Since finding Clmin requires the measurement of the entire sample, the tc system was 

modified to the~ factor. The JC, factor uses the vertical qP value as the denominator 

rather than qmin as shown in Equation 33. 

The relationship of tc to JC, is a simple multiplier. 

A five R-Class system was then used based on the IC value as shown in Table S. 

Table 5 - Classification Boundaries for the IC System (Adrian and Enzmann [ 1971]) 

Rl R2 R3 R4 RS 

IC_.S0.22 0.22<Kns0.33 0.33<K..s0.44 0.44<Kns0.55 IC_>0.55 

(33) 

This system provided a method for identifying the pavement surface with only two 

criteria with the ease of measuring a pavement surface in situ which is not a feature of 

the current CIE system. It was found that using a two factor system to describe the 

pavement reflection character was not suitable, so the current three factor CIE system 
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was proposed and accepted. 

3.2.4 Alcade System 

The Alcade system was developed at the Laboratory of Acoustics and Lighting in 

Argentina and is described in Alcade et al. [ 1996]. This system uses three factors to 

represent the specularity of the surface. These factors are called A0 ., A11 and Ati· This 

system also uses the specularity and the rugosity or roughness of the surface to determine 

the light reflection properties of the surface. The system began by evaluating the 

roughness of the surfaces in terms of micro and macro roughness. Using this roughness 

evaluation, representative values were developed to describe the system. These criteria 

are as follows: 

rA = r(0,0) 
rAo = r(0,3) 
r Al = r(90, 1) 
rA1 = r(0~0.625) 

- Base Condition 
- Coefficient for micro roughness 
- Coefficient for macro roughness 
- Coefficient for fine macro roughness 

These coefficients are combined into the pavement surface criteria. These criteria are 

calculated as: 

AD 
rA 

=- (34) 
rAO 

All 
rAJ 

(35) --
rA 
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A0 represents the diffuse reflection which is caused by the micro roughness. A11 

represents the reflection caused by the gross macro roughness and A12 represents the 

reflection caused by the fine macro roughness. 

(36) 

These criteria determine the width and length of the reflection profile. The criteria A0 

and A 11 are similar in determining the length of the profile. A,::i determines the width. 

Alcade has determined that this system has a better correlation to the actual pavement 

reflection profile than any other system. 
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4. Experimental Design 

The main body of this research is the analysis of the reflection properties of pavement 

surfaces towards the goal of calculating target brightness and target visibility. As stated, 

the reflection properties are known for a l O observation angle, but data is required for a 

wide range of observation angles. Using pavement samples which were provided by the 

University ofTorontc. Electrical Engineering Department, experiments were conducted 

to identify the reflection properties at other observation angles than 1 °. This experiment 

was performed using a gonioreflectometer. 

4.1 Reflection Properties Experiment 

Some small changes in the observation angle have been measured in other research, but 

only up to a maximum of 3° has been considered. In general, little change in the 

reflection data has been recorded at these low values. For the calculation of target 

luminance, the minimum limit must be much greater. If the areas of pavement in front of 

the target which contribute to the reflection of the light onto the target were measured in 

terms of the target size, the closest location would be at an observation angle of 45°. 

This requires that the change in reflection must be measured up to a minimum angle of 

45° as shown in Figure 14. For this research, an angle of 60° was chosen as the upper 

limit of interest for the ct parameter. Beyond a;= 60°, the calculation area in front of the 

target would be too small to be meaningful. 
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Angle Alpha 

Target 26.5 18 14 11.3 9.5 8.1 

L>, 1:::-:::> ~~ 
1 2 3 4 5 6 

Distance measured in multiples of target height 

Figure 14 - Angular Limits of Reflection onto a Target Face 

7 

Similarly, the current methodology for measuring the reflection properties of pavement 

surfaces requires measuring from y= 0° to 85° and ~ from 0° to 180°, as shown in Figure 

15. The measurement intervals also change with the requirements of the pavement 

luminance calculation. This means that the reflection properties were measured more 

frequently at low values of tan(y) than at high values representing luminaires which are 

close to vertically mounted over the calculation point. An example of a full r-table is 

shown in Table 6. 

f 
h 

+ 
Figure 15 - Limits of Measurement for a Pavement Sample 
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Table 6 - r-table for Sample Ontario L7-3 

Tan 13 
(y) 0 2 5 10 15 20 25 30 35 40 45 60 15 90 105 120 135 150 165 180 

0 5724 5719 5765 5754 5672 57S4 S800 5765 5707 5771 5800 5818 5847 S818 5800 5864 58S9 5800 5724 5724 
0.25 5800 5812 5812 5771 5771 S771 5800 5765 5754 5719 5625 5614 5439 5398 5339 5298 5252 5205 S252 S258 

0.5 5509 5614 5427 5444 5380 5258 5164 5053 4931 4785 4680 4464 4353 4213 4184 4137 4184 4225 4225 4213 
0.75 5287 5304 5304 5118 4867. 4552 4272 4120 3886 3700 3565 3297 3157 3105 3110 3151 3140 3192 3280 3250 

5333 5398 5345 4867 4184 3746 3326 3017 2830 2644 2544 2311 2223 2171 2223 2253 2305 2352 2393 2410 
1.25 5660 5812 5351 4400 3513 2912 2439 2223 2071 1926 1829 1660 1622 1600 1624 1683 1736 1792 1862 1816 

1.5 5940 5952 5698 3945 2784 2212 1862 1610 1526 1381 1347 1218 1185 1153 1216 1293 1324 1361 1426 1426 
1.75 6051 6080 4978 3233 2169 1614 1366 1204 1124 1027 975 904 845 904 918 964 994 1045 1109 1115 

2 6127 5987 4587 2533 1618 1244 1021 891 834 797 723 700 667 699 713 741 806 862 871 913 
2.5 5818 5287 3280 1552 960 732 625 550 497 490 471 466 423 443 457 490 532 511 597 6IO 

3 S333 4272 2270 961 624 490 413 364 38: 348 317 301 298 308 317 348 383 423 446 4S1 
3.5 4791 3653 1538 639 434 348 289 297 283 259 241 231 219 226 238 259 273 306 317 331 

4 4184 2719 1054 455 310 232 208 237 224 200 196 180 176 192 1% 209 236 242 261 273 
4.5 3746 2146 747 353 233 200 178 168 178 164 157 133 142 148 158 175 188 208 210 214 

5 3373 1730 597 247 195 175 158 133 132 146 129 112 116 131 140 143 154 172 187 202 
5.5 2906 1325 441 235 170 128 119 113 101 102 

6 2626 1053 364 189 139 112 111 100 92.9 

6.5 2311 845 294 157 115 98.5 95.1 87.3 
7 2033 661 247 136 104 87.8 82.2 79.7 

7.5 1829 586 233 121 95.5 83.6 77.5 

s 1664 493 200 Ill SI.I 71.4 71 
8.5 1557 427 174 96.2 79.8 68.6 68 

9 1321 364 160 92.4 76.6 64.9 

9.5 1260 331 141 90.9 68.6 63.5 

10 1171 273 138 79.7 61.2 62.6 

10.5 1157 261 122 72.8 62.6 55.6 
II 1017 236 113 75.9 S9.2 54.6 

11.5 919 240 106 64.9 55 

12 820 2IO 99.7 65.2 S4.1 

For this experiment, the entire BRDF was measured on the pavement samples using the 

angular limits specified above. The measurement intervals used for this experiment were 

chosen to match the existing r-table and the requirements of the target data as closely as 

possible. The chosen values are: 

ex= 1 °, 2°, 3°, 5°, 7°, 10°, 12°, 15°, 20°, 30°, 45° and 60° 
p =0°, 5°, 10°, 15°, 20°, 25°, 30°, 35°, 45°, 60°, 70°, 90°, 105°, 120°, 135°, 150° and 180° 
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y = 0°, 15°, 30°, 45°, 60°, 70°, 75°, 80°, and 85° 

The o angle of the BRDF was also investigated. This angle, although not used in the 

pavement luminance calculation, is used for the target luminance calculation. The 

change in reflection due to this angle was measured by rotating the sample under a fixed 

angle of incidence and observation. The reflection was measured at every 15° of o for 

one complete rotation of the sample. 

4.2 Equipment 

4.2.1 Samples 

Approximately one hundred samples of pavement surfaces were obtained from the 

University of Toronto, Electrical Engineering Department for this investigation. The 

samples were used during the early 1980's for developing the Canadian atlas of pavement 

reflection (Drnitrevsky and Bassett [ 1983]). Most of the previous North American work 

cited on pavement materials is based on the results of these investigations. 

The original samples were obtained from each province in Canada., and some selected 

locations in the United States and Europe. Generally, the samples are 18 cm diameter 

disks which have been extracted by a normal cylindrical coring machine. The samples 

have been previously measured using a 1° observation angle gonioreflectometer system. 

The samples represent a complete cross section of all of the road classes giving S 1 

values of 0.2 to 2.4 and S2 values of 1.3 to 3.7. Each sample is marked for the direction 

travel. The standard reflection data ( a = 1 °) for each sample was provided as well as, 

41 



when available. their material composition. age, strength and type of traffic usage. 

For our investigation, twenty samples were chosen based on their SI values in order to 

provide a cross section of all R-Classes. The characteristics of the chosen samples are 

shown in Table 7. 

Table 7 - Selected Samples Used for the Reflection Experiment 

Sample Name R S1 S2 0c, Pavement Type 

Alberta#I RI 0.20 1.41 0.074 Asphalt Seal Coat 

British Columbia N4 Hwyl9 R3 1.09 2.45 0.077 Asphalt Top Lift 

Manitoba PR 200 lBWP R2 0.67 1.86 0.127 Concrete 

New Brunswick Rt2 #5 Rl 0.44 1.81 0.072 Asphalt Top Seal 

Nova Scocia #11 RI 0.36 1.45 0.051 Asphalt Seal Coat 

Nova Scotia #15 R3 0.87 2.18 0.073 Asphalt 

Ontario 19-14 R3 0.97 2.26 0.067 Asphalt Dense Friction Course 

Ontario I 9-17 R4 1.39 2.78 0.079 Asphalt Dense Friction Course 

Ontario 19-3 R4 2.04 3.25 0.097 Asphalt Dense Friction Course 

Ontario 19-7 R4 2.17 3.34 0.092 Asphalt Dense Friction Course 

Ontario L7-2 R2 0.84 2.00 0.107 Asphalt Dense Friction Course 

Ontario L7-3 R3 I.OS 2.13 0.123 Asphalt Dense Friction Course 

Ontario L7-4 R3 0.88 2.01 0.106 Asphalt Dense Friction Course 

PEl#2-K R2 0.62 1.95 0.094 Asphalt Surface Coat 

Qucbec#4 R2 0.63 1.98 0.122 Concrete 

Quebec#6 R2 0.48 1.15 0.10 Concrete 

Saskatchewan WL #10 R3 1.31 2.50 0.104 Asphalt Hot Mix 

Saskatchewan WL #32 R2 0.68 1.88 0.069 Asphalt Hot Mix 

Saskatchewan WL #37 R2 0.85 2.01 0.076 Asphalt Hot Mix 

Saskatchewan WL #8 R3 1.07 2.28 0.092 As1>halt Hot Mix 
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At the time of this investigation, the samples were at least twelve years old and had not 

been actively used for several years. The samples were maintained in crates and in 

plastic bags to protect them from dust, but they were not kept in a temperature or 

humidity controlled room and some of them were not able to be salvaged. 

The reflection experiment was performed with dry pavement samples only. When a 

pavement is wet, the reflection becomes much more specular. Testing wet pavement is 

extremely difficult. Humidity control and a definition uwef' are both issues with this 

type of testing. Due to the complexity already introduced with the change in observation 

angle, it was decide to work only with dry surfaces. 

4.2.2 Gonioreflectometer 

To obtain the data for the variable observation angle reflection properties, a 

gonioreflectometer was developed and automated. A schematic of the machine is shown 

in Figure 16 and a photograph is shown in Appendix C. This instrument uses a movable 

arm which allows for the change in the y and P angles of the light source and another 

arm which allows for the change in ex angle of a luminance meter. The 

gonioreflectometer allows for the adjustment of p from 0° to 180°, of y from 0° to +85° 

and ex from 1 ° to 85° with 0.5° accuracy for all axes. Because there is a separate arm for 

the luminance meter. the light source came into contact with the luminance meter when 

the measurement geometry was such that cc = (90-y) and p = 180°. When this occurred, 

the measurement was taken at P = 170° and recorded as such. The apparatus uses a 
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diffuse Quartz Halogen light source and a portable Minolta luminance meter with a 20' 

measuring field. The luminance readings were recorded by a personal computer which 

also controlled some of the movement of the axes. The output of this instrument is a 

measurement of the pavement luminance. This result can then be translated into a 

reflection factor, q, or a reduced reflection factor, r. 

Quartz Halogen 

UghtSource 

Figure 16 - Schematic of the Gonioreflectometer 

Luminance 

Meter 

This instrument is different from other equipment used for pavement sample reflection 

measurements. The University of Toronto and many European systems use a turntable 

with the detector attached. The light source is attached to an overhead rail and moved 

horizontally to change the tan(y) angle. The sample turntable is then rotated to change 

the~ angle. This measurement methodology allows the reduced reflection factor, r, to be 
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measured directly. This methodology was not practical for our measurements. The space 

requirements and the need to change the a angle required the construction of a true 

circular gonioreflectometer. 

The acceptance aperature of the system was defmed by the design on the Minolta 

luminance meter. The 20' aperature was used as a design constraint of the system. The 

length of the arms of the gonioreflectometer were then chosen for a minimum 18 cm 

sample. At the lowest a angle of interest, a = 1°, the size of the longest dimension of the 

luminance meter's acceptance field is 18 cm. This means that a sample ofless than 18 

cm cannot be measured on this system. 

The sample orientation for the measurements in this research was not the typical 

orientation for pavement reflection measurements. Usually, the angle of interest is from 

the driver's viewpoint. This means that the sample is oriented with the luminance meter 

in line with the direction of travel and at the oncoming traffic side of the sample. For 

this research, the reflection interest was not towards the driver, but away from the driver 

towards a target. This means that the sample was located in the reverse direction to the 

typical orientation. The driving observer then returns to the calculation through the target 

luminance calculation. 

The 50 Watt quartz halogen light source was powered using a variable stabilized DC 

power supply. An illuminance meter was placed over the pavement sample at the 
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beginning of a test and the intensity of the light source onto the sample was calculated. 

The intensity was then checked using the illuminance meter whenever the ex angle was 

adjusted., usually every 100 readings. If the intensity had changed., the power supply was 

adjusted back to the original value. Stability checks were made on the light source by 

measuring the luminance from a sample every 15 seconds for two hours without 

adjusting the system in any way. These results are shown in Figure 17. The light source 

was also warmed up 30 minutes to l hour before measurements were made to allow the 

lamp output to stabilize. After stabilization, the lamp showed a 1.03% average deviation 

in the output at a constant voltage. 
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Figure 17 - Lamp Stabilization Curve 

For control of stray light from the light source into the luminance meter .. the experiments 

took place in a darkened room with black light-absorbing cunains and a baffle tube was 

designed for the front of the luminance meter. The tube contained two entrance pupils 

which would limit the stray light entering the system. Similarly., since the luminance 

meter arm was relatively shon .. approximately 80 cm, the luminance meter was at the 

47 



extent of its focussing capabilities. To allow the meter to focus more clearly7 a close-up 

lens was used for the data collection. 

Early results from this equipment were reported in Gibbons and Adrian [1994]. These 

data showed a large jump in the t:x = 3 ° data This appeared to be an anomaly in the 

results and led to a redesign of the glare tube and a change in the luminance meter 

acceptance angle. The new system results seem to have dealt with the problems 

associated with the equipment. 

The calibration of the machine took place in two formats. Since a tube was used for 

glare control7 the entrance pupil of the meter changed7 requiring a multiplying factor 

between the bare lens reading and the reading with the tube and lens. This calculation 

was performed for several variations of t:x and y. The result was the use of a 1.223 

scaling factor on all data read. The second calibration issue was the geometrical 

calibration. This required measuring the reflectance of the light source from a 

reflectance standard and comparing the results to the calculated expected results. This 

was performed using a Magnesium Oxide reflectance standard and measuring it at 

varying t:x and y angles. The results of this calibration are shown in Figure 18. In this 

comparison7 the angle of interest is the angle between the detector and the light source. 

This is plotted across the x-axis of the figure. The two data curves were found first by 

varying t:x with y=0° and next by varying y with t:x=90°. The angle between the detector 

and source is equal to 90-t:x in the t:x varying case and equal toy in they varying case. 
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The curve labeled as calculated is determined using an equation for the change in the 

reflectance of a Magnesium Oxide sample with the change in observation angle. This 

equation is presented in CIE Report 46 [1979). The equation is shown in Equation 37. 

Reflectivity = I - 1.3 --sin ( ~ )4 (37) 
2 
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Figure 18 - Calibration of Gonioreflectometer with Magnesium Sulphate Reflectance 
Standard 

Where ex is the observation angle.The reflectance standard is two inches in diameter and 
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smaller than the acceptance angle of the luminance meter for small values of a;. This 

resulted in the high inaccuracy in the calibration curve at the small ct angles. This 

variability would not be evident with the larger pavement sample. 

As a final check on the results, a cross check between the measurements at a; = 1 ° was 

compared to those of the University of Toronto. The comparison shows a good 

correlation of measured q0, S 1 and S2 values to those measured by the University of 

Toronto. These results are shown in Chapter 5. 

4.3 Uncertainty 

The final number of reflection data points for each sample was 1872. In order to estimate 

the error associated with each data point., rather than test each sample extensively, it was 

decided that a general uncertainty would be developed for each measurement location 

and then used as the data point uncertainty. This uncertainty was developed by testing a 

single sample several times. The experimental standard deviation of the mean was used 

as the measurement uncertainty. As the complexity of the experiment increased, and 

sample types and sample roughnesses were changed, the uncertainty also had to be 

verified if it were to be valid for these data types. The uncertainty calculation was 

performed based on the 1S0/T AG 4/WG 3: June 1992 document "Guide to the 

Expression of Uncertainty in Measurement,... 

The sample Saskatchewan # 10 was chosen for the uncertainty measurement. It is an R3 
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pavement surface with S l and S2 values of 1.31 and 2.50 respectively. 

For this uncertainty calculation., the entire BRDF of the sample Saskatchewan #10 was 

measured five times. For each run., the sample was removed from the gonioreflectometer 

and then remounted as if in a brand new experiment. The percent uncertainty., the sample 

standard deviation of the mean., was then calculated for each a, ~., and y angle 

combination. The sample standard deviation of the mean of the measurements is shown 

in Equation 38. 

(38) 

where µq is the uncertainty of the mean of qk, the repeated measurement. For the actual 

data collection, the data read from the system is considered to be the mean and the 

uncertainty is applied to this value. 

The results for each of the angular parameters are shown in Figures 19 to 21. The 

average error for the entire experiment is 2.80%. It is noteworthy that there appears to be 

no trend in the error data. It was expected that the errors would be greatest at the 

extremes of the measurement limits., however the resulting errors are spread evenly over 

the measurement range. This estimated error also differs from that published in Gibbons 

and Adrian [ 1996]. The error was re-evaluated and recalculated based on an improved 

method for mounting the sample on the gonioreflectometer. 
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The uncertainty for the factors of q0, S l and S2 were calculated based on the repeated 

measures method. These uncertainties are shown in Table 8. 
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Table 8- Uncertainty forq0, S1, S2 

Criteria Percent 
Uncertainty 

qo 3.25 

S1 3.43 

S2 5.6 

The other aspects which were investigated were the effect of material type and roughness 

on the magnitude of the uncertainty. For each of these comparisons, the full sample 

reflection characteristics were not measured. The following angles were selected: 

a;= I 0 , 5°, 15°, 45° 
p = 10°, 30°, 75° 
y = 15°, 30°, 75° 

To investigate the change in the uncertainty due to material type, sample Quebec #4 

which is a concrete sample of class R2 with SI and S2 values of 0.63 and 1.98 

respectively was tested at the angles specified. The results compared to the uncertainty 

from the Saskatchewan #10 testing are shown in Figure 22. This figure shows the 

percent uncertainty average across the angular measurements of ex, p, and y. It can be 

seen that the average uncertainty in all parameters is less with the concrete sample than 

with the asphalt sample. An Analysis of Variance (ANOV A) was performed with this 

data and is shown in Table 9. There is a slight significance in the material type but the 

mean of the results for the concrete sample is less than that of the asphalt, so the asphalt 

uncertainty represents a worst case in the material type comparison. 
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Figure 22 - Percent Uncertainty Comparison for Different Materials Types 
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Table 9 - ANOV A for Pavement Material Type 

Analysis of Variance on% Uncertainty 
Source OF SS MS F p 
Mat. Type 1 0.000583 0.000583 3.36 0.071 
Error 70 0.012141 0.000173 
Total 71 0.012725 

Level· 
Saslc 10 
Queb 4 

N 
36 
36 

Mean 
0.02867 
0.02298 

Pooled StDev = 0.01317 

StDev 
0.00908 
0.01626 

Individual 95% Cls For Mean 
Based on Pooled StDev 

----+---------+----··---+---------+-­
(----------*----------) 

(----------*---·-·----) 
----+---------+---------+---------+--

0.0200 0.0240 0.0280 0.0320 

Similarly, to test the impact of surface roughness, Nova Scotia 15, which is a relatively 

smooth sample, was tested and compared to Saskatchewan #10 and shown in Figure 23. 

As in Figure 22. the average uncertainty for each of the angular parameters is compared. 

In this comparison. there is apparently no dependence of the uncertainty on the sample 

type. An ANOV A of the means was performed on this data. No significance was found 

in the sample type with a percent confidence of 46%. The ANOVA table is shown in 

Table 10. 
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Figure 23 - Percent Uncertainty Compa..-ison for Different Roughness Samples 
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Table 10 - ANOV A Table for Sample Roughness 

Analysis of Variance on 
Source OF SS 
roughtype 1 0.000092 
Error 70 0.011929 
Total 71 0.012021 

Level 
Sask 10 
NS 15 

N 
36 
36 

Mean 
0.02867 
0.03094 

Pooled StDev = 0.01305 

% Uncertainty 
HS F p 

0.464 0.000092 0.54 
0.000170 

StOev 
0.00908 
0.01607 

Individual 95% Cls For Hean 
Based on Pooled StDev 
---------+---------+---------+------­
(--------------*-------------) 

(-------------*--------------) 
---------+---------+---------+-------

0.0270 0.0300 0.0330 

The final issue which influenced the measurements of uncertainty was a random versus 

non-random measurement procedure. Due to the design of the equipment, the standard 

measurement was based on measuring all 13 angles at a given a and y, adjusting y and 

then finally adjusting a: after all (3 and y combinations were complete. A set of 

measurements was made in which all measurements were random across y and J3. The 

sample used for these experiments was Sasketchewan # I 0. The uncertainty for these 

measurements was then calculated and compared to the non-random experiment in 

Figure 24. Here again. the uncertainty is analyzed in an ANOV A. The results are shown 

in Table 11. This analysis also shows a slight dependence on the measurement method. 

Like the material type dependence, the random experiment shows a lower uncertainty 

than the sequential methodology. This difference is likely due to errors which develop in 

positioning the sample for each test and in positioning the luminaire for each 

measurement. 
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Figure 24 - Percent Uncertainty Comparison for Data Collection Methodologies 
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Table 11 - ANOV A Table for Data Collection Method 

Analysis of Variance on 
Source OF SS 
Meas type 1 0.001679 
Error 94 0.041123 
Total 95 0.042802 

Level 
Random 
Seq. 

N Mean 
48 0.01704 
48 0.02541 

Pooled StDev = 0.02092 

% Uncertainty 
MS 

0.001679 
0.000437 

F 
3.84 

p 
0.053 

Individual 95% Cls For Mean 
Based on Pooled StDev 

St □ ev --+------···+---------+---------+---· 
0.02806 (---······*·········) 
0.00937 (---······*···------) 

- -+- - - - - - •• -+- - - • - - - - -+- - - - - - - - -+- - - -
0.0120 0.0180 0.0240 0.0300 

In this analysis, it has been found that the uncertainty estimated by the repeated measures 

on sample Saskatchewan # IO adequately represents the actual uncertainty for all 

experiments on different sample types and material roughnesses. It also overestimates 

the uncertainty which would be evident in a truly random experiment. This repeated 

measures uncertainty based on sample Saskatchewan # l O will be used for all 

representation of the data in this experiment. 
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5. Reflection Properties Experiment Results 

The reflection properties experiment was carried out as prescribed in the experimental 

design. Each of the twenty chosen samples was tested across the entire BRDF. Early 

results of this experiment were reported in Gibbons and Adrian [1994]. These results led 

to a redesign of the goniophotometer and an improved control of the measurements 

systems. The results of the improved system were then reported in Gibbons and Adrian 

[ 1996]. This data was compared to the earlier (X = 1° results from the University of 

Toronto. The data was also analyzed in terms of the interactions between the various 

angles of incidence and observation. In this chapter, particular attention will be paid to 

the influence of the change in observation angle on the reflection results. The final 

aspect of the data analysis will be an evaluation of the various roadway classification 

systems in terms of the BRDF results. 

5.1 Comparison to University of Toronto 

The first aspect of the test results investigated was the repeatability of the q0 , SI and S2 

calculations for each sample. The results of the calculations, in comparison with the data 

of the University of Toronto are shown in Figure 25. For this comparison, the (X = 1 ° data 

from this experiment was compared to the a= 1 ° data from the University of Toronto 

experiment. 
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coefficient for this factor is 0.80. The q0 data does not match the data provided by the 

University of Toronto as closely. The r2 correlation for this data is 0.49. The q0 data for 

the higher values of S 1 do appear to be more closely related. Using the data from 

samples with S I values higher than that for sample Ontario L 7-4, the correlation 

coefficient changes to r2 = 0.86. The S2 correlation coefficient is 0.35. S2 depends on 

both the calculation of q0 and the r values. The S2 error is a combination of the error in 

both of these factors. 

A comparison of the actual reflection data of this experiment to the results of the 

University of Toronto was performed for samples Saskatchewan #10 and Ontario L7-2. 

The results for the change in y and p for a=l O were investigated. The correlation is 

generally the same for both samples. The impact of the change in y for sample Ontario 

L7-2 is shown in Figure 26 and the impact of the change in P for sample Saskatchewan 

# 10 is shown in Figure 27. 

It can be seen in this comparison that the best correlation between these two data sets is 

at high p and y. A full regression analysis was not possible since the measurement points 

in the two experiments were not the same. This comparison uses an observation angle of 

a= 1 ° which is the lowest angle of measurement on this experiment's gonioreflectometer. 

Although the uncertainty at this low angle is not significantly greater than at other 

angles. the positioning of the detector and the sample are critical at this value. As stated 

earlier, the gonioreflectometer was designed so that the acceptance angle of the 
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luminance meter and the sample size determined the length of the meter support arm. 

Similarly, the sample was leveled and the height adjusted visually using a bubble level, 

support wedges and by viewing through the luminance meter optics. This adjustment 

makes the possibility for inaccuracy from sample to sample very high. In the University 

of Toronto system, the geometry of the a. angle was set permanently, thus removing the 

variability in the positioning of the luminance meter. The effect of these differences in 

the measurement systems is most significant at the (3=0° location where the detector is 

exactly opposite the light source. This inaccuracy in positioning was also likely the 

source of the differences in the q0 values. To account for this difference, when analysis 

was performed., the data was scaled by q0 to the q0 values found by University of 

Toronto. 
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Figure 26 - Comparison of the Influence of y from the University of Toronto and this 
Research (UW) for Sample Ontario L7-2 
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5.2 Influence of Incidence and Observation Angles 

The impact of the change in observation angle on the reflection factor, q, is shown in 

Figures 28 through 31. Each figure shows the results for each sample in an R-Class. The 
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figures show the average change in observation angle for all incident angles. The data 

has all been scaled to a standard illumination level of 80 Ix and by q0. 

The most noticeable aspect of this data is the apparent different relative levels of 

reflectance for some of the samples. The standout of these samples is Quebec #6 from 

the R2 Class. This sample has a very low calculated q0 as compared to the results of 

University of Toronto results. The scaling by the small value of q0 for this sample 

appears to result in too large a reflectance value. It should be noted that the scaling is 

apparently correct for the ct = l O data point as it falls in line with the other a = IO data 

points. This effect is also seen in the results for the Nova Scotia #15 sample. 
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The influence of the rotational incident angle, p, is shown in Figures 32 to 35 for each R­

Class. Like the previous group of figures? this data has been scaled to a standard 

illuminance of 80 Ix. The effect of the scaling on the Quebec #6 sample is evident in 

these results. 

72 



0-

0 20 40 60 80 100 120 140 160 180 200 
Beta ( Degrees) 

• Alberta #1 • Nova Scotia 11 ■ New Brunswick Rt2 #5 

Figure 32 - Influence of p on the Reflection Profile for R 1 Class Samples 

73 



20 

15 

tr 10 

5 

0 

0 20 40 60 80 100 120 140 160 180 200 

Beta (Degrees) 
• Quebec #6 • PEI #2-K ■ Quebec #4 ~ Man PR 200 1 BWP 

T Sask WL #32 e Ontario L7-2 e Sask WL #37 

Figure 33 - Influence of P on the Reflection Profile for R2 Class Samples 

74 



18 -.--------------------
16 
14 
12 
10 

0- 8 
6 
4 
2 
0 

0 20 40 60 80 100 120 140 160 180 200 

Beta (Degrees) 
• Nova Scotia #15 • Ontario L7-4 4 Ontario 19-14 v Ontario Ll-3 

♦ Sask WL IJB • BC N4 Hwy 19 • Sask WL #10 
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Figure 3S - Influence of P on the Reflection Profile of R4 Class Pavements 

The influence of the altitude incident angle, y, is shown in Figures 36 to 39 for each R­

Class. Like the two previous figure sets, the data has been scaled to a standard 

illuminance of 80 Ix. Again. the Quebec #6 sample shows numerically higher results 

than the others in the same class. 
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Figure 36 - Influence of y on the Reflection Profile for R 1 Class Samples 
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Figure 38 - Influence of y on the Reflection Profile for R3 Class Samples 

79 



14 -.--------------------, 

12 

10 

8 

0- 6 

4 

2 

0 

0 20 40 60 80 100 
Gamma (Degrees) 

• Ontario 19-17 ■ Ontario 19-3 • Ontario 19-7 

Figure 39 - Influence of y on the Reflection Profile of R4 Class Samples 

Due to the number of measurements made for each sample and the number of samples 

used, the data will generally be represented using graphs of the averages across the road 

classes as defined by the current CIE system. The influence of all of the observation and 

incident angles for each road class is shown in Figures 40 to 42. For these graphs. 

sample Quebec #6 has been left out of the average due to the obvious non-compliance of 

this scaled data set to the other samples in the road class. 
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Figure 42 - Influence of y for All R-Classes 

The trend shown in all of these figures is a trend of the data towards a horizontal line. 

This means that the reflectivity of the sample becomes less related to the angle of 

interest. As shown in Chapter 3y the reflection mode which is not related to the angle of 

observation is Lambertian or diffuse reflection. Based on this data, the reflectivity of the 

sample becomes diffuse at high ~ and low y and close to diffuse for higher «. 
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5.3 a, '3, and v Interactions 

In order to establish the nature of the reflection profile in terms of the various 

measurement parameters. the interactions of the variables were studied using Analyses of 

Variance performed on the data set. The ANOVA was performed on the reflectivity, q, 

for the entire data. The results for the angular measurements are shown in Table 12. 

Table 12 - ANOV A for ex, '3. and y Interactions 

Analysis of Variance for Q 

Source OF Seq SS Adj SS Actj MS F p 
Beta 11 32267.8 32267.8 2933.4 497.73 0.000 
Gamma 8 19847 .8 19847.8 2481.0 420.96 0.000 
Alpha 11 4829.5 4829.5 439.0 74.50 0.000 
Beta*Gamma 88 55278.7 55278.7 628.2 106.58 0.000 
Beta*Alpha 121 21139.3 21139.3 174.7 29.64 0.000 
Gamma*Alpha 88 6490.9 6490.9 73.8 12.52 0.000 
Beta*Gamma*Alpha 968 42439.7 42439.7 43.8 7.44 0.000 
Error 3888 22914.3 22914.3 5.9 
Total 5183 205208.0 

Table 12 shows that all of the angular parameters and all of their interactions are 

significant in the experimental results. This result was expected based on the data 

presented earlier. A sample of this interaction is also shown in Figure 43. 
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Figure 43 - Interaction of ex. y and P 

The experimental results were also analyzed for the sample R-Class. Due to the number 

of samples, the data for this analysis was averaged across the R-Class. The first ANOVA 

was performed for the general significance of the R-Class in the data. These results are 

presented in Table 13. This analysis shows that the R-Class is a significant factor in the 

reflection data. This was also expected in terms of the data presented earlier. 
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Table 13 - ANOV A for R-Class 

Analysis of Variance for Q 

Source OF Seq SS Adj SS 
R 3 620.58 620.58 
Error 5180 204587.38 204587.38 
Total 5183 205207.95 

Adj MS 
206.86 
39.50 

F p 
5.24 0.001 

The other interactions investigated were in the a. P and y interactions with the R-Class. 

These factors were investigated in three separate ANOV As due to the size and the 

extensive calculation requirements for the computed statistics. The result of this 

ANOVA is shown in Tables 14 to 16. 

Table 14 - ANOV A for R-Class. <X. and y Interactions 

Analysis of Variance for a 
Source DF Seq SS Adj SS Adj MS F p 
R 3 620.58 620.58 206.86 5.73 0.001 
Gamma 8 19847.79 19847.79 2480.97 68.74 0.000 
Alpha 11 4829.51 4829.51 439.05 12.16 0.000 
R*Gamma 24 415.55 415.55 17.31 0.48 0.984 
R*Alpha 33 657.85 657.85 19.93 0.55 0.982 
Gamma*Alpha 88 6490.90 6490.90 73.76 2.04 0.000 
R*Gamma*Alpha 264 830.90 830.90 3.15 0.09 1.000 
Error 4752 171514.88 171514.88 36.09 
Total 5183 205207.95 
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Table 15 - ANOVA for R-Class, y and~ Interactions 

Analysis of Variance for a 
Source OF Seq SS Adj SS Adj MS F p 
R 3 620.6 620.6 206.9 11. 28 0.000 
Gamma 8 19847.8 19847.8 2481.0 135.33 0.000 
Beta 11 32267.8 32267.8 2933.4 160.01 0.000 
R*Gamma 24 415.5 415.5 17.3 0.94 0.540 
R*Beta 33 3636.1 3636.1 110. 2 6.01 0.000 
Gamma*Beta 88 55278.7 55278.7 628.2 34.27 0.000 
R*Gamma*Beta 264 6026.5 6026.5 22.8 1.25 0.011 
Error 4752 87115.0 87115.0 18.3 
Total 5183 205208.0 

Table 16 - ANOV A for R-Class, ex and P Interactions 

Analysis of Variance for a 
Source OF Seq SS Adj SS Adj MS F p 
R 3 620.58 620.58 206.86 6.87 0.000 
Beta 11 32267.79 32267.79 2933.44 97.47 0.000 
Alpha 11 4829.51 4829.51 439.05 14.59 0.000 
R*Beta 33 3636 .10 3636.10 110.18 3.66 0.000 
R*Alpha 33 657.85 657.85 19.93 0.66 0.929 
Beta*Alpha 121 21139.26 21139.26 174.70 5.81 0.000 
R*Beta*Alpha 363 3379.55 3379.55 9.31 0.31 1.000 
Error 4608 138677 .30 138677. 30 30.09 
Total 5183 205207.95 

From this analysis, it can be seen that most of the interactions between the parameters 

are significant. The more interesting results are non-significant interactions. These are 

the interactions of R-Class with ex, R-Class with y, R-Class with ex and y, and R-Class 

with p and ex. This result is interesting in terms of some of the data presented in this 

chapter. In the earlier figures, the data for the R-Class and the individual samples were 

averaged over the other parameters. For example, for Figure 40, which shows the R­

Class and ex results, the data shown are averaged across the other parameters of P and y. 

Figures 44 through 46 present individual interactions rather than the averaged data to 
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illustrate the interaction of the variables. 
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Figure 44 - Interaction of R-Class, y and a 
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Figure 46 - Interaction of R-Class, p and y 

In order to use the data for the calculation of the target luminance. the extent of the 

interaction in these experimental results requires extensive use of look-up tables similar 

in manner to the use of the standardized r-tables. To further establish the nature of the 

pavement reflection, these data were analyzed in terms of the pavement classification 

system results. This analysis is shown in section 5.5. 

5.4 Influence of the Sample Rotation, o 

The final angle investigated was the rotational observation angle. o. It might be expected 

90 



that, since the surface wear on the pavement is different along the roadway than across it, 

the reflection profile would be different with the angle of rotation. As discussed earlier, 

the influence of this angle was investigated by fixing the observation and incident angles 

and rotating the sample, Saskatchewan #IO, through 360° measuring at every 15°. The 

measurements were performed for a single observation angle. <X = 5°, and two incidence 

a.rigles, y = 0° and y = 60°. The result at each o was compared to the average of the 

results for the same y. The results of this measurement series are shown in Figure 47. 
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Figure 47 - Ratio of Measured Luminance to Average Measurement for Varying o 
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An ANOVA was performed on these results to determine if 6 is a significant parameter 

in the reflection profile. These results are shown in Table 17. The ANOV A table shows 

that o does not have a significant effect on the reflection profile. 

Table 17 - ANOV A Table for c5 Influence 

Analysis of Variance for Ratio Measured Luminance to Average 

Source 
Delta 
Gamma 
Error 
Total 

OF 
22 

1 
22 
45 

ss 
0.51626 
0.00000 
0.51161 
1. 02787 

MS 
0.02347 
0.00000 
0.02326 

F 
1.01 
0.00 

p 
0.492 
1.000 

This result is the same as those of CIE Technical Commitee 4-25. The influence of o was 

neglected for the rest of the reflection analysis. However. the o angle will be used in the 

calculation of the indirect illuminance on the target as specified in Equation 13 as this is 

required to complete the cosine relationship of the direct intensity. 

5.5 Pavement Classification System Comparisons 

In the reflection coefficient data presented earlier in section 5.1. as a; was increased, the 

data trended towards a horizontal line. This was also evident in the P and the y data. 

This effect implies a trend in the reflection profile towards a diffuse character. As the 

reflection profile of a sample changes. the characteristics which have been used to 

describe the sample change. The pavement classification systems are all based on a= 1 ° 

reflection data. With the data for a variable observation angle. the criteria such as q0 can 
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now be related to observation angle. This means that for the angles chosen in this 

experiment, each sample has values for each classification parameter. The change in the 

criteria of the various classification systems was investigated. 

5.5.1 CIE System 

In the CIE system, q0 represents the overall reflection of the incident light through a solid 

angle. In the data showing the influence of the observation angle, a, on the reflection 

coefficient, the average of q rose to a maximum at a= 3° or 5° and then fell 

continuously with the increase in «. It is expected that q0 would follow the same trend. 

This can be seen in Figure 48. Road class R2 typically shows a higher overall reflectance 

since it contains the high reflectance of the concrete samples Manitoba PR 200, Quebec 

#4, and Quebec #6. 

As the reflection profile becomes more diffuse, as seen in the reflection data, the first 

specular factor, S 1 is expected to decrease to a constant value with an increased 

observation angle. This trend is seen in Figure 49. Finally, the secondary specular 

factor, S2, is the relationship of q0 to the reflectance of a source vertically over the 

sample. It would be expected that as the reflection profile became more diffuse, q0 would 

become closer in value to the q(0,0). This would mean that S2 would decrease with an 

increased observation angle. This trend is seen in Figure 50. 
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Figure 48 - Change in q0 with Observation Angle, a, for All R-Classes 
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Figure 50 - Change in S2 with Observation Angle, ex 

From the diagrams, it can be seen that the CIE system performs as expected with 

increased observation angle. The significant aspect of this data is the relationship of the 

q0 parameter to the observation angle. As discussed earlier, the q0 parameter represents 

the lightness of the pavement. The relationship of q0 to ex shows that the pavement 

lightness changes with the observation angle. Typically, in the luminance calculation the 

pavement reflection data is scaled by the ratio of the pavement q0 to the standard r-table 

q0, accounting for variations in pavement lightness. The results of the change in 
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observation angle data show that a single q0 scaling factor cannot be used in the target 

luminance calculation. 

5.5.2 Qd System 

The calculation of Qi is very similar to that of q0• According to Equations 27 and 31, the 

true difference between Qd and q0 is the cos( y) factor in the numerator and the 

denominator of the Qi calculation. Like q0, Qi has a dependency on ex. This dependency 

is shown in Figure 51. Like q0, Qd rises to a maximum and then falls continuously as a 

is increased further. For this experiment, Qd and q0 can be compared. These parameters 

are compared in Figure 52, which shows Qd and q0 for all samples at all a angles. 
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Figure 52 - Correlation of q0 to Qd 

A linear regression was performed with the q0 and ~ data. The result of the regressions 

is shown in Equation 39. 

q0 = 1.07 * Qd + 0.00472 (39) 

The r2 correlation coefficient between the q0 and Qd parameters is .972. Brusque and 
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Carta [ 1997] investigated the relationship of these two parameters based on a= 1 ° 

investigations of French pavement surfaces. In their investigations, it was found, as in 

this investigation, that q0 and Q. are linearly related. 

These results show that there is no significant difference in the two parameters. The 

usage of either parameter makes relatively no difference in the classification and 

description of the pavement surfaces. The choice of parameters should be made based 

on the lighting application. As explained earlier, for in situ measurements, the parameter 

~ is easily measured using an already designed device but there is some question of the 

reliability of the Qi factor as a multiplier in the pavement luminance parameter. Further 

work has been performed by Brusque and Carta to investigate the applicability of the ~ 

parameter to designed and actual roadway lighting installations. They found that the use 

of the q0 more accurate! y allows the calculation of the pavement luminance in the 

resulting lighting installation and recommend the continued use of the q0 parameter. 

In this research, q0 will be used in the analysis of the reflection data. 

5.5.3 K System 

The K system, although replaced by the existing CIE system, has never been analyzed in 

terms of the influence of the observation angle. This analysis was performed for both the 

IC and KP parameters. These results are shown in Figures 53 and 54. The data presented 

in these figures is averaged across each of the road classes. The discontinuity in road 
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classes RI and R3 was a result of some of the measured samples having exceedingly 

high 1C values. The difficulty in using the 1C parameter for the observation angle is found 

in the use of the minimum r value for the calculation which can occur at any y point on 

the f.3=0° plane. For many samples. the minimum occurred at y=0°. As the observation 

angle increases9 the reflection profile becomes more diffuse and the minimum can occur 

at many different locations. The discontinuity is not seen when the KP parameter is used 

in the classification system. 
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Figure 53 - Influence of Observation Angle, a, on K 
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Figure 54 - Influence of Observation Angle, a: on ~ 

The KP definition is very similar to the CIE parameter S2 which replaced the K parameter 

in the classification system. According to Equations 29 and 33, there should be a log 

relationship between these two parameters. 

Since the K parameter is not continuous for all samples across the observation angle and 

the information in the ~ parameter is also found in the S2 parameter. these parameters 

will not be considered in any further analysis. 
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5.5.4 Alcade System 

As discussed previously, the Alcade system was designed to account for the macro and 

micro roughness in the sample. The parameter A0 , was established to account for 

specular reflection. Parameters A11 and A12, were each established to account for the 

diffuse reflection. The A12 was designed to account for the diffuse nature of the reflection 

profile across the sample and A11 was to account for the diffuse nature in the direction of 

travel. The change in the Alcade parameters with observation angle is presented in 

Figures 5 5 through 57. As expected, the specular parameter A0 , decreases with increased 

observation angle. The other parameters, A11 and A12, were calculated with r(O, 0.625) in 

the denominator. As the reflection profile becomes more diffuse, it also becomes more 

spherical. This means that the difference between the reflection value of any two points 

on the reflection profile becomes smaller. This is seen in both of the A11 and A12 

parameters. The length of the spectrum shortens and becomes wider as A 11 decreases 

and A12 increases. Both of these parameters, particularly A11 , come close to being 

constant at very high observation angles. 
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Figure 56 - Influence of Observation Angle. a. on the A11 Parameter 
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It is noteworthy that the Alcade system does not include a parameter which is related to 

the overall brightness, like a q0 parameter. It is unknown at this time how the Alcade 

system would be used in lighting calculations since the overall brightness cannot be 

accounted in the calculation. 

The relationship of the Alcade parameters to the pavement roughness will be 

investigated in a surface roughness experiment, discussed later. Based on this, the 
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applicability of the Alcade model as compared to the CIE model can be established. 

5.5.5 Correlation of Classification Systems 

The correlation of the CIE system and that of Alcade was investigated by establishing 

Pearson correlation coefficients between the various factors. For this correlation. the 

calculated parameters at each a angle for each sample was used. The results of this 

correlation are shown in Table 18. 

Table 18 - Correlation of CIE and Alcade Classification Parameters 

00 Sl 52 AD All 
51 -0.029 
52 -0.038 0.854 
AD -0.233 0.878 0.814 
All 0.137 0.889 0.739 0.613 
Al2 0.267 -0.795 -0.620 -0.916 -0.570 

It is evident in these results, that all of the parameters are reasonably correlated except 

for the q0 parameter which does not have a matching parameter in the Alcade system. 

The correlation between S 1, S2, A0 and A11 was also expected since the calculation for 

these factors is similar. The negative correlation of S 1 to the A12 parameter is more 

interesting. The A 12 parameter is based on a factor which is calculated at P=90° rather 

than at ~==0°. Since S 1 represents the length of the reflection profile and A12 represents 

the width, this correlation relationship shows that as the reflection profile becomes 

longer or more specular. the reflection to the side or across the roadway diminishes. This 

relationship is shown in Figure 58. 
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5.6 Conclusion 

1 

S1 
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• 
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The reflection profile for varying angles of observation and incidence was investigated 

for 20 pavement samples ranging from highly specular to highly diffuse reflection 

modes. The interaction of the various angular measurements was also investigated. It 

was found that the reflection profile is dependant on all the angles of ex, p, and y. The 
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reflection profile was also found to be dependent on the sample type and the R-Class 

pavement classifications. It was found that the reflection profile is not dependent on the 

sample rotational angle, o. Due to the extent of the interactions in the data, further 

investigations into a math\!matical model are required. 

The classification parameters of the CIE, the proposed Qd parameter of TC 4-25, the 

older 1C system, and the proposed classification system of Alcade were also investigated 

in terms of the change in observation angle. It was found that the proposed Qd system is 

closely related to that of the existing q0 system and further application studies are 

required to investigate the applicability of this parameter. These investigations are 

outside of the scope of this research. Similarly, the former system of 1e is not stable at 

high observation angles and~ in any case, the KP parameter is related to the specular factor 

S2. Based on these results, this older system does not provide any further insight into the 

nature of the reflection profile. The existing system and the Alcade were both found to 

be consistent with the change in observation angle results. It was also found that the CIE 

system and the Alcade system are reasonably closely correlated. 

An investigation into the surface roughness character of samples is required to further 

establish the relationship of the sample to the reflection profile which is discussed in 

Chapter 6. 
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6. Surface Roughness Experiment 

In order to investigate the relationship of the surface roughness to the reflection character 

of the pavement, a second experiment which measured the surface roughness was 

undertaken. Since the pavement reflection properties are dependent on the texture and 

the structure of the surface, the mean roughness and the correlation distance of the 

surface was measured. The relationship between these values and the pavement 

classification indices of the CIE and the Alcade classification systems was established. 

6.1 Experimental Design 

The sample surface roughness was established based on the standard deviation of the 

change in surface height measured across the sample. These measurements were taken 

on a pavement sample using a pantograph measurement system. The height of the 

surface was measured at every millimeter across the middle of the sample both with and 

across the direction of travel. The standard deviation of the surface height measurements 

was then used to represent the mean surface roughness. 

However, the mean roughness of the sample surface is not a sufficient descriptor of the 

character of a surface. Two surfaces might have an equal mean roughness but two very 

different characters. The other characteristic which must be added to the roughness 

description is the correlation distance. As discussed earlier, the surfaces are made up of 

several stones and facets. The correlation distance represents the size of the facet. This 

relationship is shown in Figure 59. 

111 



a} b) 

Figure 59 - Surface Height and Autocorrelation Distance 

Figure 59 shows two surfaces with the same surface height deviation but different 

autocorrelation distances. 

The nature of these surfaces is such that they can be described as a random rough 

surface. This means that there is no mathematical explanation for the changes in surface 

height and the processes which describe the surface roughness are entirely random. This 

is true for pavement surfaces, but like a time series, a distance series has an 

autocorrelation aspect. For autocorrelation to exist, a data point must depend on the point 

before it. This relationship is shown in Equation 40. 

(40) 

et is the data point at distance t. µ1 is the disturbance function for the distance t and p is 

the autocorrelation factor, lpl<l. At the next data point, e1• 1 is dependent on the previous 

point and the point before. This relationship leads to the definition that a data point is 

dependent on a linear combination of the data points before it as shown in Equation 41. 
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(41) 

The autocorrelation factor between two data points is a linear combination of the points 

before them. As the distance, t, grows greater, the relationship between the starting point 

and the ending point becomes less and less represented by the function pt. An 

autocorrelation function close to one represents a high correlation and an autocorrelation 

function close to zero represents little correlation. 

The correlation distance for the rough surfaces was defined by Beckmann and 

Spizzichino [ l 963]. They proposed that the correlation distance was defined by the point 

where the autocorrelation function is equal to e·1
• It should be noted that the 

autocorrelation function is not related to the mean roughness of the surface. It might be 

expected that a surface which has a small mean roughness would have a large correlation 

distance since the surface is very flat. This is not necessarily true, and the roughness 

although small, might have very short facet length; that change directions very quickly. 

6.2 Surface Roughness Measurement 

The roughness of the pavement surfaces was measured using a pantograph and a stylus 

system. The pantograph set the position of the stylus relative to the pavement surface, 

and the stylus traces the surface roughness. A potentiometer was mounted on the fixed 

rod. The stylus was attached to the rotating control arm of the potentiometer. As the 

stylus moved across the surface, the potentiometer control would rotate, changing the 
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resistance of the potentiometer. The measurements were made by recording the 

resistance. The system schematic is shown in Figure 60. 

1-- Cross Rod 

Fixed Pin 

~ /Index Pin 

Indexing Guide 

Stylus ~~~; ,.._ Sample 

... Cross Rod 

Figure 60 - Plan and Profile Schematic of Surface Roughness Pantograph 

The resistance system was calibrated using a surface of known roughness and recording 

the resistance measurement. The relationship of the distance to the resistance measured 

is a linear relationship as shown in Figure 61. 
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Figure 61 - Calibration of the Pantograph 

This measurement system is only capable of measuring the macro-roughness of the 

surface. Micro-roughness is invisible to the eye and also undetectable by this system. 
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6.3 Experimental Uncertainty 

The uncertainty for the surface roughness measurement was estimated in the same way 

as the reflection data. Sample Saskatchewan #10 was measured five times. The average 

roughness and the correlation distance was calculated for each set of measurements. 

Again, the uncertainty was calculated as the standard deviation of the mean. This 

resulted in a 4.4% percent uncertainty of the average roughness and a 12.1 % uncertainty 

of the correlation distance. 

For this uncertainty calculation, the surface roughness was measured at the centre of the 

sample. To measure a more representative portion of the pavement, the sample was 

measured at several locations across the surface both with and across the direction of 

travel. In these measurements, the roughness was estimated from the average from these 

measurements. The error of the average was also estimated from this series of test runs. 

The error of the mean for this group of measurements increased to 20.8 % for the 

roughness and 21. 7% for the correlation distance. These increased uncertainty values 

were used for the entire experiment. 

6.4 Results 

The measurement of the surface roughness for each pavement sample was performed. 

Figure 62 shows the change in surface height for sample Saskatchewan # 10. The mean 

roughnesses for each of the samples is shown in Table 19. 
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Figure 63 - Comparison of Roughness Profile for Manitoba 200 and New Brunswick 5 

Figure 63 shows the autocorrelation relationship by comparing the roughness of New 

Brunswick 5 and Manitoba 200. Both of these curves have an equal roughness but have 

very different characteristics of autocorrelation. Manitoba 200 has long surfaces while 
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New Brunswick #5 has a short choppy surface characteristic. The autocorrelation 

distances calculated for all of the pavement samples are shown in Table 19. 

Table 19 also shows the average of the across and with traffic results for the correlation 

distance and the roughness. The other items represented in these results are the area of 

the surface facets and the angle of the surface facets. The area is calculated as the across 

traffic correlation distance multiplied by the with traffic correlation distance. The facet 

angle is an estimation of the slope of facets. The facet angle is defined in Equation 42 

and shown in Figure 64. 

Facet Angle = sin-1 Surface Height 
Correlation Distance 

(42) 

Correlation Distance 

~ 
..,.._ Surface Roughness 

Facet Angle 
Figure 64 - Calculation of the Facet Angle 
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Table 19 - Results of the Surface Roughness Experiment 

Sample Name Rough Rough CD CD Ave Ave Facet Facet 
With Acr. With Acr. Rough Corr Area Angle 
Traffic Traffic Traffic Traffic Dist 

Alberta#l 0.799 0.937 3.697 2.518 0.868 3.107 9.308 16.221 

British Columbia N4 0.138 0.196 l.888 3.459 0.167 2.674 6.532 3.576 

Manitoba PR 200 IBWP 0.339 0.153 0.705 4.628 0.246 2.667 3.264 5.297 

New Brunswick Rt2 #5 0.179 0.153 1.277 0.79 0.166 1.034 1.009 9.247 

Nova Scotia #11 0.116 0.241 0.722 0.919 0.178 0.821 0.664 12.559 

Nova Scotia #15 0.872 0.871 2.604 2.085 0.872 2.344 5.427 21.832 

Ontario 19-14 0.162 0.256 2.189 1.912 0.209 2.051 4.187 5.855 

Ontario 19-17 0.179 0.393 1.505 0.623 0.286 1.064 0.938 15.595 

Ontario I 9-3 0.157 0.136 1.836 3.305 0.147 2.57 6.067 3.275 

Ontario 19-7 0.167 0.251 1.843 1.59 0.209 1.716 2.93 6.997 

Ontario L7-2 0.522 0.619 2.869 2.133 0.571 2.501 6.12 13.19 

Ontario L7-3 0.348 0.62 1.938 3.237 0.484 2.587 6.272 10.783 

Ontario L7-4 0.409 0.329 1.98 1.57 0.369 1.775 3.107 11.992 

PEI #2-K 0.21 0.307 2.368 1.955 0.258 2.161 4.629 6.86 

Quebec#4 0.165 0.15 8.635 1.761 0.157 5.198 15.201 1.736 

Quebec#6 0.239 0.231 5.133 8.35 0.235 6.741 42.856 1.996 

Saskatchewan WL #10 0.281 0.174 3.915 3.012 0.228 3.463 11.792 3.774 

Saskatchewan WL #32 0.59 0.522 3.895 2.857 0.556 3.376 11. 126 9.479 

Saskatchewan WL #37 0.357 0.357 2.386 3.974 0.357 3.18 9.484 6.446 

Saskatchewan WL #8 0.242 0.242 5.024 2.81 0.242 3.917 14.116 3.537 

6.5 Correlation to Surface Recipe 

As mentioned previously, for some of the samples, the material recipe was provided 

through the earlier work of the University of Toronto. This information is presented in 

Table 20. 
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Table 20 - Material Composition of Samples 

Sample Name % Coarse % F1ne % Stb F1 AV VMA 
C Material F Material B 

Alberta #1 60 Sandstone 40 Natural Sand 5.6 11.7 2.07 3.8 14. l 

British Columbia N4 40 Granite/ 60 Sand I Shale 5.6 
Siltstone 

Manitoba PR 200 40 Limestone 60 Sand 
Granite 

New Brunswick #5 25 Quarry Rock 75 Sand 6.5 13.9 3.2 3.88 

Nova Scotia # 11 60 Gray Wacke 40 Sand 5.3 7.1 13 3 15.5 

Nova Scotia # 15 55 Gray Wacke 45 Sand 5.3 6.4 3.4 14.3 

Ontario 19-14 45 Traprock 55 Limestone/ 5.4 2.8 3.6 0.4 14.6 
Sand 

Ontario 19-1 7 45 Traprock 55 Limestone/ 5.4 2.8 3.6 0.4 14.6 
Sand 

Ontario 19-3 45 Traprock 55 Limestone/ 5.4 2.8 3.6 0.4 14.6 
Sand 

Ontario I 9-7 45 Traprock 55 Limestone/ 5.4 2.8 3.6 0.4 14.6 
Sand 

Ontario L7-2 54 Limestone 45 Sand 4.8 12.5 3.9 2.3 13.7 

Ontario L7-3 54 Limestone 45 Sand 4.8 12.5 3.9 2.3 13.7 

Ontario L7-4 54 Limestone 45 Sand 4.8 12.5 3.9 2.3 13.7 

PEI #2-K 35 Granite 65 Sand 6 5.8 10.7 4.4 

Quebec#4 40 Limestone/ 60 Sand 
Shale 

Quebec#6 40 Limestone/ 60 Sand 
Shale 

Sask WL#lO 40 Limestone 60 Quartzite 6.1 2.96 3.2 1.1 
Granite 

SaskWL#32 65 Limestone 35 Sand 5.3 3.6 4.2 5.6 
Granite 

Sask WL#37 65 Limestone 35 Sand 5.3 3.6 4.2 5.6 
Granite 

SaskWL#S 40 Limestone 60 Quartzite 6.1 2.96 3.2 1.1 
Granite 
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The fields represented in Table 20 are as follows: 

Table 21 - Fields in the Material Composition Table 

Coarse Material 
%F Pe 
Fine Material Fine 
%B 
STB Marshall Stab' 
Fl Marshall Flow Test 
AV Air Voids in the Mixture 

Pearson correlation coefficients were established between this data and the surface 

roughness characteristics. For this correlation, all of the recorded roughness 

characteristics were used. The results of this calculation are shown in Table 22. 

Table 22 - Correlation of Surface Roughness Characteristics to the Material Recipe 

Correlations (Pearson) 

%C Agg if Agg % B Stab Flow AV VMA 
RoughWT 0.571 ·0.573 -0.295 0.324 -0.363 0.463 ·0.520 
RoughAT 0.617 -0.621 -0.416 0.390 -0.226 0.361 -0.499 
CDWT -0.078 0.082 0.233 -0.216 -0.407 0.096 ·0.627 
COAT -0.028 0.031 -0.106 -0.225 -0.308 0.213 -0.474 
Ave R. 0.612 -0.615 -0.365 0.367 -0.300 0.421 -0.519 
Ave CD -0.069 0.073 0.085 -0.251 -0 .411 0.171 -0.642 
Area -0.090 0.094 0.175 -0.278 -0.371 0.181 -0.581 
Angle 0.494 -0.499 -0.387 0.447 0.067 0.243 -0.178 

As expected, there is a comparatively high correlation between the roughness and the 
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percent of coarse material and a negative correlation to the percent of fine aggregate. The 

correlation distance docs not appear to be related to material recipe in any way. The only 

material factor which seems related consistently to the roughness parameters is the Voids 

by Material Aggregate but the data on this factor is not complete and no significant 

conclusion can be drawn on this variable. The relationship of the percent coarse 

aggregate to the roughness is shown in Figure 65. 
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Figure 65 - Correlation of Percent Coarse Aggregate to Average Surface Roughness 

The result in Figure 65 shows that there is a relationship of the pavement recipe to the 

roughness characteristics of the surface. This relation is not strong but can be used as a 

predictor of the roughness. The other aspects of the surface reflection character must be 

determined by the construction and the use of the roadway as well as the recipe. 
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6.6 Correlation to Surface Reflection 

Several different research projects have been undertaken to relate the surface roughness 

to the reflection characteristic of the sample. The most recent of these is Alcade. As 

previously discussed, the Alcade classification system is based on the roughness of the 

sample. The roughness results of this experiment have been compared to the current CIE 

system in Section 6.6.1 and to the parameters of the Alcade system in Section 6.6.2. 

6.6.1 Correlation to the CIE System 

The CIE reflection parameters are based on the light reflection characteristics of the 

sample only. In order to investigate the relationship of the surface macro-roughness 

characteristics to the reflection parameters, Pearson correlation coefficients were 

established between the roughness data and the CIE parameters. All of the measured 

characteristics of the roughness were used in this correlation. The correlation was also 

performed at two ex levels, 1 ° and 45°. These correlation results are presented in Table 

23. 

Table 23 - Correlation of Surface Roughness Characteristics to CIE Reflection 
Parameters 

Correlations (Pearson) 

RoughWT RoughAT CDWT CDAT Ave R Ave CD Area Angle 
QO ctl 0 -0.219 -0.303 -0.025 -0.008 -0.271 -0.022 -0.242 -0.339 
Sl ctl 0 -0.251 -0.140 -0.176 -0.113 -0.199 -0.185 -0.223 -0.170 
S2 ct 1 ° -0.323 -0.184 -0.298 -0.315 -0.258 -0.389 -0.389 -0.040 

RoughWT RoughAT COWT COAT Ave R Ave CO Area Angle 
QO ct45° 0.075 -0.054 0.364 0.604 0.008 0.609 0.546 -0.256 
Sl 1145° -0.290 -0.249 -0.260 -0.300 -0.277 -0.355 -0.308 -0.037 
S2 cx45° -0.204 -0.006 -0.375 -0.512 -0.104 -0.560 -0.454 0.308 
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In these results. there appears to be no strong correlation of the surface roughness data to 

the reflection parameters. The strongest consistent relationship seems to be the facet 

area. The relationship of the facet area to the q0 parameter is shown in Figure 66. 
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Figure 66 - Correlation of q0 to the Facet Area 
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6.6.2 Correlation to the Alcade Criteria 

In the Alcade system. the parameter A0 is based on the macro roughness of the sample. 

The other parameters, A11 and A12, are used to account for the micro roughness. It is 

unknown whether these parameters were determined based on actual measurements of 

the roughness or whether they were chosen and then qualitatively related to the surface 

roughness. 

For the reflection results from this experiment, Pearson correlation coefficients were 

established for the Alcade parameters and the roughness measurement. The method used 

for this correlation was the same as that used for the CIE parameters. These results are 

presented in Table 24. 

Table 24 - Correlation of Surface Roughness Characteristics to Alcade Reflection 
Parameters 

Correlations (Pearson) 

RoughWT RoughAT CDWT COAT Ave R Ave CD Area Angle 
AO ctl 0 -0.325 -0.192 -0.304 -0.234 -0.263 -0.343 -0.337 -0.140 
All o:1° -0.187 -0.040 -0.101 -0.013 -0.113 -0.075 -0.130 -0 .158 
Al2 o:1° 0 .111 0.005 0.287 0.096 0.057 0.249 0.127 -0.015 

RoughWT RoughAT COWT COAT Ave R Ave CD Area Angle 
AO o:45° -0.303 -0.252 -0.270 -0.253 -0.284 -0.333 -0.291 -0.067 
All cx45°-0.342 -0.299 -0.263 -0.420 -0.329 -0.430 -0.373 -0.010 
Al2 ct45° 0.148 0.264 0.054 -0.035 0.215 0.014 0.043 0.254 

Like the CIE results, there are no strong relationships of the data to the surface macro 

roughness characteristics. As an example of this, the relationship of the A0 parameter to 

the average surface roughness is shown in Figure 67. 
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Figure 67 - Correlation of A0 to Average Surface Roughness 

6.7 Conclusion 

The surf ace macro roughness and the surf ace autocorrelation distance was established for 

the 20 pavement samples used in the reflection characteristics experiment. The 
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relationship of the surface roughness to the pavement recipe and to the CIE and Alcade 

reflection indices was also investigated. 

A correlation of the percent coarse aggregate to the surface roughness was found in the 

material recipe investigation. 

There were no significant relationships found in the reflection indices investigation. Due 

to this result and that of the reflection experiment, the applicability of either the CIE 

system and the Alcade system could not be determined from a relationship to the 

physical properties of the sample. An application experiment and investigation into 

usefulness and accuracy these two pavement reflection classification systems is required, 

which is outside the boundaries of this research. 

The surface roughness data will be used to investigate the different possibilities for 

mathematically describing the reflection data for each of the samples in the experiment 

which is discussed in Chapter 7. 
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7. Analytical Modeling of Pavement Reflection 

The current systems for using pavement reflection data are mostly empirical. Look-up 

tables and dat~ generalizations have been the only methods for dealing with this volume 

of data. With the addition of the observation angle data. The process has become even 

more cumbersome. An analytical system would greatly improve the ease of using this 

data. 

Previous work performed in the development of an analytical model has been limited. 

Two models exist which were developed at the University of Waterloo but no fully 

adequate solution has been found. 

In the development of an analytical solution~ it is desirable to attempt to relate some of 

the aspects of the pavement surface itself to the reflection character of each sample. To 

accomplish this, two methodologies have been investigated. These are an adaptation of a 

physical optics method used for radio waves, and a method based on the work of 

Vermeulen[ 1975], separating the diffuse and specular portions of the reflection profile. 

These two methods and the previous work in the development of an analytical model are 

highlighted in the following discussions. 

7.1 Previous Models of Pavement Reflection 

Two models have been developed to mathematically describe pavement reflection. The 
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first, presented by White [ 1994], is a mathematical system developed to represent the 

«= 1 ° reflection tables. The second, developed in Gibbons and Adrian[ 1994], is a brute 

force mathematical model developed to represent the change in the reflection properties 

of the samples based on the a= IO data. The original plan for these two models was to 

model all of the reflection data using a combination of the two systems. However, there 

are flaws in the development of both which makes their application limited. 

The White model consists of a brute force mathematical method for fitting the r-table 

data. White fit a basic mathematical equation to all of the r-table data. This basic model 

was determined to be a combination of a Guassian distribution and a step function as 

shown in Equation 43. 

The parameters from this basic model were then extrapolated across the ~ and the R­

Class data. The resulting parameters are shown in Equation 44. 

C
1 

= (-50·(R-0.8)2+47)·P·5 -((-2·R-0.6)2 +2.2)·Jh(300·(R-1.25)2~ 100) 

c2 = o.s 

(43) 

cl = (0.4·R-0.09)·13·5 -(0.015·R-0.0053)·J}+(l.9·R-0.64) (44) 
C4 = (30·R+23)·J3·5 -(1.9•R+ l.35)·J3+(13 l ·R-l 13) 

C5 = ( -0.0 l 2·(R-0.75)2 +0.012)·13·5 +{{0.0004-R-0.5)2 +0.00045)·13 +( -0.02·(R-0.66)2 +0.022) 

Where R is the R-Class rating. 
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This resulting model is very complex. White states that the average error in the model is 

from 6 to 38% with errors as large as 400%. White also shows the comparison of the 

model to the data. The results show extensive inaccuracies at the high y values. 

This methodology has some flaws in it. As the parameters for the model were 

developed, White did not refer back to the original data as he set each equation. This is 

likely why the model does not match the data very well. Similarly, the use of Ras a 

descriptor for the model is of little practical value. A better descriptor would be SI. This 

would allow the designer to input a measured or a standard S 1 value and retrieve the r­

table regardless of the R-Class rating. 

The Gibbons and Adrian model is based on the measurements of one sample, Ontario 

L7-3. At the time of the development of the model, it was felt that a model of a 

multiplier to the existing a;= 1 ° r-tables would be better than modeling the absolute values 

of the results. The model tabulated in this way can be used in a more general manner 

than the absolute value model. The multiplier method was developed by basing the 

reading at a. > IO on the reading for a= 1 °. This was performed for all combinations of ~ 

and y. The formulation of the scaling is: 

,fact(a;,l3,y) r(cx,l3,y) 
r(l3,y) 

(45) 

This formulation causes the data for a=l 0 , to be equal to one. From that point, the data 

rises or falls generally to a steady state at high a., representing the trend in the data 
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toward diffuse reflection. 

The model methodology used for this process was a mathematical model based on the 

summation of an inverse exponential. and a hyperbolic tangent. The resulting form is: 

factor(cx,(3,y) = 1 + b·tanh(c·(cx-1)) 
ea·(u-1) {46) 

The parameters of this equation. a, b, and c depend on y and p. These parameters are: 

a = 4.849·10-9·y 1.578·((3-9If +0.00139 

b = I.229·10-5·(y-73.92)·P + (-1.73 l ·I0-5·y2 +0.2360) 

and 

C = 1.020 

This model has an r correlation factor of .978 to the Ontario L7-3 data. 

(47) 

This method of calculating the reflection properties of the pavement provides a very 

good solution for the single sample tested. The obvious problem with the Gibbons and 

Adrian model is the lack of applicability across many different types of samples. The 

data used for this model is also a result of the earlier design of the gonioreflectometer 

which was discussed in Chapter 4. It was found through later redesign and calibration of 

the system that this data has flaws. 

Both of these modeling methods show some difficulties. The first model did not use 
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parameters which are related to the pavement surface itself. It used categorization 

parameters which have little relationship to the pavement surface. The model of Gibbons 

and Adrian is based on a single sample and has limited relationship to the entire data set. 

Other models will be considered in the representation of the data 

7.2 Lambertian Reflection Relationship 

One of the key aspects of the data as presented is that the reflection data approaches 

perfectly diffuse reflection or Lambertian reflection. To more fully develop a model. the 

relationship of the data to Lambertian reflection must be clearly established. As 

previously described, a Lambertian surface is defined as a surface which appears equally 

bright in all directions. This means that the luminance of the surface is the same 

regardless of the observation angle. The reflected luminance for this perfectly diffusing 

surface varies only with incident luminous intensity. This intensity reduces with the 

cosine of the angle between the normal of the surface and the angle of incidence. If a 

pavement surface behaved like a Lambertian surface, y would be the only angle which 

would influence the luminance of the surface. The luminance to y relationship would 

resemble a cosine curve representing the reduction in the intensity. There would be no~ 

and a: to luminance relationships. These would be represented on a graph as horizontal 

lines. Previously, it was discussed that the data shows a trend toward Lambertian 

reflection at high levels of a:. Figure 68 shows the relationship of the observation angle 

to the pavement luminance for each R-Class. The 95% Confidence Interval for each data 

point is also shown. In this figure, a horizontal line has been drawn through the a: = 60° 
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data point for each R-Class curve. When the line is outside of the 95% confidence bars 

the surface no longer behaves as a perfect diffuser. This angle is approximately 20° for 

road classes RI. R2 and R3, and approximately 30° for the R4 class. 
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Figure 68 - ex versus Reflected Luminance with the Lambertian Reflection Relationship 
(l}=Oo, y=Oo) 

In order to further investigate the Lambertian trend, the changes in the luminance with 
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the changes in y and (3 were plotted in Figures 69 and 70. The <X value in these plots is 

60°, the highest value of <X tested. The solid lines without data points in Figure 69 

represent the best fit lines for a cosine function. The regression coefficients for the data 

to the cosine function is 0.90, 0.99, 0.95, and 0.78 for the four road classes respectively. 

In Figure 70, the effect of J3 is shown with the desired effect being represented by a solid 

line. The data in this graph is the ratio of each data point to the average of all of the data 

points for that road class. There is an average change from +6% to -4% across the range 

of the J3 readings. This is within the standard error of the experiment. From these 

comparisons, it can be seen that Lambertian reflection can be used to model the 

reflection of light from pavement surfaces within limits. The influences of the y and J3 

behave in a manner which would be expected from a Lambertian surface which gives 

further evidence in support of this model. 
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As was discussed earlier, the reflection from a pavement surface is defined as compound, 

consisting of both a specular and a diffuse component. In order to see this effect, a new 

angle,µ, was defined as the angle between the angle of observation and the specular 

angle which is equal and opposite to the angle of reflection. Thus µ=0° is representative 

of specular reflection. A scatter plot of the reflection factor, q against µ is shown in 

Figure 71. The important features of this graph are, of course, the flat reflection profile 
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at the extremes of the diagram and the peak at the central µ=0° location. The flat section 

of this graph represents diffuse reflection and the peak represents specular reflection. 

1.25 

• R1 
■ R2 • R3 

1.00 
V R4 

- • ~ 
i: 
a, u 0.75 • = a, 
0 'vv <.> 
C 

■ .2 
j 0.50 A C: ., 
a: 

0.25 

0 .00 -+--....---y---,,-------,-----.----,-...:....~_..;.;;.~;..:;.;;.;,..;--,----,----1 

-100 -75 -50 -25 0 25 50 75 100 125 150 175 200 

mu 

Figure 71 - Reflection Coefficient, q, versus µ for all R-Classes 

This relationship in the reflection data to Lambertian reflection and to the nature of the 

compound reflection is a critical aspect of the other modeling methods which were 

investigated. 
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7.3 Facet Model of the Reflection Profile 

A modeling method, called the facet model, is used to describe the specular and the 

diffuse components of the reflection. The term facet refers to the individual reflecting 

surface in the pavement itself. This was described in Chapter 3. This method uses the 

orientation and the size of these facets as the basis of describing each of the two 

components of the reflection profile. Vennuelen [ 1975] conducted a series of 

experiments considering the reflection of light from rough surfaces and used a facet 

model to aid in the description of the reflection. He considered the specular and the 

diffuse components of the reflection in terms of the total reflection character of the 

surface, using polarizing filters to separate and measure each of these components. 

7.3.1 Model Development 

Vermeulen developed his interpretation of the facet model based on the assumption that 

only the small facets in the surface which are oriented properly will reflect specularly. 

These reflecting facets are those which have their surface normals oriented at the bisector 

of the angles of observation and incidence. The model is then based on a relationship of 

the specular portion of the reflection to the change in the reflective area and to the 

angular components. This method shows that the luminous flux reflected from the 

surface is proportional to the area of each reflected facet and the number of the facets 

which are oriented properly. Equation 48 shows this relationship as defined by 

Vermeulen. 
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a cos(i) 
9 (e,i) = p(i)·N(e)·11(e,1)·u.·---·A 

.r ' cos(e-,) 1 (48) 

In this equation, 9i is the incidence luminous flux on the surface, Ar is the average area 

of the reflecting facets and p(i) is the reflectivity of the pavement. N(e) describes the 

number of facets which are oriented properly for specular reflection. 

In Equation 48, e is the angle between the normal of the reflecting facet and the normal 

of the entire surface and and i is the angle between the angle of incidence and 

observation to the normal of the reflecting facet. These angles are shown in Figure 72. In 

Figure 72~ the reflection at a point, P, of light from a source at the apex of the angle y to 

an observer defined by ex. 

I \ 
I \ N 
I \~; '\. '1 E r--' ; 

Figure 72 - Angles for Facet Model Derivation from Vermeulen [1975] 

From Figure 72, the relationships of the angles e and i to the typical angles of ex, p, and y 
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were derived by Kebschull [1969]. These relationships are shown in Equation 49. 

cos(2i) = sin( <X) • cos( y) - sin( y} ·cos(«) • cos(P) 

cos(e) = sin(a:) +cos(y) 
2cos(i) 

(49) 

Also in Equation 48, T}(E,i) is a shadowing function which describes the shadowing of 

one portion of the surface onto another section of the surface. The requirement for this 

shadowing function is to estimate the change in the number of facets which are available 

for reflection. This shadowing function is based both on the roughness of the surface and 

on the angle of incidence. Figure 73 shows an example of this shadowing effect. 

Light Source 

Figure 73 - Shadowing Effect 

In order to use the facet model, each of the portions of this equation must be developed. 

The other reflection component, the diffuse portion, is calculated based on Lambert's 
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Law. A function which describes the deviation of the reflection from Lambert's Law and 

a shadowing function which describes the change in the reflecting area were added to the 

general formulation. This relationship for the diffuse component of the reflected flux, 9d, 

is shown in Equation 50. 

In this equation, c:p 1 and <p2, are the angles of reflection and incidence relative to the 

surface normal and are shown in Figure 74. 

(50) 

In order to use the facet model, each of the portions of this equation must be developed. 

The other reflection component, the diffuse portion, is calculated based on Lambert's 

Law. A function which describes the deviation of the reflection from Lambert's Law and 

a shadowing function which describes the change in the reflecting area were added to the 

general formulation. This relationship for the diffuse component of the reflected flux, ed, 

is shown in Equation 50. 

In this equation, <p 1 and <p2, are the angles of reflection and incidence relative to the 

surface normal and are shown in Figure 74. 

142 

(51) 



Figure 74 - Angle Definition for the Diffuse Reflection Model 

The angles q> 1 and <p2 are both measured as positive in the counter clockwise direction 

and negative in the clockwise direction from the normal to the surface. Obviously, <p 1 is 

equal to 90-cx and <p2 is equal to y. pd is the diffuse reflectivity of the surface and Aw is 

the acceptance aperture of the measurement instrument. D( <p 1 ,cp2) is the diffuse reflection 

factor which is applied to account for the deviation of the reflection from Lambert's law 

and TJ2(q> 1,<p2) is the diffuse shadowing function. Vermeulen states that in generat the 

specular and the diffuse shadowing functions are not similar. The factor, 0i cos( q> ), 

represents the incident luminous intensity adjusted by Lambert's cosine law. In this 

calculation, the factor <p represents the maximum absolute value of cp 1 and cp2. 

Since according to the defintion, the diffuse shadowing function and the diffuse 

distribution function both depend on the incident and observation angles, these functions 

would be indistinguishable in the measurements. Vermeulen then defined the diffuse 
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distribution function as D( cp) = D( q> 1 = q>i) as shown in Equation 51. 

e j q> l =q>2) 

8 J0,0)·cos( q>) 

The diffuse shadowing function was then defined as shown in Equation 52. 

= 
Q j q> l ,q>2) 

8 /'P1 =q>2) 

These two assumptions allow the nature of the diffuse functions to be determined 

independently. 

(52) 

(S3) 

It should be noted that the effect of the angle (3 was not included in the diffuse portion of 

Vermeulen's development but .. as shown earlier, (3 has no impact on diffuse reflection. 

Vermeulen used an experimental set-up to attempt to describe the specular and diffuse 

reflection functions. He used a polarizing filter to discern these two portions of the 

reflection. This was possible since the specular reflection portion is polarized 

perpendicularly with the surface of the test sample. Vermeulen used a piece of sandpaper 

as the test sample and was able to distinguish between the two components. He also 

showed that the formulation of the facet model did apply to the data. Vermeulen did have 

difficulties with the measurements and felt that the actual definition of the diffuse 

functions required further investigations. Any further experimentation in this field has 

not been widely published. 
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7 .3.2 Model Application 

The applicability of Vermuelen' s methodology to the reflection data in this research was 

not performed easily. A polarizing filter was not considered for use in the pavement 

reflection experiment. This meant that the variables and the functions in this model had 

to be developed mathematically based on the results of the experiment. 

The first step in this application was the development of the diffuse portion of the 

reflection nature which required the development of D(<p) and T1z{cp 1,q>2). 

The function D(cp) was determined based on the data where <p 1=q>2, or in other words, 

when ex = 90-y. This occured when the light source and the detector were in the same 

position. The only occurrence of this was at~= 180°. The D(q>) function was developed 

for every sample and is shown in Figure 75. 
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Figure 75 - D( q>) for All Samples 

Figure 75 does not have a legend due to the number of data points represented: all the 

samples measured are presented. There seems to be very little dependence of the D( q>) 

function of the sample type. A mathematical equation to fit this function was developed 

as follows: 

D(q>) == 1 -0.00307·cp1•231 (54) 
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The next step was the development of the shadow function. 112(q>1,q>z). This function was 

developed based on the P=l80° data. Using the developed D(q>) function. T)2(q>1.q>J was 

calculated as the ratio of the measured reflectance q(cz, P-180°, y) and D(q>) where q> = 

y. For this development. the entire set of a and y combinations were used. This 

resulting function is shown in Figures 76 to 79 for each R-Class. 
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Figure 76 - Diffuse Shadowing Function of RI Road Class 
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Figure 79 - Diffuse Shadowing Function for R4 Road Class 

Mathematical equations were developed for this function usin~ :.=:=. 

This calculation was performed for each sample and the best fl:== 

were recorded, allowing for the influence of a: and pavement s,,.......__ 

correlation coefficient between the model and the data was ex,...1 .... eo:::..:-=.-::.. 
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above .99. The difficulty with continuing this modeling was that there was little 

correlation between the model parameters and the pavement characteristics. The results 

of a correlation calculation are shown in Table 25. 

Table 25 - Correlation of Diffuse Model Parameters to Pavement Characteristics 

Sl S2 QO ROUGH CORR DIST 
A -0.488 -0.487 -0.399 a .116 0.575 
B 0.410 0.441 0.084 -0.121 -0.219 
C 0.215 0.303 -0.115 -0.158 -0.203 
D -0.389 -0.474 -0.039 0 .188 0.272 

At this point. the modeling of the diffuse ponion was stopped as correlation to the 

pavement characteristics was required for the data and no relationship of the model to the 

data could be found. 

The specular portion of the reflection was calculated using the measured reflection value 

minus the diffuse portion as determined above. This calculation was performed with the 

entire data set. The results for the four R-Classes are shown in Figures 80 to 82 for ex, '3 

and y respectively. 
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The development of the model by Vermeulen required the change in angles from the a, P 

and y notation to e and i. The specular portion of the reflection for the angles i and e is 

shown in Figures 83 and 84. 
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The functions presented in Figures 80 to 84 relate very closely to the expectation. 

According to the comparison to Lambertian reflection. there is a specular peak at high y, 

low <X, and low p. This is representative of the geometry where the light source is 

directly opposite the detector and very close to the angle of the surface. Changing the 

angles to e and i does not seem to improve the data analysis rather it seems to add some 

variability. 
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At this point9 the modeling according to Vermeulen now required the separation of the 

specular shadowing function and a function which describes the number of facets which 

are oriented properly for reflection. There was no way to separate these functions with 

the data set available to us. Here, again9 our knowledge of the pavement surface and the 

character of the pavement recipe is lacking for continuation of the model development. 

7.4 Physical Optics Model 

The second model considered for this data set is a system which uses the nature of the 

surface and the diffraction of light as the basis of the calculation. Diffraction is defined 

as the deviation of electromagnetic waves from rectilinear paths of propagation due to 

interference with obstacles, edges and surfaces (Nieto-Vesperinas [ 1991 ]). Diffraction 

and scatter are the processes which light undergoes when it is reflecting from surfaces. 

As discussed previously, as a surface becomes rougher, the reflection will no longer be 

specular but diffuse, scattering in all directions. The calculation of the resulting 

reflection field can be performed using a model of the surface which describes its 

roughness characteristics. This model was originally defined for the transmission and 

reflection of radio waves. 

7 .4.1 Model Development 

For this calculation, the first question that was dealt with was the definition of a rough 

and a smooth surface. Beckmann and Spizichinno [ 1963] defined these surfaces using 

the Rayleigh criterion which considers two rays incident on a surface with a roughness of 
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h and an angle of incidence of y. This situation is shown in Figure 85. 

Figure 8S - Rayleigh Criterion Geometry 

The phase difference in the reflected light rays is determined by the difference in the 

distance the light rays must travel. This difference is: 

Ad = 2·h·sin{y) 

Therefore the phase difference is: 

2·x 4·1t·h . Acp =-·/:id= --·sm(y) 
.t .t 

(S6) 

(57) 

When the phase difference is close to o. the light reflects specularly. If the phase 

difference is close to 1t. the light rays will scatter and cancel each other. These extremes 

of the criterion are characteristics of smooth and rough surfaces respectively. By 

choosing the halfway point. the Rayleigh criterion is found. This means that a surface is 

considered rough if: 
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.l 
h>---

8·sin(y) 
(58) 

For the visible light spectrum, a surface height change has to be very small in order for 

the surface to be considered smooth. The extreme limits of the visible light spectrum are 

350 nm and 800 nm. Outside of these wavelength limits, radiation is not perceived by the 

human eye. In Equation 57, the maximum roughness limit would be calculated with 800 

nm and for our experiment y=85°. (Note: The Rayleigh criterion defines y from 

horizontal rather than from the normal.) This limit is calculated as 1147.4 nm. The 

lowest mean surface roughness measured on these samples was 0.14 7 mm which means 

that all of the samples in this experiment must be considered rough surfaces. 

7 .4.1.1 General Kirchoff Solution 

Beckmann and Spizzichino formulated the calculations of the BRDF in terms of the 

roughness of the surface of the material. This calculation uses the Kirchoff 

approximation of diffraction. The derivation defines the surface roughness as a function. 

C(x,y), in terms of the mean deviation of the height of the surface from the mean xy 

plane where x and y are in the plane parallel to the surface. This surface has an incident 

light wave on it at a point, p. The resulting scattered field is received at a point, P. The 

incident light has a direction vector, k1, which is given by~ and y. The light received at 

point P has a direction vector, k2, defined by 90-a and <f>. (Note: 90-a is used in the 

calculation in that the mathematical development was performed using angles to the 

normal of the surface and not to the surface plane.) The nature of the incident light wave 
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and the received field are defined as E1 and E1 respectively. The field E1 is: 

E- = E ·e;<i·r~·t> 
1 0 (59) 

where w is the angular frequency of the incident light and the position vector in time is: 

(60) 

Beckmann and Spizzichino showed that the intensity of the incident light is equal to the 

square of the scalar amplitude of the incident light wave Eo-

The Kirchoff approximation of diffraction yields the resulting field defined by the 

Helmholtz integral: 

E,,(P) = _I JJ(Eaw _ aE) 
- 41t an an s 

where 

(61) 

(62) 

R:? is the distance from the incident point p to the receiving point~ P. n is the normal to 

the surface and k2 is the scalar magnitude of the propagation vector~ k2• 
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Beckman introduced the scattering coefficient (p) which is a dimensionless relationship 

of the scattered field ~ to the field which would result from a smooth perfectly 

reflecting plane received in the specular direction defmed as ~-

Beckmann then developed the equation for p using the Helmholtz integral and some 

boundary conditions as: 

where 

p = :11 e"·'dxdy 
A 

F = I +cos(y)cos(90-<X) -sin(y)sin(90-<X)cos(P) 
cos(y) • (cos(y) + cos(90-<X)) 

(63) 

(64) 

(65) 

In Equation 63~ A represents the area of the surface in the xy plane and the vector vis: 

V = k -k 
= k[(sin~y) -sin(90-<X)·cos(P)).i0 -(sin(90-<X)·sin(P))~ -(cos(y J +cos(90-a))z-_,] (

66
) 

The position vector, r, describes the rough surface. 

(67) 
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It is noteworthy that this equation assumes that the surface is perfectly reflecting which 

means that there is no absorption of light by the surface. 

7.4.1.2 Normal Distribution Solution 

Having developed the general solution to the problem of light scatter from rough 

surfaces, the problem was reduce to the evaluation of the field for an unknown C(x,y). 

For surfaces which have been machined or treated with special forms, an equation for the 

surf ace variation can be found. For a rough surface, such as pavement, an equation 

would be very difficult to develop. This surface is a random rough surface and must be 

treated in a statistical manner. 

Beckmann found a solution using the probability density function which yielded a 

surface height based on the distance between two points. If the function ,cx,y) is 

considered to be a random variable producing surface heights, the joint probability 

function is p(z
1

,~). given that z
1 

and z
2 

are the surface heights at points (x
1

,y
1

) and (X
2

S
2

) 

respectively. By placing the Fourier transform of the probability density function into 

the general solution outlined above and integrating, Beckmann found the solution of the 

mean scattered field in any direction for a general case where the probability density is 

known. This solution is: 

(68) 

where x_(Vz) is the Fourier transform of the probability density, F and A are as previously 
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defined. and Po is: 

= sin(uz>X. sin(u,)Y 
Po 

where X and Y are the limits of the integration area (A=XY). 

(69) 

Beckmann then introduced the normal probability distribution into the calculation. The 

function ((x.y) is considered to be normally distributed with a mean= O. a standard 

deviation of o and an auto-covariance C('t), where: 

and the auto-covariance is Guassian, 

-1-rl 
C('t') = e T 

(70) 

(71) 

The variable T, is the correlation distance as measured and defined in Chapter 6. In 

general, the Kirchoff approximation requires that the correlation distance, T, be much 

larger than the wavelength (T>>A). 

Beckman used this definition to develop the solution for the mean square of the 

scattering coefficient which is proportional to the mean scattered field. This solution is: 
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1tF2T2 u~T2 
= --exp(---) 

Ag 4g 
(72) 

where p* is the complex conjugate to p, and: 

{i 21ta 
= u a = --(cos(y) +cos(90-a)) 

z l (73) 

for values of g>> l. The variable g is the ratio of the standard deviation of the surface 

roughness to the wavelength and it represents the importance of the specular reflection in 

the solution. For g close to zero, specular reflection is the major component of the 

solution., where as for g>> l, the diffuse reflection is the most important characteristic. 

The value is related to the intensity of the incident and reflected light because by 

definition: 

(74) 

where Iy. is the intensity of the reflected field and ~ is the intensity of the incident field. 

A more complete development of this formulation is found in Beckmann and 

Spizzichino. 

This solution allows the use of the standard deviation of the surface height and the 

correlation distance to estimate the mean power of the scattered field and the intensity of 

the reflected field in terms of the incident field. This value calculated at different angles 
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of incidence and reflection should then be proportional to the value of the reflection 

factor q(a,y,p). 

This solution development does not account for any effects of polarization. These, 

however, should be minimized since the light source being used for the reflection data is 

incoherent. 

The solution also assumes a perfectly reflecting surface. This factor can be accounted for 

using a factor which scales the overall reflection coefficient. This factor should be 

related to the q0 of the surface. 

The other difficulty of this calculation methodology is shadowing across the surface of 

the road sample. This shadowing function is similar to that in the facet model. 

Numerically, it is unlikely that this shadowing function would be the same as that 

developed for the facet model. The shadowing function in this model would scale the 

integration area to include only the illuminated surfaces. 

7 .4.2 Model Application 

A computer program was developed to implement the physical optics method as 

described above. The program relies on the input parameters of surface roughness, the 

correlation distance, sample area, test wavelength, and the three angles, a, ~ and y. The 
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program output is the reflectivity factor <pp*> for (X,p, and y. The specularity factor, g, 

described in Equation 72, is also output from the program. 

The area used in the program is determined based on the surface area of the sample 

scaled by the sine of the observation angle. As (X decreases,. the projected area of the 

sample surface also decreases by sin((X). 

The results of this model calculation for sample Ontario L 7-4 are shown in Figures 86 

through 88 for a, Pandy respectively. The data presented here are generally 

representative of the results from the calculations for all of the samples. 
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These figures show all of the data points calculated for each sample. Many of the points 

calculated are coincident on the graphs. 

These calculations resulted in a very high specularity factor. This means that the nature 

of the reflection is highly diffuse which has already been shown with the reflection data. 

The data shows a sim.iliarity in the shape of the calculated curves to those of the 

reflection data. The calculated results were compared to those of the reflectivity 
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experiment. This comparison is shown in Figure 89 for sample Ontario L 7-4. 

The model calculates many points where the reflection results equal zero. This means 

that the model is predicting that no reflection will occur at this point. We know from the 

reflection experiment that there are points of low reflectivity but very few of zero 

reflection. This lack of sensitivity of the model for low reflection values and the general 

correlation of the model to the high reflection valuesy indicate that the physical optics 

model is basically calculating the specular reflection and not considering diffuse 

reflection. 
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The relationship of the model results to the reflectivity results was established using a 

linear regression model. This regression was performed for each sample individually 

using Equation 74. The regression results are shown in Table 26. 

q(rx,~,y) = A·p{a;,~,y) +B {7S) 
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Table 26 - Linear Regression Results for the Physical Optics Model 
Sample Name r2 Slone Intercept 

'\lberta#l 0.893 4.74E-09 0.1175 
British Columbia N4 Hwy 19 0.70781 5.46E-10 0.0777 
Manitoba PR 200 lBWP 0.69326 2.35E-09 0.2105 
'lew Brunswick Rt2 #5 0.69197 l.55E-09 0.0905 
Nova Scotia # 11 0.82021 2.53E-09 0.0760 
Nova Scotia #15 0.58879 5.52E-09 0.0766 
Ontario l 9-14 0.62989 l.04E-09 0.0820 
Ontario 19-17 0.71899 l.66E-08 0.0873 
Ontario 19-3 0.66567 l.48E-09 0.1000 
Ontario 19-7 0.75037 3.98E-09 0.0877 
Ontario L 7-2 0.55375 8.32E-09 0.1129 
Ontario L7-3 0.76533 3.19E-08 0.1109 
Ontario L 7-4 0.7944 l.34E-08 0.1130 
:>EI#2-K 0.72813 3.46E-09 0.1419 
Duebec#4 0.67036 2.46E-10 0.1599 
Ouebec#6 0.54476 8.06E-ll 0.2229 
iaskatchewan WL #10 0.8832 2.15E-09 0.0970 
iaskatchewan WL #32 0.50495 2.95E-09 0.1093 
,askatchewan WL #37 0.67471 8.40E-10 0.0612 
,askatchewan WL #8 0.66033 7.00E-10 0.0643 

The slope in this linear regression is representative of a multiplier to account for the 

reflectivity of the surface and the shadowing on the surface. The intercept represents a 

shift in the data similar to a diffuse nature overlayed with specular reflection. Based on 

this, a correlation of the slope or the intercept should be evident with the characteristics 

of S 1, roughness or q0 in the pavement sample. This correlation was performed and is 

shown in Table 27. 
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Table 27 - Correlation Coefficients of Linear Regression Parameters to Surface 
Characteristics 

Slope 
Intercept 

S1 Corr 
0.339 

-0.392 

S2 Corr 
0.383 

-0.494 

Qo -Corr 
0.367 
0.233 

Ave Roug 
0.296 

-0.091 

Ave Corr 
-0.286 
0.564 

There is very low correlation evident in these factors to the pavement characteristics 

which leads to difficulties in the model. In some cases, the differences in the slope 

between samples were as much as an order of magnitude or higher. Changes in the 

reflection data between samples were not as significant as those in the calculated model. 

The physical optics model has no allowance for micro roughness; only macro roughness. 

In has been previously indicated the specular reflection is a result of the macro roughness 

whereas the diffuse reflection was a result of the micro roughness. The results are 

confirmed in the modeling of the data. The physical optics method, which is based on 

macro roughness, is most closely related to the specular portion of the reflection. 

7 .5 Discussion 

In the two models considered, the reflection data can be calculated by the methods used, 

but a final and complete model was not able to be developed. In order to fully develop an 

analytical model for the reflection properties of pavement, extensive knowledge of the 

pavement surface is required. The roughness and the reflectance of the individual facets 

of the pavement surface must be determined in order to relate this characteristic to the 

reflection results. 
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Although the justification for developing a model was ease of use, the sacrifices in the 

accuracy of the reflection data may be too great for the precision required of the resulting 

luminance calculations. In the application of the Vermeulen model, the small deviations 

in the reflection were lost in the model development, overshadowed by the magnitude of 

the other data in the calculation. Similar to this, the White model stated a 400% 

deviation for high values of y and (}. The value to the user of any analytical model is the 

accuracy of the results. If a model is able to be developed for the reflection properties of 

pavement, careful consideration must be given to the final results. Although an 

empirical system is by nature cumbersome, the accuracy of the result is not sacrificed to 

fit a generalized form of equation. 

7.6 Conclusions 

The results of the reflection experiment show a close relationship in the data to 

Lambertian reflection. A specular component is also very evident. The models used to 

describe the reflection of light from a surface, the facet model developed by Vermuelen 

and a physical optics models described by Beckmann and Spizzichino, both use 

mathematical methods to seperately describe the specular and diffuse components. 

Although the model development and application show very promising results, a 

complete model was not ahle to be developed. More complete knowledge of the 

pavement sample is required. Similarly, other experimental methods can be considered 

to more fully develop the specular and diffuse nature of the pavement reflection. The 
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nature of the macro and the micro roughness of the sample also needs to be more fully 

developed and implemented in the models. 

Although an analytical model is used more easily than an empirical model, particular 

care must be taken in the use of any model developed. The sacrifices in the accuracy of 

the model will be great at low reflection values, which might prove too great in terms of 

the calculations being performed. 
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8. Target Visibility 

The influence of the pavement reflection on target visibility is calculated by a computer 

program which includes the intensity of the light from the street lighting luminaires, the 

pavement reflection characteristics of the roadway and the geometry of the lighting 

installation. 

The use of such a calculation program has been questioned. The methods used for 

defining the quality of a lighting design have become increasingly complex as time and 

research have progressed. The original quality criterion of illuminance was calculated by 

• hand; computer systems were later used to ease the process. With the introduction of the 

luminance criteria, the calculations became much more complex, requiring computer 

systems for calculation. The target luminance and the visibility level calculations have 

added an even greater reliance on computer programs and calculations. As the 

complexity of the calculation systems has increased, the physical verification of the 

calculation results has also become increasingly more difficult, if not impossible. 

Janoff [ 1993] presented a comparison of measured luminance and target luminance 

results to calculated results for the same lighting installation and found little relationship 

between these values. The best luminance correlation found by Janoff was 7% for the 

pavement luminance and 11 % for the target luminance. Janoff also found several 

locations in which the measured contrast was actually inverse to the calculated contrast. 

This means that the calculation results showed that the target was brighter than the 
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surface, but the measurements showed the target was actually darker than the surface or 

vice versa. As the visibility level is based on both the background and the target 

luminance, the composite error is much greater than the error in the individual luminance 

calculations. These results have also been one of the barriers to the acceptance of the 

revised RP-8. Several investigations have been undertaken to further verify the 

calculation results and explain the deviation. Most of these have been performed by the 

Visibility Task Force (VTF) of the Roadway Lighting Committee of the IESNA. The 

research undertaken on the reflection properties of pavement surfaces is also based on 

this requirement for clarification. 

In order to fulfill this requirement of the research, a computer program to implement the 

target luminance with pavement reflection and the visibility level was written based on 

the calculation method prescribed by IESNA RP-8 [1997]. This program was used to 

attempt to verify the measurements of the VTF. 

8.1 Visibility Computer Program 

The original program for calculating the luminance of pavement surfaces for street 

lighting design was written in the late l 960's at the Technical University of Karlsruhe 

(Adrian and Enzmann [1971 ]). This program was originally coded on computer cards 

and took several hours to perform a design calculation. This program, written in Fortran, 

was published as part of the CIE Guide 30.2 [ 1982] and was given the name LUCIE, 

which stands for Background Luminance (Lu) according to the CIE. The IESNA 
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absorbed this program for the 1983 revision of RP-8 when the pavement luminance was 

implemented in North America. 

For the evaluation of the impact of the pavement reflection on the target visibility in this 

research~ the program was rewritten in C++ for this investigation. It was expanded to 

include the target luminance calculation from both indirect and direct sources and the 

target visibility level calculations. Other calculations such as visual performance, visual 

acuity, and discomfort glare were also added to the mathematics of the calculation for 

future reference but are not used in this research. 

The algorithm used for the calculation is shown in Figure 90. 
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The algorithm begins by requesting the lighting installation parameters. The required 

design parameters are a calculation grid and a luminaire location grid. The calculation 

grid is chosen by the lighting designer to cover both the area of the roadway and the area 

just outside of the ro~dway. The IESNA RP-8 [ 1997] specifies criteria which the chosen 

calculation grid must meet. The grid of luminaire locations is recorded in the program. 

For each luminaire, the location of the luminaire with respect to the roadway, and the 

mounting characteristics of height, tilt, rotation and north/south orientation are recorded. 

For each luminaire, an intensity distribution table, which was previously described, is 

assigned based on the manufacturer and model of the luminaire. Finally, the observation 

point for the calculation is chosen, which is the point that represents the driver's eye 

location. 

After the design information is placed in the system, the calculation begins. The 

pavement luminance and the illuminance resulting from each luminaire for each point is 

calculated. 

Next, a target is mathematically placed at each point on the grid and the background 

luminance of each target is calculated. The background luminance for a target is defined 

as the average of the pavement luminance at the pavement point viewed just over the top 

of the target and at the bottom of the target. The shadowing caused by the target is not 

considered in the background luminance calculation. 
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The calculation of the direct target illuminance according to the Equation 12 is then 

performed. The indirect target luminance is also calculated. A discussion of the method 

used for this calculation follows. 

For each of the calculated results. the parameters are calculated for an individual 

luminaire. The result for each target is the sum of the contribution from each luminaire. 

Using the Adrian model, the target contrast and the contrast threshold for each target is 

calculated. Finally, the visibility level is calculated for each target. The summary 

calculations of uniformity, average luminance and weighted visibility level are also then 

calculated. 

The program was developed to investigate the influence of the pavement reflection on 

the target. Although it does calculate the required roadway lighting installation criteria. 

it does not consider curved or inclined roadways. Algorithms for these calculations exist 

but are beyond the scope of interest in this research. 

The operation of the program with respect to the mathematics of the equations was 

verified by hand calculations for a sample installation. 

There are several things which differ significantly in this program from the calculation 

method prescribed by the IESN A. The program developed here is a fixed observer 

system. This means that the observation point is a fixed position and the angular target 
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size used in the visibility calculation is calculated based on the distance from the 

observer to the target and the height of the target. Similarly, the background luminance 

for each target is calculated based on a fixed observation point which means that the 

background luminance might actually be off of the roadway. For situations where the 

background is off of the roadway, the system considers the reflecting surface to still be 

the pavement. The IESNA method uses a moving observer. The angular target size is 

fixed at 10' which is a 20 cm target at 83 metres distance. Similarly, the background 

luminance is calculated for points immediately behind the observer straight down the 

roadway. The IESNA method has been described as the ''Cyclopean eye'' method where 

the observer is infinitely wide and infinitely long. There is debate on which method is 

better. The method used in this research is more closely related to the European method 

and gives a fixed impression of the visibility in the roadway. The IESNA method 

assumes a fixed geometry of the observer to the roadway and tries to use a moving 

observer to represent the moving automobile. 

The other significant difference in this program is that all of the pavement reflection 

values are based on the actual observer position and geometry to the roadway. Points 

between the angles available in the reflection are interpolated. The IESNA system uses a 

fixed observation angle of 1 ° and does not interpolate the pavement reflection. 

8.2 Target Luminance Calculation 

As discussed, the target luminance is composed of direct and indirect calculations. The 
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total target luminance is the sum of contributions from each luminaire. Similarly, the 

indirect component of the target luminance, which is the main addition made to this 

version of the calculation program, is based on a sum of contributions from each 

luminaire reflected from small areas of pavement areas in front of the target. These small 

areas are then summed to comprise a full integration area for the reflected light. 

In order to establish the nature of the indirect portion of the target luminance, a 

calculation was performed using a sample lighting installation. The lighting installation 

was based on the Seventh Street sample roadway in Philadelphi~ PA. The luminaire 

used in this calculation was a General Electric standard cobrahead luminaire. For this 

sample calculation, this luminaire was designed to be equipped with a 400 Watt Metal 

Halide lamp rated by Philips at 22000 lumens. The intensity distribution curve for this 

luminaire is file GE7320.ies. The luminaire is classified by the IESNA as a Type II 

luminaire. This means that the luminaire is designed to project light from the side of the 

road for long distances along the roadway in a fairly narrow beam spread. Five targets 

were calculated for the installation. The installation and target layout are shown in Figure 

91. 
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10-(0,-135) 

T•1 = (5.60) 
T-2= (5.80) 
T-3 = (5.100} 
T-4 = (5. 130) 
T·5 = (5. 160} 

Mounting Height = 10 metres 

Road Class = R2 Oo=.07 

Figure 91 - Sample Installation Used for Establishing the Contribution of Reflected 
Light to Target Illuminance 

The observer in this calculation is located at (5,0) and is 1.5 metres tall. 

For this installation, the results of the target luminance and the indirect and direct 

components are shown in Table 28. 

184 



Table 28 - Target Luminance Results for Sample Calculation 

Tar~et Indirect Direct Total 
1 1.96 0.35 2.31 
2 3.16 19.76 22.92 
3 4.49 6.04 10.53 

4 2.18 0.31 2.49 
5 5.16 11.66 17.42 

The development of the calculation method for the indirect portion follows. 

8.2.1 Pavement Area Contributions 

In the calculation of the target luminance, the contribution of the pavement reflection is 

based on the sum of the reflection from a number of pavement areas in front of the 

target. These pavement areas are chosen based on the target size. An example of this 

grid is shown in Figure 92. The size of the integration area and the size of each reflecting 

surface can be scaled by some factor, X, of the target size. 
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Target 

Pavement Areas 

Grid Size = X • Target Width 
Figure 92 - Sample Indirect Calculation Grid 

The size and nature of this grid was one of the aspects of the calculation algorithm which 

was investigated using this calculation program. Obviously, the larger the calculation 

area and the smaller the pavement area. the greater the accuracy of the integration of the 

reflection from the surface. Two things must be considered when establishing the limits 

of the reflection integration. They are the shape and the size of the integration area. 

The basic shape of the integration area was established as a square in front of the target. 

Based on this. calculations were performed using the sample lighting installation to 
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establish the contribution of every reflecting area in the integration field to the 

illuminance of each target. These contributions are shown in Figure 93. 

Total 

04 

0.3 

Figure 93 - Total Indirect Contribution to Target II.luminance in Iux 

In Figure 93, the target would be located at the origin, (0,0), of the field. The dimensions 

X and Y represent the distance from and to the sides of the target. The vertical axis in the 

graph is the contributed illuminance on the target in lux. From the diagram, it is evident 

that the total contributing area is relatively small. The goal of the choice of integration 

grid is to have every square contributing in some way to the total reflection. In order to 

fully establish this contribution, the effect from each of the luminaires in the calculation 

was also considered. Figures 94 and 95 show the contribution from Luminaire 4 and 

Luminaire 10 to Target 1. 
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0.03 

Luminaire 4 0.02 

001 
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Figure 94 - Indirect Contribution of Luminaire 4 to Target l Illuminance 
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0.0002 

0.0001 
Luminaire 10 

Figure 95 - Indirect Contribution of Luminaire 10 to Target 1 Illuminance 

The contribution from Luminaire l O shows that the entire field takes part in the reflected 

illuminance. Based on these contribution results, it was decided that a square integration 

area would be used for all the calculations. The grid chosen was 20 squares deep by 20 

squares wide. 

8.2.2 Pavement Area Size 

To establish the required size of reflecting are~ calculations were performed with a 

calculation grid which was scaled by several different multiples of the target size. The 

same sample installation was used for this evaluation. The multiples were made on each 

dimension of the square, which means that doubling the multiple would double the linear 
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dimension of each side of the square and quadruple the reflecting area. The direct 

component of the target illuminance remained unchanged in this calculation, but the 

indirect component of the target illuminance increased with an increase in the size of the 

reflecting components. The results are shown in Figure 96. 
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Figure 96 - Indirect Target lliuminance versus Size of Reflection Integration Area 

The target illuminance reaches a maximum. Using this maximum, the percentage of the 

target illuminance achieved by each grid size multiple was determined. These results are 

190 



shown in Figure 97. 
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Figure 97 - Percent of Maximum Target Illuminance versus Size of Reflection 
Integration Area 

To achieve at least 90% of the maximum target illuminance. a grid multiple of three was 

chosen as the required value. Using this value of multiplier. the integration area was 

established. A further verification of this value was performed by calculating the 

indirect target illuminance with the same overall size of integration area composed of 

many more, smaller reflecting areas. These results for a calculation with the grid size 
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multiple of one, are shown in Table 29. 

Table 29 - Comparison of Indirect Contribution of Large to Small Reflection Areas 

Target Large Small 

1 1.96 1.96 

2 3.16 3.19 

3 4.49 4.71 

4 2.18 2.27 

5 5.76 5.88 

These results show that the indirect target illuminance is generally the same for the two 

target calculation methods. The difference lies in the number of operations which are 

required. For the grid multiple of three, 400 integration areas were calculated, while 

with the grid multiple of one, 1806 pavement areas were considered. Obviously, the 

fewer number of calculations is most desirable in this evaluation. 

For all calculations made, the reflection integration area was 20 by 20 squares with a grid 

multiple of three or an area of nine times the target size. 

8.2.3 Luminaire Contributions 

The contribution of each luminaire to the indirect target illuminance was used to define 

the number of luminaires to include in the calculation. Using the sample installation, the 

contribution of each luminaire was calculated based on the distance from each luminaire 

to the target. The calculation was also performed for different luminaire spacing to 

mounting height ratios. These results are shown in Figure 98 and include all five targets 
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in the sample installation. 
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Figure 98 - Contribution of Each Luminaire to Indirect Target Illuminance versus 
Multiple of Mounting Height Distance from Target for Three Spacing to Mounting 
Height Ratios 

These results show that only the luminaires closest to the target have a significant 

contribution to the target reflection. The results also show that the influence of 

luminaires beyond ten mounting heights distance from the target are not contributing to 
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the indirect target illuminance. This means that only a few of the luminaires in the design 

need to be calculated for the determination of the indirect target illuminance. The other 

significant aspect of this calculation is the contribution of the luminaires which are 

beyond the target. These are shown in Figure 98 with negative distance to the target. 

8.3 Comparison to Measured Results 

As mentioned, experiments have been carried out in which the illuminance and the 

luminance of the pavement and targets have been measured and compared to the 

calculated results, particularly by the IESNA VTF. These experiments were generally 

undertaken on test roadways in several different countries. These test sites were and still 

are used by luminaire manufacturers and lighting designers to both test new designs and 

determine the relationships between the design quality criteria, whether it is luminance 

or visibility level, and actual driver performance. Since the inception of the visibility 

level as the quality criterion, these road sections have been used to both measure the 

target luminance and to estimate the contribution of the pavement reflection on the 

calculated results. 

Three basic experiments in this field have been performed: the first in Philadelphia, PA, 

the second in Hendersonville. NC, and the third in Scottsdale, AZ. In order to fully 

evaluate the functionality of the calculation program and the pavement reflection results 

developed in this research, the results of the calculations and the measurements will be 

compared. 
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8.3.1 Philadelphia, Pennsylvania 

This first experiment was performed by the VTF of the IESNA Roadway Lighting 

Committee. This experiment and the Hendersonville, NC experiment, are documented in 

Keck[l992]. This experiment was an extension of the work performed by Janoff (1991]. 

As mentioned, the roadway used in Philadelphia is a section of Seventh Street which has 

been designed with individual control of the luminaires. This section of roadway has 

been used for several years in experimentation with drivers and driver visibility. Janoff's 

work was an experiment to relate visibility of targets and visual performance. He 

highlighted several problems by obtaining consistent photometry results of the pavement 

and the target luminance. Based on the Janoff results, the VTF began the task of 

identifying the cause of the photometry changes and comparing these results to 

calculated results. 

The pavement section for this experiment is 300 metres long. The roadway is 20 metres 

wide and has a double-sided opposite luminaire installation. There are ten luminaires in 

the roadway stretch with five on each side of the roadway spaced seventy metres apart. 

The mounting height is ten metres with a 2.5 metre overhang. Targets for the 

measurement experiment were placed just before and just after the fourth luminaire. 

This layout is shown in Figure 99. 
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TP-1 = (3,55) 
TP-2 = (3,79) 

Mounting Height = 1 0 metres 

Road Class= R2 Oo=.07 

Figure 99 - Design Layout for the Philadelphia Seventh Street Installation 

There are several difficulties with the documentation of this experiment. The most 

significant is that the mounting height, lamp type and the luminaire type were not 

measured or described. It is known that the lum.inaires were General Electric but the 

model was not specified. For these calculations, the GE7320.ies distribution was used at 

a mounting height of ten metres. 

In the calculations for this experiment, the luminaire intensity was scaled by a factor 

determined from a comparison of the average illuminances on the pavement. The 

average illuminance from the measured and the calculated results were set to be equal by 

adjusting the intensity of the lamp used in the calculation. The comparison of the 

calculated versus measured results are shown in Table 30. 
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Table 30 - Comparison of Measured lliuminance to Scaled Calculated lliuminance for 
Philadelphia Experiment 

y X Measured Calculated %Difference 
387 9 7.4 11.36 -53.51 
387 63 8.0 15.09 -88.62 
340 33 5.4 7.27 -34.6~ 
340 39 5.1 7.33 -43.72 
324 33 6.0 6.11 -1.8~ 
324 39 5.8 6.16 -6.2( 
277 9 5.6 9.64 -72.1-4 
277 63 8.1 12.84 -58.5: 
165 9 8.2 9.84 -20.0C 
165 63 5.6 13.05 -133.C 
119 33 6.0 5.53 7.8: 
119 39 5.7 5.62 1.4( 

103 33 6.3 5.33 15.3~ 
103 39 5.9 5.43 7.9( 

56 9 7.7 9.72 -26.2~ 
56 63 6.3 12.91 -104.9~ 
-55 9 10.2 13.3 -30.39 
-55 63 9.3 13.11 -40.9( 
-102 33 9.8 4.70 52.°' 
-102 39 9.8 4.75 51.S~ 
-118 33 10.2 3.26 68.0: 
-118 39 9.9 3.32 66.4(: 

-165 9 11.2 7.35 34.3~ 
-165 63 8.2 10.00 -21.9~ 
-289 9 9.9 9.86 0.4( 

-289 63 16.8 13.06 22.2f 
-336 33 10.2 6.69 34.41 

-336 39 11.4 6.81 40.2( 

-352 33 11.l 7.92 28.64 
-352 39 11.5 8.05 30.0C 
-399 9 17.4 12.62 27.4? 
-399 63 14.8 16.86 -13.9: 

I 
Average! 8.91 

Std Dev: 
8.91 

48:4: 
-8 1~ 
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The average of the measured and calculated illuminance were set to be equal, accounting 

for the intensity of the lamp. The average deviation of measured to calculated across the 

calculation grid is -8.19% with a standard deviation of 48.5%. The VTF does not specify 

an average deviation but found a standard deviation of 38 % . The higher error in these 

results is due to the different intensity distribution file used for the calculation. It would 

be expected that if the correct intensity table, lamp and mounting height were used, the 

illuminance would have a lower deviation. 

The next step of the experiment was to measure the pavement luminance at three 

distances: 22.5, 82.5 and 232.5 metres. The measurements were made in reference to a 

target with the photometer aimed just over the top of the target and with the photometer 

aimed just below the base of the target. The calculated and measured results from the 

program are shown in Table 31. 
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Table 31 - Comparison of Measured Pavement Luminance to Calculated Pavement 
Luminance for Philadelphia Experiment 

Dist TarJ;tet Position Measured Calculated %Diff 
22.5 1 In Front 0.89 7.08 696.( 

82.5 1 In Front 1.23 5.43 341.~ 

232.5 1 In Front 2.91 4.68 60.8, 

22.5 1 Over Too 0.75 7.40 887.3 
82.5 l OverToo 2.91 4.05 39.li 

232.5 I Over Too 1.67 1.69 1.52( 

22.5 2 In Front 1.99 3.62 82.0C 

82.5 2 In Front 2.75 2.50 9.07( 

232.5 2 In Front 3.15 2.12 32.72 

22.5 2 OverTop 2.47 3.09 24.9~ 

82.5 2 OverTop 1.27 1.86 46.73 

232.5 2 Over Too 2.5 5.08 103.4 

The table shows that the measured luminance results vary with distance. The luminance 

is measured in candela per metre squared and does not vary with distance as the candela 

is measured in terms of solid angle which is constant over distance. Two things 

contribute to the variation in the measurement. The first is the projection of the solid 

angle on the pavement surface which does vary with distance. The second is the aim of 

the photometer. A photometer has two aspects which are critical for use; the first is the 

acceptance angle and the second is the aim point. The acceptance angle of a photometer 

determines the solid angle over which the luminance measurement is averaged. The aim 

point is the centre of the acceptance angle. which is used to point the photometer at the 

object of interest. Since the measurements of pavement luminance are made at a 1 ° 

down observation angle. this means that the solid angle of acceptance of the luminaire is 

actually an ellipse on the pavement surface. At the 232.5 metre measuring distance. the 
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ellipse projected on the pavement surface is 25 metres in length where the ellipse at the 

22.5 metre distance is .3 metres in length. This means that the photometer is averaging 

over a much larger pavement area for one distance than the other. Similarly, when the 

photometer is aimed over the top of the target at 232.5 metres. the centre point of the 

ellipse is in a much different position than at the shorter distances. This means that the 

measured results have some difficulties in them. The use of the photometer. the 

environment and the size of the acceptance angle for any measurement experiment must 

be carefully controlled in order for these measurements to be performed effectively. 

There seems to be very little relationship of the calculated results to the measured results. 

The percentage difference between the measured and the calculated results are also 

shown in Table 32. These differences are great and are likely due to the difference in the 

luminaire distribution and the actual installed luminaire. 

The final portion of this experiment was the evaluation of target luminance. For this 

experiment. the target luminance was measured at the two target positions with five 

different reflectances. The calculated results compared to the measured results are shown 

in Table 32. 
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Table 32 - Comparison of Measured Target Luminance to Calculated Target Luminance 

Dist Target Reflectivitv Measured Calculated % Diff. % Reduc. 
82.5 1 0.05 0.38 0.084 77.8 88.~ 
82.5 1 0.20 0.97 0.336 65.3 71.: 
82.5 1 0.30 1.37 0.505 63.1 59.i 
82.5 1 0.50 2.3 0.841 63.4 32.3: 
82.5 1 0.80 3.4 1.346 60.4 o.oc 
82.5 2 0.05 0.15 0.889 -492.9 62.: 
82.5 2 0.20 0.21 3.557 -1594 47.5 
82.5 2 0.30 0.27 5.336 -1876 32.S 

82.5 2 0.50 0.4 8.894 -2123 O.OC 

R'2 '°' ? 0 RO 0 Lt 14 71 - ~Lt "7 OOf 

In this table, the results again show little relationship between the measured data and the 

calculated data. The table provides the percentage difference between the measured and 

the calculated results. For target number 1, the percent difference is relatively stable for 

all of the reflectances of the target. This implies that although the absolute value of the 

calculated results is very different than the measured, the relative relationship of the data 

points is the same. For Target 2, the percent difference is not the same. This is the result 

of anomalies in the measurement of the target. The percentage reduction of the target 

luminance from the 80% reflectance levels to the 5% is also given in the table. The 

luminance of the target should be proportional to the reflectance of the target. This is not 

the case for Target 2. This implies either an error in the measurement of the target itself 

or in the measurement of the target reflectivity. 
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8.3.2 Hendersonville, North Carolina 

This experiment, documented in Keck[ 1992], was an extension of the VTF Philadelphia 

experiment and established the impact of reflected light on the target luminance by 

evaluating both the reflected portion of the illuminance and the direct portion. To 

separate the reflected and direct portion of the target luminance, a piece of velvet was 

used to limit reflected pavement illuminance and a shadow caster was used to limit direct 

illuminance. 

In this experiment, the luminaires were carefully photometered and installed, and the 

target reflection was carefully characterized. The test set up for this experiment is shown 

in Figure 100. Like the Philadelphia experiment, the details of the installation were 

poorly documented. The luminaire height, the lamp, target reflectance and the pavement 

type were chosen as a "best guess". Again, the GE7320.ies luminaire intensity 

distribution file was used. 
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#3 

(14.6,61) 

#4 

(14.6,0) 

(0,0) 

#2 

Mounting Height = 1 O metres 

Target Positions 
Target A= (5.5,27.4) 
Target B = (9.1,9.1) 

Observer Positions 
QA= (5.5,0) 
08= (9.1,0) 

Figure 100 - Lighting Layout of Hendersonville Experiment 

To study the influence of reflected light on the target luminance. several measurements 

were made each with only a single luminaire lit at a time. The target luminance was then 

measured. Then a shadow caster which blocked direct light from the luminaire onto the 

target was set up and the target luminance measured again. This establishd the direct 

portion of the target luminance. Next. a piece of velvet was placed on the pavement to 

block reflected light with the shadow caster in place. The velvet was moved to various 

locations in front of the target and the target luminance was measured at each location, 

thus evaluating the influence of the various pavement sections on the target luminance. 
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The section positions are shown in Figure l O 1. This process was performed for two 

different target points each with a different observation point. Calculations were 

performed for each of these configurations. The results of the measured and the 

calculated results are shown in Table 33. 

Figure 101 - Reflection Grid Layout for Hendersonville Experiment 
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Table 33 - Comparison of Calculated Results to Measured for Hendersonville 
Experiment 

Luminaire Shadow Velvet Target Measured Calculated %of %of 
Total- Total -
meas calc 

1 n n 1 6.85 1.646 

1 y n 1 0.28 0.162 
1 y 2 1 0.13 0.093 46.4 57.2 

1 y 5 l 0.28 0.151 100 92.9 
1 y 4 1 0.28 0.153 100 94.3 

1 y 8 1 0.28 0.158 100 97.3 

l y 7 l 0.28 0.158 100 97.4 

2 n n 1 0.23 0.0114 

2 n 2 1 0.19 0.0029 82.6 25.9 

2 n 5 1 0.22 0.0108 95.7 95.1 

2 n 1 l 0.21 0.0108 91.3 95.1 

2 n 4 1 0.23 0.0111 100 96.9 

2 n 8 1 0.21 0.0113 91.3 98.9 

2 n 6 l 0.22 0.0112 95.7 97.9 

3 n n I 0.25 0.0152 

3 n 2 1 0.17 0.0039 68.0 26.2 

3 n 5 1 0.25 0.0145 100 95.l 

3 n 8 1 0.26 0.0151 104 98.9 

3 n 6 1 0.25 0.0148 100 97.0 

4 n n I 5.22 l.767 

4 V n l 2.45 0.1599 

4 y 2 1 1.21 0.0911 49.4 56.9 

4 y 5 I 2.27 0.1502 92.7 93.9 

4 y 8 1 2.31 0.1571 94.3 98.2 

4 y 6 1 2.31 0.1523 94.3 95.1 

4 y 9 l 2.31 0.1569 94.3 98.1 

1 n n 2 15.01 1.869 
l y n 2 1.45 0.1454 

l y 2 2 0.52 0.0584 35.8 40.2 

1 V 5 2 1.45 0.1382 100 95.1 

l y 7 2 1.48 0.1438 102 99.3 

l V 8 2 1.49 0.1437 103 98.8 
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The comparison results show again very little similarity in the absolute values of the 

target luminance. The aspect of interest here was the relative contribution of the 

pavement areas to the target luminance. For each of the targets and the velvet 

combinations, the percentage of the total indirect target luminance was calculated. When 

comparing the nature of the percent reduction, the calculated and the measured results 

both show a very similar nature. These results, although not comparing absolutely, verify 

the contribution of the reflected pavement to the target luminance. 

8.3.3 Scottsdale, Arizona 

The third exp~riment of this nature was an evaluation of measurement differences 

presented in Lewin [1993]. In this experiment, 36 rows of target were placed along a 

roadway, one row every 3 metres. Four targets were placed in each row accross the 

roadway with 2 metre betwwn each target. The luminaires in this installation were 120 

metres apart. The first row of targets began immediately behind the first row of 

luminaires and the last row finished just in front of the last set of luminaires. This 

arrangement is shown in Figure l 02. The lamps were identified as Cobrahead luminaires 

with a 250 Watt Metal Halide source. The exact make and model of the lamps was not 

given, so the GE7320.ies luminaire file was used. 
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120 Metres -------• 

D xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

A xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

1 ~ 

Measurement Locations Spaced 3 Metres Along Roadway 
2 Metres Spacing Across Roadway 

Figure 102 - Roadway Layout for Scottsdale Experiment 

10 Metres l> 

Observer 

The direct and the total target luminance was evaluated in the same way as the 

Hendersonville experiment. A piece of black velvet was placed in front of the target and 

then another target luminance measurement was made. Calculations using the program 

were also made in this configuration. The ratio of the direct to the total luminance for the 

measurement and the calculation are shown in Table 34. 

207 



Table 34 - Comparison of Measured to Calculated Results for Scottsdale Experiment 

Ratio 
Tar~et Measured Calculated 

Al 1.69 34.IE 
Bl 2.69 48.6~ 
Cl 3.55 60.6~ 
DI 3.01 55.33 

AlO 1.06 11.2~ 
BIO 1.13 l l.3~ 
CIO 1.15 10.64 
D10 1.12 9.61 
A20 l.00 2.3( 
B20 1.00 2.39 
C20 l.03 2.49 
D20 1.15 2.51 
A30 1.04 1.33 
B30 1.02 1.31 
C30 1.04 l.42 
D30 1.02 1.4f 
A35 1.11 1.19 
B35 1.09 LI~ 
C35 1.07 I.Ii 
D35 1.07 l.H 

For the target positions just ahead of the luminaire. Target row I. the indirect 

contribution is the greatest. This is the target position which has the least direct 

contribution from the luminaire in front of it and the greatest indirect contribution from 

the luminaire behind it. This is evident in the calculated parameters and the measured 

parameters. The lack of consistency in the absolute value of this ratio is again likely a 

result of the lack of knowledge about the specifics of the installation and the luminaire 

type. 
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8.3.4 Discussion 

The comparison of the measured and the calculated results is relatively poor, particularly 

in terms of the absolute values. The difficulty with all of these experiments is a lack of 

consistent documentation, unknown input factors to the calculation model. and unknown 

luminaire and lamp combinations. 

However, the general expectations of the addition of reflected light to the target 

luminance calculation are verified by the comparisons. This is particular! y evident in the 

Hendersonville experiment and the Scottsdale experiment. 

In order to fully verify the reflection data and the calculation program, a new set of 

measurement experiments must be undertaken in the field. These experiments must be 

carefully controlled and performed. The expectation of the results, however, must be 

carefully considered. Previous research by Janoff[ 1993] has shown that even in the best 

of pavement luminance experiments, the results have not yielded what would typically 

be acceptable comparisons of calculated to measured results. This is due to variations in 

the pavement, geometry and luminaires used in the installation. With the addition of 

further reflection influences and the target variation, the comparison of the measured to 

the calculated parameters will never be very precise. 

8.4 Impact on Visibility Level 

The impact of the addition of reflected light to the visibility level calculation was 
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established by calculating the visibility level on a series of sample installations first with 

and then without reflected light. The sample installations were comprised of opposite, 

staggered and single-sided luminaire arrangements. Opposite arrangements have two 

Ium.inaires located on either side of the road at the same point along the length of the 

roadway. A single-sided installation is one in which the luminaires are all located along 

one side of the roadway at a given spacing. A staggered installation refers to an 

arrangement where lamps are placed along the roadway on alternating sides of the street. 

The GE7320.ies luminaire intensity distribution file was used in this calculation. Eight 

luminaires were used in the calculation and spaced at either 71 metre spacing or 132 

metre spacing depending on the arrangement. The calculation grid used in this test was 

eight rows across the 22 metre roadway by 22 rows along the roadway. The calculation 

grid was located from 60 metres to 160 metres from the observer. 

The results of the visibility calculation are shown in Tables 35, 37 and 39 for the direct 

calculations, and Tables 36, 38 and 40 for the direct and indirect calculations. The 

impact of the reflected light on the individual measurements of target luminance, 

contrast and visibility level are also shown in Figures 103, 105 and 107. The impact of 

the reflected light on the target contrast and the visibility level is shown in Figures 104, 

106 and I 08 for the three arrangements calculated as the difference of the calculation 

with reflected light and the calculation without reflected light. It should be noted that 

these test arrangements are examples only and do not meet the criteria of !ESNA [ 1997] 

as high quality lighting designs. 
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Table 35 - Visibility Results for Single-Sided Arrangement without Indirect Target 
Luminance 

Visibilitv Distribution 
Grid DisL Across 
Long. 0 3.14 6.29 9.43 12.57 15.71 18.86 22 

160 2.19 3.12 0.77 0.79 1.08 0.81 0.51 0.27 
155.24 1.79 2.61 0.03 l.56 1.37 0.92 0.52 0.25 
150.48 0.29 0.86 1.49 l.45 1.1 0.7 0.3 0.11 
145.71 1.22 1.3 2.33 1.2 0.53 0.25 0.07 0.03 
140.95 1.34 2.13 2.02 0.75 0.04 0.11 0.03 0.01 
136.19 0.72 0.63 0.88 0.85 0.7 0.41 0.21 0.09 
131.43 2.88 4.97 3.79 2.44 1.48 0.86 0.37 0.16 
126.67 3.34 5.28 4.22 2.56 1.36 0.71 0.35 0.18 
121.9 4.66 6.83 5.63 3.01 1.28 0.64 0.31 0.16 

117.14 5.37 7.82 5.59 3.01 1.63 0.75 0.27 0.07 
112.38 5.95 8.53 6.29 3.46 1.86 0.88 0.28 0.03 
107.62 6.23 8.94 6.36 3.42 1.64 0.68 0.17 0.08 
102.86 6.34 8.69 5.44 2.54 1.01 0.07 0.29 0.34 

98.I 5.9 8.17 4.34 0.97 0.45 0.77 0.79 0.48 

93.33 3.32 5.16 0.76 1.49 2.23 l.61 0.94 0.5 
88.57 0.63 0.22 4.7 4.67 2.83 1.58 0.78 0.3 
83.81 3.61 4.47 6.03 3.53 1.61 0.76 0.22 0.04 
19.05 3.38 4.2 4.54 l.85 0.22 0.05 0.07 0.02 
74.29 0.8 0.35 0.04 0.91 1.06 0.46 0.15 0.07 
69.52 5.99 8.(6 7.2 4.79 2.73 1.56 0.83 0.47 
64.76 9.39 14.73 12.82 7.81 4.53 2.88 1.59 0.79 

60 12.36 18.03 14.72 9.18 5.21 2.97 1.58 0.84 
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Table 36 - Visibility Results for Single-Sided Arrangement with Indirect Target 
Luminance 

Visibility Distribution 
Grid DisL Across 

Long. 0 3.14 6.29 9.43 12.57 15.71 18.86 

[60 l.74 2.54 0.12 1.87 1.95 1.39 0.86 
155.24 1.23 l.91 1.13 2.61 2.13 1.4 0.8 
150.48 0.34 0.14 2.42 2.16 1.6 1.03 0.49 
145.71 1.87 2.14 3.14 1.77 0.88 0.47 0.21 
140.95 1.87 2.9 2.75 1.22 0.22 0.06 0.11 
136.19 0.3S 0.04 0.36 0.5 0.46 0.23 0.08 
131.43 2.55 4.42 3.3 2.1 [.25 0.68 0.25 
126.67 3.02 4.87 3.75 2.21 1.1 0.52 0.21 
I2U 4.34 6.4S S.22 2.62 0.99 0.42 0.15 

117.14 5.09 7.53 5.21 2.59 1.26 0.45 0.06 
112.31! 5.68 8.26 5.88 2.96 1.36 0.46 0.05 
107.62 S.9S 8.66 5.89 2.76 0.92 0.04 0.41 
102.8E S.9S 8.25 4.67 1.49 0.09 1.08 1.15 

98.1 5.21 7.34 2.97 o.91 2.39 2.26 l.77 
93.33 2.05 3.57 1.81 4.14 4.33 3.03 1.82 
88.5', 2.75 3.01 7.74 7.13 4.53 2.68 1.44 
83.81 5.6 7.09 8.43 s.22 2.71 1.48 0.66 
79.0S 5.07 6.49 6.66 3-23 1.07 0.48 0.27 
74.29 0.19 I.29 1.57 0.02 0.48 0.04 0.21 
69.52 5.14 6.84 6 3.93 2.12 1.1 0.52 
64.7E 8.56 13.66 11.76 6.95 3.91 2.39 1.23 

ftl 11.55 17.15 13.6 8.24 4.54 2.44 1.16 
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Table 37 - Visibility Results for Opposite Arrangement with Indirect Target Luminance 

Visibilitv Distribution 
Grid Dist. Across 
Long. 0 3.14 6.29 9.43 12.57 15.71 18.86 22 

160 2.53 4.2 5.75 6.48 6.15 4.73 3.1 1.55 
155.24 3.58 5.65 7.33 7.94 7.53 6.25 4.33 2.16 
150.48 4.13 6.15 7.03 6.64 6.87 6.63 4.87 2.54 
145.71 3.9 5.48 5.65 45 5.27 5.82 4.52 2.54 
140.95 2.72 4.02 3.37 2.19 2.84 4.73 3.43 1.71 
136.19 0.28 0.09 0.71 1.02 0.72 0.01 0.6 0.24 
131.43 2.83 4.77 4.12 3.62 3.89 4.43 3.29 1.47 

126.67 3.42 5.23 4.53 4 4.35 4.89 3.64 1.93 
121.9 4.72 6.78 5.85 4.66 5.58 6.42 5.25 2.74 

117.14 5.5 7.92 6.05 4.86 5.91 7.07 6.11 3.07 

112.38 6.18 8.73 6.87 5.65 6.81 8.1 6.68 3.29 

107.62 6.61 9.27 7.22 6.28 7.72 8.65 6.45 2.87 

102.86 6.9 9.3 6.92 6.01 7.57 8.94 5.75 2.04 

98.l 6.92 9.42 7.04 6.29 8 9.08 4.86 1.36 

93.33 5.52 8.19 6.17 5.87 6.94 7.96 3.56 0.92 

88.57 3.63 5.73 4.42 4.2 4.87 5.56 2.42 0.6 

83.81 2.07 3.36 2.35 2.05 2.48 3.36 1.42 0.35 
79.0S l.26 2.07 1.04 0.92 1.21 2.1 0.89 0.23 

74.29 0.81 1.23 0.48 0.38 0.59 l.26 0.54 0.1 

69.52 0.51 0.78 0.22 0.16 0.31 0.8 0.32 0.01 

64.76 0.27 0.46 0.06 0.08 0.09 0.48 0.14 0.14 

60 0.06 0.21 0.15 0.3 0.13 0.22 0.06 0.3 
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Table 38 - Visibility Results for Opposite Arrangement without Indirect Target 
Luminance 

Visibilitv Distribution 
Grid Dist. Across 

Long. 0 3.14 6.29 9.43 12.57 15.71 18.86 

160 1.47 2.48 3.61 4.18 3.93 2.85 l.8 
155.24 2.38 3.81 5.25 5.82 5.44 4.3 2.87 
150.48 3.08 4.68 5.54 5.27 5.44 5.13 3.64 
145.71 3.07 4.36 4.56 3.55 4.24 4.68 3.55 
140.95 2.09 3.13 2.53 l.49 2.06 3.79 2.69 
136.19 0.7 0.57 1.29 l.5 1.27 0.67 0.03 
131.43 3.19 5.33 4.63 4.04 4.35 5 3.78 
126.67 3.76 5.65 5.01 4.42 4.8 5.35 4.04 

121.9 5.03 7.14 6.26 5.08 5.98 6.8 5.59 
117 .14 5.74 8.18 6.41 5.26 6.27 7.37 6.37 
I 12.38 6.38 8.95 7.21 6.05 7.16 8.36 6.9 
107.62 6.77 9.43 7.49 6.61 7.98 8.84 6.62 
102.86 7.01 9.41 7.11 6.25 • 7.75 9.07 5.89 

98.l 7.02 9.51 7.16 6.43 8.12 9.17 4.99 

93.33 5.62 8.28 6.29 5.99 7.05 8.05 3.69 

88.57 3.76 5.84 4.56 4.34 5 5.67 2.56 

83.81 2.23 3.51 2.51 2.22 2.65 3.51 1.57 

79.05 1.43 2.26 1.22 1.1 1.39 2.28 1.05 

74.29 1.01 1.45 0.68 0.56 0.79 1.48 0.72 

69.52 0.75 l.05 0.45 0.38 0.54 1.07 0.54 
64.76 0.57 0.79 0.34 0.2 0.38 0.8 0.41 

60 0.45 0.64 0.28 0.15 0.3 0.64 0.31 
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Table 39 - Visibility Results for Staggered Arrangement with Indirect Target Luminance 

Visibilitv Distribution 
l1rid DisL Across 

Long. 0 3.14 6.29 9.43 12.57 15.71 18.86 ~ 

I6C 2.7S 1.43 0.1 1.2 2.91 3.85 l.73 0.3E 
155.24 4.57 2.69 0.51 1.38 3.22 4.12 1.68 OJ 
150.48 5.51 3.66 I.OS I 2.49 3.43 1.06 0.08 
145.71 5.38 3.83 1.5 0.19 1.29 2.01 0.56 0.01 
140.95 4.54 3.01 1.14 0.61 0.1 0.9 0.17 0.03 
136.19 0.04 0.25 0.03 0.04 0.19 0.6 0.14 0.02 
131.43 4.39 3.34 1.53 1.11 0.79 0.82 0.3 0.06 
126.6, 4.86 3.82 l.93 1.24 0.81 0.66 0.21 0.00 
121.9 6.5 5.29 2.68 1.61 0.88 0.52 0.13 0.04 

117.14 7.39 6.24 2.96 1.44 0.83 0.44 0.07 0.11 
112.38 8.31 6.86 3.21 1.33 0.69 0.28 0.08 0.27 
107.6~ 8.9 7.28 2.92 1.22 0.35 0.03 0.42 0.65 
102.8t 8.69 7.5 2.51 0.5 0.07 0.59 1.19 1.75 

98.l 8.89 7.31 1.97 0.04 0.63 1.77 3.37 4.83 

93.33 7.52 5.82 0.91 0.34 1.56 4.29 7.63 10.08 
88.5, 4.89 3.54 0.28 0.76 2.71 7.06 ll.15 13.43 

83.81 2.5 1.75 0.12 1.09 2.95 7.63 10.6 11.54 

79.0!i 1.41 1.03 0.66 1.76 2.45 4.97 8.18 8.48 

74.2~ l 0.74 0.4 0.93 0.19 0.88 2.3 4.11 

69.52 1.18 1.6 l.6S 2.41 3.74 6.69 5.4 4.83 
64.7f 1.62 2.71 3.97 5.28 6.62 10.26 13.27 10.34 

6C 1.64 2.97 4.27 6.3 8.12 14 15.56 12.o~ 
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Table 40 - Visibility Results for Staggered Arrangement without Indirect Target 
Luminance 

Visibilitv Distribution 
Grid Dist. Across 

Long. 0 3.14 6.29 9.43 12.57 15.71 18.86 

160 1.37 0.47 0.33 1.38 2.99 3.9 l.79 

155.24 2.93 1.49 0.06 1.57 3.3 4.17 1.74 

150.48 4.14 2.58 0.52 l.19 2.58 3.49 1.14 

145.71 4.29 2.94 l.02 0.41 1.43 2.1 0.64 

140.95 3.65 2.33 0.75 0.32 0.29 1.03 0.27 

136.19 0.59 0.27 0.28 0.22 0.4 0.76 0.25 

131.43 4.94 3.77 l.82 1.36 0.98 0.99 0.42 

126.67 5.29 4.17 2.21 1.48 1.01 0.82 0.33 
121.9 6.85 5.61 2.93 1.83 1.06 0.68 0.25 

117 .14 7.65 6.48 3.17 1.61 i 0.6 0.23 

112.38 8.52 7.05 3.4 1.5 0.87 0.49 0.16 

107.62 9.05 7.42 3.1 1.41 0.57 0.26 0.01 

102.8f 8.8 7.61 2.69 0.72 0.23 0.01 0.3 

98.1 8.98 7.42 2.17 0.3 0.08 0.6 1.39 

93.33 7.62 5.95 1.13 0.03 0.71 2.21 4.16 

88.57 5.03 3.71 0.51 0.34 1.66 4.55 7.39 

83.81 2.68 1.96 0.15 0.62 1.96 5.49 7.68 

79.05 l.62 1.28 0.21 1.09 1.47 3.31 5.77 

74.29 1.25 1.06 0.14 0.17 0.86 l.76 0.55 

69.52 1.48 2 2.16 3.01 4.41 7.42 6.77 

64.76 1.96 3.13 4.47 5.85 7.26 10.92 14.24 
6( 2.02 3.4 4.77 6.85 8.73 14.58 16.43 
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The addition of the reflected light to the target luminance did impact the results as 

expected. The reflected light increased positive contast, which means that dark targets 

on a bright background are less easily seen. For negative contrast targets, bright targets 

on a dark background, the addition of the reflected light allowed the target to be seen 

more easily. These results are seen in Figures 104, 106 and 108. This affect on contrast 

can explain why, when comparing measured to calculated results, for individual targets 

the contrast can be reversed. 

The impact of the addition of the reflected ponion on the overall weighted visibility level 

is shown in Table 41. 

Table 41 - Weighted Visibility Level Results for Different Luminaire Arrangements and 
Calculation Methods 

Wei2htedVL Reflection No Reflection 
StaR:11:ered 2.17 2.()( 
Oooosite 3.01 2.9i 
Sin2le Sided 1.95 1.8( 

Minimum Reflection No Reflection 
Sta22ered 0.01 0.01 - . 
II mTV"1iSJte 0.01 o.o: 
Sin2le Sided 0.00 0.01 

Maximum Reflection No Reflection 
Sta22ered 15.56 16.4~ 
iOooosite 9.42 9.51 
Single Sided 17.15 18.0~ 
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The results for the weighted average showed very little change in the weighted visibility 

level. The maximum and the minimum visibility levels were also included in the table. 

The maximum visibility level does show an effect with the addition of the reflected light. 

The addition of reflected light seems to be far more related to the specific position of the 

target in the design field than with the average visibility level of the roadway. The 

maximum and the minimum values of visibility level are related to a specific point on 

the road surface where the average is an overall impact of the lighting design. 

8.5 Conclusions 

A system has been developed for calculating the indirect illuminance of an object in the 

roadway. Based on this system, calculations were made which allowed the 

determination of the target visibility. 

The indirect target illuminance is calculated based on the sum of the light reflected from 

a series of pavement areas in front of the target. These areas, which comprise an 

integration area, are based on the size of the target. By calculating the target illuminance 

for different sizes and shapes of the reflection integration area, it was found that the 

maximum target illuminance was found with a square integration area, with 20 by 20 

calculation areas, each calculation area being nine times the area of the target. 

Using the system developed, calculated results were compared to experimental results. 

The absolute results were not comparable, but in many cases the relative results and the 
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expected results were the same. In order to fully verify the calculated results, a more 

carefully designed experiment must be conducted which uses precise geometry and 

carefully photometered luminaires and lamps. The expectation of such an experiment 

must be carefully considered. There are many factors which affect the measured results 

of a lighting installation. Large deviations between calculated and measured results will 

likely always be evident in these comparisons. 

The impact of the reflected light on the weighted average visibility level is relatively 

small while the impact of the reflected light from a pavement surface on individual 

points in the calculation grid is far greater. The addition of reflected light into the 

visibility level calculation, although having a small impact on the overall lighting design 

quality criterion, does represent the real world installation more closely and should 

continue to be used. 
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9. Conclusions 

This research into the influence of pavement reflection on target visibility has been 

carried out in four stages. The first established the reflection properties of pavements for 

angles greater than one degree. The second stage studied the surface roughness of the 

pavements and tried to relate these results to the reflection properties. The third 

considered an analytical model of the reflection data. The fourth studied the impact of 

the reflection data on the visibility level for roadway lighting design. 

The reflection profiles of 20 pavell}ent samples ranging from highly specular to diffuse 

was measured on a gonioreflectometer. As expected .. it was determined that the reflection 

profile was dependent on the angles of observation and incidence. It was also found that 

the reflection was dependent on the pavement type and the R-Class. The reflection 

results were correlated to the classification parameters for pavements which are currently 

used by the CIE. The older CIE system and the proposed CIE system were also 

considered but these systems added no new information to the reflection profile data. A 

new system based on the roughness of the sample was also examined and found to be 

consistent with the expected results. The most important aspect of the reflection profile 

was found to be the trend towards Lambertian reflection as the observation angle 

increased. 

The surface roughness of the same 20 pavement samples was established using a stylus 

system which allowed for the measurement of the surface at several points across the 
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sample. The correlation of the roughness to the reflection characteristics was carried out 

and no significant correlations were found. As expected, the roughness was correlated 

with the sample recipe. The roughness results were also compared with the CIE 

reflection parameter classifications and no significant relationship was found. 

Two methodologies were considered for analytically modeling the reflection data. Both 

systems showed correlation with the reflection data but a complete model was not able to 

be developed. A complete model requires further measurement of the pavement sample 

surface to more accurately define macro and micro roughness and to find the orientation 

of the aggregate in the surface. 

A calculation method for the indirect illuminance was detennined using iterative 

calculations maximizing the target illuminance. The calculation results were also 

compared to the results of investigations which have been carried out in actual lighting 

installations. The correlation of the absolute results of the calculations to the measured 

results was not very high but the comparison of the contributions of the reflected light 

was verified. Further experiments to verify these results are required. 

The impact of the reflected light on the visibility level was assessed through the 

calculation of the visibility level with and without reflected light. It was found that the 

impact of the reflected light on the total weighted visibility level was not very 

significant. However, the impact of the visibility level for individual points in the 
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calculation may be significant depending on the position of the target in the measurement 

field. 

The introduction of the visibility level in the current revision of the IESNA RP-8 has 

been delayed due to the inability of the calculated results to be verified in actual 

installations. The purpose of this research was to establish a system to account for one of 

the missing pieces in the calculation of the visibility level. This has been accomplished. 

A calculation system for the target visibility has been established and verified. Although 

the results do not explain wide variations in the visibility level, they do aid in explaining 

the differences found for specific points in the measurement field. Hopefully, the 

verification of the RP-8 can now continue and the visibility level can be introduced as 

the quality criterion for roadway lighting design. 
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Appendix A 

The visibility level is illustrated in the following set of figures. A line of targets has been 

placed in the roadway beside the vehicle. The visibility of the lighting design would be 

determined based on the visibility of all the targets placed on the road. This target 

arrangement and the visibility of the targets is shown in Figure l09. 

Figure 109 - Demonstration of the Visibility of Targets in the Roadway 

In Figure l 10, the automobile headlights are turned on. The targets beyond the vehicle 

are now invisible, and some of the targets in front of the vehicle appear to have reversed 
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constrast. 

Figure 110 - Visibility Level Demonstration with Glare 

In Figure 111. the high beam automobile headlights are turned on. All of the targets but 

one are now totally invisble in the field of view. Generally, the Visibility Level is 

calculated without the effect of approaching vehicles. For this demonstration purpose .. 

the added glare shows the impact of the contrast reversal of the target and the visibility 

of the targets. 
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Figure 111 - Visibility Level Demonstration with Vehicle High Beams 
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Appendix B 

The contrast threshold, Cth, is calculated by the Adrian[ 1989] model as follows: 

where dLu. is the threshold luminance difference of the object of concern and Ls is the 

luminance of the background of the object. La is a measured value where &th is a 

calculated value. dLu. is based on the combination of two laws of visual detection. 

These laws, Ricca's law and Weber's law, are combined as follows: 

where tX is the angular size of the object in minutes of arc and k is a scaling constant. k is 

used to define the probability of detection. For 50% probability of detection k = 1 and for 

99.9% probability of detection k=2.6. 

The parameters in this equation are determined according to the following equations: 
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L8 ~ 0.6 cdlm 2 

v'4> = log(4.1925·Li·15~+0.1684·Lb05867 

.fl = 0.05946-L:·466 

Lb::;;0.00418cd/m 2 

log{<i> = 0.028 +0.173·log(LJ 

log.fl == -0.891 +0.5275·log(L,,) +0.0227(log·Lb)2 

0.00418cd/m 2 <Lb< 0.6cdlm 1 

logf<i, = -0.072 +0.3372·1og(L,,) +0.0866(log·Lb)2 

log/L = 1.256 +0.319·log(LJ 

This model is valid for a two minute observation time. positive contrast and for a 23 year 

old observer only. 

To adjust for observation time the following factor is used: 

a(a.L,,) +t 
Observation Time Factor = OTF = ---­

l 

where 

a(a.L,,) 

where 

= Ja(a.)2 +a(l,,)2 

2.1 

a(a.) :; 0.36 -0.0972· (logo: + 0•523)2 

(logcx +0.523)2 -2.513·(loga: +0.523) +2.7895 

(logL +6)2 
a(L,,) = 0.36-0.0972· b 

(logLb +6)2 - l0.4·(logLb +6) +52.28 
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Similarly. to adjust for negative contrast the following factor is determined: 

For Positive Contrast 

ContrastPolarityFactor = CPF = l 

For Negative Contrast 

ContrastPolarityFactor = CPF = 1 

forL8 .<! .lcdlm 2 

IO --0.12S(L>-'Lb • 1 l-0.02.is 
m = 10-

forL 8 .<! .004cd/m 2 

m = 10-
IO ·O.CJ75<L,iLb • IJ1 ·O.O:US 

m·cx.-P 

2•4 ·AL,h(Positivtt Contrast) 

Finally, the age of observer is adjusted using the following equation: 

for 23 < Age < 64 

A F AF (Age - 19)2 +0_99 ge actor = = 
2160 

for Age> 64 

AF = (Age - 56.6)2 + l .43 
116.3 

The final model of the Threshold Luminance Difference is then: 
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flL = AF· CPF· OTF• t!.Lth(RiccoandW~bt!r's law) th 
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Appendix C 

The gonioreflectometer is shown in the photograph in Figure 112. 

Figure 112 - Photograph of Gonioreflectometer 
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