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n Total number of dimensions; total number of values 
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element in a given direction by the illuminance on the surface 
element 

r Correlation factor 
rL Reduced luminance coefficient; luminance coefficient of a surface 

element multiplied by the cube of the cosine of the angle of 
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𝑢𝑢𝑥𝑥𝑗𝑗𝑥𝑥 Actual standard uncertainty of the jth input quantity 
𝑢𝑢(𝑦𝑦) Combined standard uncertainty of the result of measurement 
U Expanded uncertainty of the result of measurement 
Ul Longitudinal uniformity (of road surface luminance of a 

carriageway); lowest of the longitudinal uniformities of the driving 
lanes of the carriageway 

U0 Overall uniformity (of road surface luminance, illuminance on a 
road area or hemispherical illuminance) ratio of the lowest to the 
average value 

UV Ultraviolet 
V(λ) CIE photopic spectral luminous efficiency function 
V(λ’) CIE scotopic spectral luminous efficiency function 
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1 Introduction 
Urban lighting is required to have a central role in the design of future smart cities.  
The term urban lighting refers to both, street and other lighting installations (e.g., 
recreational areas, infrastructure etc.). Substantial part of energy consumption in Europe 
originates from urban areas that produce notable emissions of greenhouse gasses. Over 
90 million lighting poles worldwide count for more than 50% of public energy consumption 
and about 60% of relative costs [1]. By 2050, nearly 70% of the world’s population will 
live in urban areas, creating challenges and opportunities for municipalities and industries, 
where digital technology will function as a catalyst for urban transformation towards 
more efficient and livable cities [2]. In future cities, street lighting will play an essential 
role in security and life quality. Modern lighting control systems are capable of adapting 
lighting conditions to suit the user, thus improving personal wellbeing and perceived 
quality of life [3]. Modern luminaires and control systems provide effective street lighting, 
which can reduce crime and traffic collisions, but also encourage socio-economic 
activities at night and improve the perception of personal safety and security [4]. 
Innovations in lighting, such as solid-state light emitting diodes (LED), promise energy 
savings of about one half and a notable reduction of maintenance costs [1]. 

Electricity consumed by lighting accounts for approximately 20% of world electricity 
consumption [5]. Therefrom, an estimated 5% is used by public lighting like street 
lighting, parking lots lighting, pedestrian area lighting, and park lighting [6]. Continual rise 
in electric energy price has put municipalities in a situation where they need to find 
possibilities for saving, also in street lighting. It is common that after peak hours  
some luminaires are switched off. This does indeed considerably reduce electric energy 
consumption, but it also creates inferior lighting solutions and significantly diminishes 
traffic safety in urban areas. Although it could be assumed that classical lighting 
technologies are now ready, the light efficiency of light sources, together with light 
quality indicators, has not yet reached its limits. It is especially important to increase the 
reliability of lighting systems and their efficiency through control systems. It has also 
become important to improve the quality of visible light in the nocturnal movement 
environment, taking into account human scotopic and mesopic vision, which is significantly 
different from daytime photopic vision [III]. Also, it is required to take into account the 
current revolutionary developments in solid-state lighting (SSL) and the introduction of 
new measuring devices for night vision. 

Over the last decade, significant energy savings have been achieved in road lighting 
by replacing an obsolete lighting system with a new LED system. In the long run, it is 
already understood that energy savings will not increase in the coming years. In the 
future, savings will be made on switching to LED luminaires. The number of lighting 
points in urban areas is often increasing and the infrastructure needs to be replaced.  
Additional savings are seen to be achieved through the development of smart lighting 
systems. In addition to intelligent management aimed at energy saving, the Smart Cities 
solution requires the goal of lighting quality, better visibility and thus the safety of the 
traffic environment. Future street lighting solutions must allow for improved control  
and management capabilities, as well as sophisticated measurement capabilities,  
the integration of different control systems and the use of large-scale information 
networks. Intelligent control systems are mostly applied to reduce energy consumption 
by controlling the level of lighting according to user needs, environmental conditions and 
system maintenance. However, new design paradigms and metrics addressing these new 
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objectives are needed to ensure the same or even better safety for road users, to improve 
the quality of the lighting environment, and therefore it is not only necessary to measure 
the energy part but also the lighting quality [7]. 

The most important lighting parameters on which designers in most European Union 
countries base their outdoor lighting planning are presented in the standards CEN/TR 
13201-1: 2014 and EN 13201 series [8]-[12]. These modern normative documents and 
measurement methodologies are based on photopic vision, which does not really 
appreciate the dominant mesopic environment in outdoor lighting. In recent years, 
measuring devices have been introduced to evaluate the mesopic photometry system 
[13], [14]. Modern road surface luminance measurement techniques based on ILMD 
(Image Luminance Measuring Device) photometry [15], [16] and measurement methods 
according to the standard EN 13201-4: 2015 have been applied to the measurement of 
road lighting [11]. These measuring devices allow us to evaluate the luminance and 
luminance distribution more efficiently and to offer safer solutions when implementing 
management systems in conflict areas. 

At present, the introduction of new lighting solutions in street lighting is of great 
interest as a research topic and with numerous experiments in the design of new lighting 
systems. So far, road weighted q-data (r-tables) that are more than 30 years old have 
been used in road calculation programs. It is important to assess the modern lighting 
solutions and the quality characteristics of the light generated for reflection of the light 
of the characteristic quantities of the hitherto used and improve the measurement 
methods to simplify the mobile measuring device that is used on different sizes of road 
pavements to assess operatively the reflected beam, and the diversity of their size, 
while reducing the intensity of the measurements and increasing the accuracy of the 
measurement. 

1.1 Motivation for this thesis 
About 40 years ago, The Commission Internationale de l’Eclairage (CIE) launched the 
concept of developing and evaluating the luminance of road lighting through a number 
of methods [17]. In 1984, the CIE adopted a technical report on the relationship between 
the photomeric properties (reflective properties) of pavements and their construction 
(composition and texture) [18]. The material was primarily intended as a guide for 
outdoor lighting designers and road builders. This defined the so-called R-classification. 
The standard reflection classes R1, R2, R3 and R4 assigned to dry pavements were 
described as reflection tables or r-tables containing reduced luminosity coefficients. 
Internationally, several years after the publication of the r-tables, several scientific 
articles reported that road pavements have changed or that the aggregates used in 
different countries are different. [6] 

In Estonia, from 1980 to 2004, there was some confusion in the design of street 
lighting due to the lack of a corresponding Estonian or European Union standard. Both 
USSR standards and international CIE standards were used. The CEN technical report 
CEN/TR 13201-1, translated by the Estonian Center for Standardization in 2004, provided 
a clearer basis for future guidelines for the design of outdoor lighting. 

The r-tables in the CIE technical report were based on pavement reflectance 
measurements made more than 50 years ago. For the most part, no control 
measurements were performed in Estonia, and the use of correct input data from light 
calculations was a free choice for lighting designers. In 2007, CIE established new 
reporterships R4-32: Reflection Properties of Road Surfaces and R4-24 Definition of an 
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Eye Sensitivity Function in the Mesopic Region to be Used for the Calculation of Road 
Lighting Levels [14]. 

The perceived need is an important paradigm shift in the field of outdoor lighting 
design. The normative documents on which road construction is based have become 
obsolete, changes have taken place in the materials of road pavements. During the last 
decade, a revolutionary development has taken place in the technological advancement 
of luminaires. In addition, significant developments have emerged in the lighting 
measurement and control technology. Lighting at night and in dim conditions 
significantly affects a person's vision in these environments, and taking this into account, 
the creation and evaluation of surrounding lighting environment has become an 
important priority. 

The Lighting Engineering Laboratory of the Department of Electrical Power 
Engineering and Mechatronics of Tallinn University of Technology, in cooperation with 
the largest local governments in Estonia, has promoted outdoor lighting research to 
create energy-efficient and safer environments. The vast majority of research focuses on 
the inspection of lighting installations using standard measurement techniques,  
the assessment and optimization of the energy efficiency of control systems, and 
topologies [19]-[21]. 

In the last decade, marked attention has been paid to update the values of luminance 
factors standardized for lighting simulation programs in the design and construction of 
road pavements and lighting installations. Constant innovations in the technologies of 
road surface and their lighting with modern lighting solutions have led to the assessment 
of values of light reflection from new points of view. Operational measurement of light 
reflection quantities from road pavement surfaces, such as luminance, luminance factor, 
reduced luminance factor, as well as light color temperature and color coordinates, allow 
for the development of more energy efficient and safer solutions. 

It is required to implement modern technical solutions and develop new 
measurement methods that would ensure the use of optimized measurement geometry 
with pre-standardized instructions for environmental conditions and lighting solutions. 
The aim is to ensure the reliability and mobility of measurement results by reducing the 
measurement intensity and enabling the measurement of different sizes of pavement 
reflections, eliminating the effects of instantaneous properties of road lighting 
installations, weather and ambient conditions and extraneous and disturbing light and 
increasing measurement accuracy. 

In summary, the following paradigm shift has been introduced in the design of outdoor 
lighting: 

• Changes in lighting technology, pavement materials and lighting measurement; 
• Changes in lighting quality aspects to create more energy-efficient and safer 

solutions; 
• Demand to implement of novel technical solutions and develop 

measurement methods that ensure the use of optimized measurement 
geometry with standardized guidelines for environmental conditions and 
lighting solutions. 
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1.2 Thesis objectives 
The main goal of this dissertation is to develop a metrological solution and methodology 
that allows us to evaluate human-specific lighting perceived in a dark environment,  
its better application in the design and management of road lighting installations. 
Existing measurement methodologies are addressed and new measurement technical 
solutions are proposed. The author set up a goal to offer a set of measurement tools for 
light quality aspects with a novel methodology for its implementation and evaluation of 
the uncertainty of measurement results. 

1.3 Hypotheses 
The main hypotheses of this dissertation are: 

• More precise determination of lighting measurement uncertainty components 
such that the upper limit of the uncertainty component will ensure increased 
reliability of the measurement results. 

• The developed new measurement method would reduce the measurement 
time and improve the measurement accuracy at least three times, minimize 
the effects of the ambient conditions and instantaneous properties. 

• The new measurement method proposed will minimize the proportion of 
uncertainty components, which could reduce the expanded uncertainty of 
the measurement results of the lighting technical quantities of the pavement 
surface. 

• The new measuring instrument designed will consider the effect of the 
spectral composition of the visual light and could improve the accuracy and 
time-saving of measurements. 

1.4 Research tasks 
The main research tasks of this dissertation are: 

• State of the art analysis of the relationships between the most important 
lighting parameters that affect scotopic and mesopic lighting in a traffic 
environment; mesopic photometry and measurement applications; existing 
lighting measurement applications and methodologies used to evaluate 
outdoor lighting;  

• Investigation of the difference between the results obtained when measuring 
the illuminance of outdoor lighting and developing a new simplified 
calculation methodology to assess the uncertainty of the results; 

• Research and development of uncertainty management methodology for 
lighting measurements;  

• Practical assessment of uncertainty using the developed management 
methodology- for lighting measurements; 

• Development of an innovative measuring instrument and measurement 
methodology for the values characterizing reflection of light from surfaces; 

• Validation of the developed measurement method and instrument. 
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1.5 Novelty 
The scientific and practical novelty of this dissertation is: 

1. Analysis and classification of current lighting measurement applications and 
measurement methodologies for outdoor lighting assessment; 

2. Development of a new calculation methodology for estimating the difference 
in measurement results and all components of measurement uncertainty of 
outdoor lighting measurement applications; 

3. Development of a new measurement application and creation of a 
measurement methodology; 

4. Creation of a prototype of a patented invention and application of a 
measurement methodology for more efficient analysis of the lighting 
properties of various lighting solutions and road surfaces; 

5. Introduction of a patented measuring instrument that would significantly 
reduce the volume of measurements for the evaluation of lighting 
parameters. 

1.6 Contribution and dissemination 
This research is recommended for outdoor lighting designers and road builders who can 
use the invented method and device for various modern road pavements illuminated by 
traditional gas discharge luminaires and modern LED luminaires to evaluate operationally 
changes in pavement wear and environmental changes. Thereby it is proposed to use 
safer and more efficient solutions, but also to create more energy-efficient and safer 
environmental conditions for the replacement and modernization of lighting solutions. 

The methodology developed by the thesis research and the measurement tool 
created for its implementation, which considers human scotopic and mesopic vision in 
dark and dim environments, can assess the values of pavement light reflection values 
with innovative control systems used in modern road lighting.  

The results of this dissertation have been presented at international scientific 
conferences and doctoral schools. The direct practical scientific results of this 
dissertation have been applied in the following international R&D projects: VIR19013 
“Lighting the Baltic Sea Region - Cities accelerate the deployment of sustainable and 
smart urban lighting solutions” and VFP19031 “FINEST TWINS: Establishment of Smart 
City Center of Excellence”. Additionally, the practical results of this study have been 
applied in the national research and development projects (LEEEE21065, LEEEE20099, 
LEP19093, etc) commissioned by the local municipalities or companies (i.e., Enefit 
Connect, Elektrilevi, Tallinn, etc.) by the accredited Lighting Laboratory of Tallinn 
University of Technology. 
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2 State of the art 

2.1 Growing role of street lighting 
Artificial lighting plays an indispensable role in everyday life today. The energy 
consumption of electric light sources accounts for about 20% of global electricity 
consumption, of which 5% is used in general lighting, such as street and car park lighting, 
pedestrian lighting and park lighting [6], [22]. The constant increase in electricity 
consumption has encouraged local governments to find ways to save on street lighting. 
Often some lights are switched off after peak hours, which allows significant reduction 
in electricity consumption. However, it also creates poorer lighting conditions and 
significantly impairs road safety in urban areas. Although it could be assumed that 
classical lighting technologies are now ready, the light efficiency of light sources, together 
with light quality indicators, has not yet reached its limits. The target is to increase the 
reliability of lighting systems and their efficiency through control systems as well as to 
improve the quality of visible light in the nocturnal movement environment, taking into 
account human scotopic and mesopic vision, which is significantly different from photopic 
or daytime vision. Also, the current revolutionary developments in semiconductor light 
(SSL) enable the introduction of new measuring devices for night vision. [23] 

Road and street lighting plays a very important role and its running costs are high, 
often accounting for around 30% to 50% of the city’s total energy consumption. As a 
result, there is a strong pressure on electricity supply and environmental protection. It is 
estimated that by 2050, 5 billion people, or about 60% of the world population, will live 
in cities, and according to the International Energy Agency, by 2030, demand for lighting 
alone will be 80% higher than in 2005. [24], [25] 

The potential for the energy efficiency improvement of outdoor lighting is substantial. 
The condition of the outdoor lighting network has improved in larger Estonian cities.  
In 2015, street lighting was renewed in seven major cities, during which more than  
12 000 luminaires were installed, including the replacement of cable lines and masts. 

Network reconstruction works are ongoing. Additional luminaires will also be installed 
on the pedestrian crossings under construction. Often, in addition to the renewal of 
carriageways, there are also light traffic roads, parking lots and park areas in the 
surrounding areas. However, high pressure sodium lamps (HPS), metal halide (MH) 
lamps, and low pressure sodium lamps are still used in most municipalities. For example, 
as of the beginning of 2021, up to 33% of the luminaires installed in Tallinn, the capital 
of Estonia, are modern LED luminaires. If five years ago, most installations with LED 
luminaires were pilot projects, now under new projects, LED luminaires have been 
applied. Strong emphasis is placed on the development of management systems. [6], [24] 

To reduce the energy consumption of lighting, the European Union has adopted the 
Ecodesign Directive for energy-related products (Directive 2009/125/EC) [26], which 
established a framework for setting of ecodesign requirements for energy-related 
products. The aim of the directive is to improve the environmental performance of 
products throughout their whole life cycle. The Directive does not set requirements for 
specific product categories, but defines the requirements for product authorization 
procedures in implementing measures. The requirements focus on the most important 
environmental aspects, such as the energy consumption of energy-using products [24]. 
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2.2 Photometry in the evaluation of street lighting  

2.2.1 Fundamentals of street lighting photometry  
The method for photometric characterization of pavements was developed in the 1970s 
and updated in 1982 and 2001 [27], [28]. 

The International Commission on Illumination (CIE) reports describe quantities used 
to characterize photometry in road lighting. 

In the European series of standards, EN 13201 defines luminance as the most 
important and perceptible parameter for drivers. Luminance is related to the intensity of 
the light from the road luminaires in the observed direction and to the reflective 
properties of the road surfaces in the observer’s direction. The light emitted from the 
luminaires is assessed on the basis of the spatial distribution of the luminaire's luminous 
intensity. The luminous intensity distribution is measured with a goniometer, the modern 
output of which is light distribution data that can be used in light calculation simulation 
programs. Luminaire manufacturers have the necessary measuring instruments in their 
production processes to measure the light distribution data in order to improve the 
useful optical properties of the luminaires and to prevent light pollution. The amount of 
light reflected from the road surface, in turn, depends on the direction of observation, 
the angles of incidence and reflection, i.e., the geometry of the light. One characteristic 
quantity is the luminance coefficient of the pavement marked by qL. Luminance 
coefficient describes the geometry of the coating material when reflected by light. Road 
lighting calculations are based on the tables of qL values of different road pavements 
made decades ago, which were defined as reference pavements. National and EN 
standards also provide recommendations for checking the condition of road installations 
before and after the completion of roads. 

In the EN 13201 series of European standards, luminance is one of the key parameters 
that road lighting must meet in order to ensure adequate and safe lighting for traffic in a 
dark environment. The luminance and luminance uniformity of the pavement properties 
of the light allow perceiving the surrounding environment, road conditions and possible 
obstacles on the road. In order to ensure a road lighting class according to CEN/TR 13201-1 
in accordance with the characteristics of the road and traffic environment, the level of 
luminance required by the road lighting system must be ensured. The simulation of the 
road lighting system takes into account the power of the luminaires, the distance 
between the lighting masts and the height. In modern luminaires, the optical solution of 
the luminaires, the color temperature of the light and the control system for creating 
energy efficient solutions for road lighting are of particular importance. After installation, 
the photometric properties of the pavements also require control measurement of 
compliance with the simulations. [6]-[8], [29]-[31] 

The luminosity coefficient qL is the variable that characterizes best the reflection 
properties of different road surface pavements. The luminance factor is the ratio of the 
luminance L (cd/m2) visible to the observer of the road surface, and the illuminance Ē in 
lux, which is incident on the surface and is given by the following equation (1): 

 
 𝑞𝑞L=𝐿𝐿/Ē  (1) 

where: 
qL is the luminance coefficient measured in [sr−1]; 
L is the luminance measured in [cd/m2];  
Ē is the illuminance measured in [lx]. 
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Forty years ago, the luminance factor was replaced by a reduced coefficient r table 
called the r-table, where the luminance factor r is given by a combination of fixed 
illumination angles β and tan ɛ (see Figure 2.1). [30] 

Figure 2.1 – By convention, according to CIE 066 and CIE 144, guidelines and road lighting standards, 
the photometric characteristics of the road surface depend on the angles of observation α 
(characterization of road photometry α is set at 1°), deviation β and  surface. [11] 

The formula for calculating the reduced luminance coefficient rL in cd/m²/lux is derived 
from qL (equation 2): 

𝑟𝑟L= 𝑞𝑞L cos3ɛ (2) 

In the standard EN13201, viewing height is 1,5 m and the viewing angle α is constant 
at 1°, at which the viewing distance corresponds to 86 m. In this situation, simulations 
and measurements are used to observe the detectable road area in front of the driver at 
a distance of 60 to 160 m represented in Figure 2.2. The illuminated area defined in the 
standard therefore applies to illuminated roads between cities where speeds are up to 
90 km/h. [31] 

Figure 2.2 – Angle of observation at 1° (nominal value) but between 0,5° and 1,5° 60-160 m,  assuming 
that there is no influence on road photometry. 

The average luminance coefficient Q0 represents the degree of lightness of the 
measured surface. 
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 The average luminance coefficient Q0 is computed as the average of the luminance 
coefficients over the specified solid angle, Ω0 (equation 3): 

 
𝑄𝑄0 = 1

𝛺𝛺0
∫ 𝑞𝑞𝑗𝑗 d𝛺𝛺 (3) 

 
As a result of the integration, the sum is obtained from the finite source data in the 

simulation calculations, which is close to the weighting factors corresponding to the 
integer angle assigned to each value Δω and given to each combination of tan ɛ and β 
angles [15]. 

 
 𝑄𝑄0 = ∑𝑞𝑞𝑗𝑗 × ∆𝜔𝜔∑∆𝜔𝜔𝑄𝑄0 =∑𝑞𝑞𝑗𝑗 × ∆𝜔𝜔∑∆𝜔𝜔 (4) 

 
The reflection tables (r-tables) describe the reflection properties in the form of 

reduced luminance coefficients. The description parameters adopted by the CIE are the 
average luminance coefficient Q0 and the specular factors S1 and S2. 

The specular factor S1 represents the degree of specularity of the observed surface.  
It is defined as the ratio of the reduced luminance factors (equation (5)) of two specific 
lighting conditions.  

 
 

𝑆𝑆1 = 𝑟𝑟(𝛽𝛽=0,tan 𝜀𝜀=2)
𝑟𝑟(𝛽𝛽=0,tan 𝜀𝜀=0)

  (5) 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.3 – Representation of a rectangular plane above the surface that defines [31] 

- the boundaries of sight angle β and the incidence angle 𝛆𝛆 defined in CIE144 => values of 
the r-table 

- the solid angle of integration of the coefficient Q0. 

 

The reflection tables in the standards used worldwide are based on the measurements 
made in Europe more than fifty years ago on a theoretical basis to assess the aging of 
pavements. The benchmarks published in the CIE technical reports have not been updated 
for decades and do not describe the lighting measurement uncertainty. [17], [18], [32], 
[33] 

In recent decades, pavement materials and the binders used as well as traffic conditions, 
traffic regulations and behavior have changed significantly. Modern road lighting systems 
are designed based on existing standards using simulation software, which includes data 

(tan 𝜀𝜀 =12, β =0°)  
(tan 𝜀𝜀 =3, β =90°)  (tan 𝜀𝜀 = 0) 

(tan 𝜀𝜀 =4, β =180°) 

(tan 𝜀𝜀 =3, β =-90°)  
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characterizing road pavements that do not correspond to the actual conditions or cannot 
be described. [34], [35] 

Recent scientific studies eloquently describe the fact that using existing CIE data, we 
often use simulations to calculate average luminance above 50% of the actual values 
[36]. The technological developments in the LED luminaires used in the last decade, 
including dimming and innovative optical solutions with directed light distribution, have 
provided more energy-efficient solutions. Much attention has been paid to the estimation 
of measurement uncertainty. [20], [27], [37] 

The EMPIR (European Metrology Program for Innovation and Research) research 
project SURFACE has set the goal to eliminate the shortcomings of road lighting 
photometry and to modernize the methodology [36]. 

The goal was to collect data and conduct research around the world for CIE, CEN and 
other road lighting communities. At the same time, the assessment paid close attention 
to existing measuring equipment and methods and to analyzing the safety needs of road 
users related to pavement reflections. The aim was to collect and submit to CIE and CEN 
new reference data on the most common pavements and to present new reference 
geometries for measuring lighting parameters. The updated data and measurement 
geometry should describe better the needs of road users and help to make the best use 
of smart LED lighting while reducing the environmental impact of road lighting equipment.  

The SURFACE research project has pointed out that data collection is complex and, 
due to the specifics of the measurements, only a few European laboratories perform 
these measurements. For reasons of confidentiality, the collected r-tables are owned by 
the tenderer and the SURFACE consortium has undertaken not to disseminate or publish 
uniform r-table data. This means that CEN reference data do not consist of an identifiable 
r-table, but are simply representative averages. The database contains 40 tables from 
Switzerland, 182 from France and 18 sets of Q0 and S1 factors from Finland. [30] 

2.2.2 Mesopic photometry  
Photopic photometry has been used in lighting measurements since 1924. It has been 
the basis for the design of all lighting since the introduction of the photopic spectral 
luminance function V(λ) [28]. Thus, all methods for estimating illuminance quantities are 
based on the photopic V(λ) function. Artificial road lighting in the night environment is 
usually scotopic and in the dark mesopic. The spectral sensitivity of the human eye varies 
according to the level of light and the viewing conditions and is not uniform over the 
mesopic area of vision. 

The International Commission on Illumination (CIE) published the technical report 
191: 2010 based on visual performance of a recommended system for mesopic 
photometry. The new mesopic system offers, for the first time, the evaluation of 
illumination based on the internationally accepted mesopic photometry system. The new 
CIE mesopic photometric system is valid for luminosity between the scotopic and photopic 
regions, where the luminance is described as between 0,005 cd/m2 and 5 cd/m2. [13] 

There are currently no guidelines for designing road lighting using mesopic 
photometry. European standards for average road surface luminance range from 
0,3 cd/m2 to 2 cd/m2 located in the mesopic region. The ratio of the scotopic to the 
photopic luminous flux of luminaires used in road lighting should be evaluated according 
to the CIE scotopic spectral luminous efficiency function V(λ’). Light sources with a high 
S/P ratio are mesopically more efficient. Light sources that provide contrasting visibility 
are even more effective in mesopic conditions and can be used to reduce luminance on 
the road surface. 
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Mesopic photometry, a novel method for measuring illumination, takes into account 
the change in the visual response in the overlapping area of the human eye, between 
day vision and night vision. 

With conical cells with different spectral sensitivities, human visual organs perceive 
colors in photopic vision mode. The central part of the retina of the eye has the highest 
concentration of cone cells. Stem cells are more sensitive to light but do not distinguish 
color. Also, rod cells are mostly found outside the fovea, which means that most of the 
night vision comes from the periphery. 

The adaptation of the eye to dim light levels depends on the signal level of both types 
of photoreceptors. At low light levels, the high sensitivity of rod cells predominates. 
When rod cells become saturated, only cone cells detect high levels of light. Due to 
differences in spectral sensitivity, adaptation depends on the spectral quality of the 
incident light. It has also been found that adaptation occurs at different rates as light 
levels increase or decrease, and that adaptation occurs differently on the surface of the 
retina. [28], [38] 

The retina consists of about six million cones, mostly located in the middle of the 
retina and surrounded by about 120 million rods. The cones responsible for seeing our 
colors work best in bright light, while the color-blind rods are responsible for seeing us 
at night. Scenes with an average luminance greater than about 5,0 cd/m2 are dominated 
by photopic vision. The cones have an average spectral response described by the 
photopic light efficiency function V(λ) and a maximum sensitivity of 555 nm. Less than 
about 0,005 cd/m2 is dominated by scotopic vision, the spectral response of the rods is 
described by the scotopic light efficiency function V'(λ), with a maximum response of 
507 nm. 

Mesopic vision occurs when the average luminance of a scene is between from 0,005 
to 5,0 cd/m2, as both rods and cones contribute to what our visual system perceives. 

The reason is the gradual transition to a photopically scotopic light efficiency function 
as the rods begin to dominate. Some publications on mesopic lighting state that the S/P 
ratio of a lamp can be estimated from its correlation-based color temperature (CCT), but 
this is incorrect, except for incandescent lamps (which have few practical applications for 
mesopic lighting). For example, there are two LED modules with the same CCT of 3500 K, 
but very different spectral power distributions and different S/P ratios. [39], [40] 

2.3 Street lighting measurement  

2.3.1 Reflective properties of road pavement materials 
The reflective properties of the pavement material depend on the nature of the material. 
Pavement materials differ in the composition of the surface, the properties of the 
aggregate used, the color of the binder, the texture and used construction method.  
The used material depends to a large extent on regional availability in different countries, 
material quality requirements and environmental requirements. Standard r-tables and 
Q0 values are commonly used in the design of road lighting. There is no correlation 
between the color temperature of light sources and pavement materials in the normative 
documents. This results in significant differences in road surface luminance values. 

CIE Standard Publications have recommended the use of high-color, now discontinued 
incandescent lamps to measure the reflectance of coatings. The reflective properties of 
coating samples have often been studied under laboratory conditions in the light of a 
metal halide or a high-pressure sodium lamps. [41]-[44] 
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Global research has shown that newer asphalt-based and new concrete-based 
pavements do not meet the reflective properties given in the r-tables [45], [46]. 

For example, studies in Finland on the reflectivity of road surfaces carried out on 
samples of pavements cut under laboratory conditions concluded that most pavements 
belong to road classes R1 and R2, which are still in use today [47]. 

The choice of pavement materials is usually determined by mechanical strength, 
abrasion resistance, and slip resistance. Asphalt pavements use stone materials of 
different grains, mineral filters and binders, such as bitumen. The color of the asphalt 
pavement usually depends on the color of the aggregate and the environmental 
conditions. Changes in the assessment of the energy efficiency of road lighting in recent 
years have led to a greater focus on the reflective properties of the road surface. 

The reflective properties of the road surface material significantly affect the 
illumination that can be achieved with a given amount of light flux from the luminaires. 
Darker pavements require more luminous flux from roadway luminaires than lighter 
pavement materials. In addition, environmental aspects and the conservation of natural 
resources play a key role in reducing waste. Interest in recycled materials, such as plastic 
waste, construction waste, tire waste, etc., has increased in road construction. [48] 

2.3.2 Street lighting measurement methods and instruments 
Photometric equipment for the assessment of road surfaces has been improved 
substantially in the last decade. Modern devices can be divided into two. Traditionally, 
laboratory research methods for pavements are being used, and the other direction is 
using portable on-site measuring instruments [30]. 

Comparison of measuring instruments and measurement methods: 
- Laboratory instruments are used for absolute measurements and comparisons

in the analysis of measurement data performed on the objects to be measured. 
The measurement methodology allows us to achieve less measurement uncertainty, 
but overlooks environmental conditions [29]. 

- Laboratory equipment consists of a light source, a coating sample holder and a 
sensor for measuring luminance. The photometry of the measurements usually takes 
into account the different angles of illumination specified in the r-table. The direction 
of observation is fixed in relation to the pavement sample, the lighting and the sensor 
for fixing the luminance can move in the selected geometry. Calibration of the (𝜆𝜆 ) curve 
is taken into account when measuring the luminance data. Calibrated lux meters are 
used to measure the luminance of the surface. The ratio of luminance to illuminance can 
be calculated by direct measurement using a calibrated surface. In the measurement 
methodology, modern measuring equipment is used. However, the mesopic environment 
is mainly not assessed in the measurement methodology. [VII], [47], [49] 

It is estimated that laboratory measuring equipment has an uncertainty of 
approximately 10% - 15% and is therefore used to make reference measurements 
for the calibration of portable equipment. However, there is no common approach to 
measurement methodologies and their instruments in terms of traceability of the 
measurement procedure and measurement uncertainty [48]. 

The main disadvantage of laboratory measuring instruments is the need to take 
samples from pavements, which changes the geometry, environmental conditions and is 
costly. Therefore, changes in reflections over time and measurements at the same 
locations of the object cannot be monitored. 

Portable equipment is used for on-site measurement of pavements. These measuring 
devices have a relative measuring capacity. Portable devices can be transported and used 
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for on-site measurements. They are usually suitable for installation in or on a vehicle and 
for relocation by a person. This in turn limits the weight and dimensions. [23], [30], [31] 

When designing measuring instruments, trade-offs will inevitably arise, either with 
limited photometric possibilities or with greater measurement uncertainties. There is no 
uniform measurement methodology and the solutions are very different in terms of 
measuring instruments, lighting, mechanical and optical solutions used. Most devices do 
not measure the entire r-table or take all the necessary measurements to estimate the 
pavement. The dimensions of the measured illuminated field of the pavement are often 
limited to a smaller area than the recommended 104 mm2. [VII] 

Only the selected illumination angle (ɛ, β) is measured. These devices usually allow the 
measurement of speculative components, but not Q0. The measured data and the 
resulting modeled r-tables are used to find the closest measured r-table in the database. 
Some compact measuring devices estimate Q0 with two linear combinations of r-values, 
r (0, 0) and r (0, 2), which are used for the specular factor. 

The devices are also used in various closed or open ambient lighting conditions. 
The main advantage of portable devices is that their mobility and the object are not 

altered or damaged. Thus, the development of pavements can be studied over a long 
period of time and the information can be used to make lighting more efficient. Their 
measurement uncertainty may be higher, but they provide better actual pavement 
photometry. [30], [31], [50] 
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3 Development of uncertainty management procedure for 
lighting measurements 

3.1 Review of measurement uncertainty for lighting measurements  

3.1.1 Basis for estimating the developed measurement uncertainty 
approximation method 
Uncertainty of measurement and the principles of its evaluation are important in all areas 
related to photometric photometric measurements. The simplified approximation method 
for estimating measurement uncertainty is based on GUM (Uncertainty Expression 
Guidance) [51] and provides guidance on how to document uncertainty information.  
The GUM describes detailed procedures for accurately estimating uncertainty. It is 
especially important to ensure that the technical specifications are followed when 
designing measuring instruments and applying measurement methodologies. 

The developed simplified approximation method for estimating uncertainty is 
necessary, for example, for estimating the luminance, illuminance, color temperature or 
other uncertainties of lighting systems. 

The purpose of the GUM-based uncertainty management method is to provide an 
overall uncertainty estimate and to provide an uncertainty estimate for individual 
measurements by comparing two or more measurements and the measurements of one 
or more light objects (measurement objects) within a specific specification or range.  
The simplified iterative approach is based on an upper bound strategy that takes into 
account the worst case scenario, i.e., some overestimation of the uncertainty at all levels, 
where the convergence cycle determines the rate of overestimation. Deliberate 
overestimation is necessary to avoid misstatements based on measurement results.  
The rate of overestimation can be adjusted by economic assessment of the situation. 

The developed method is a tool to minimize the costs of metrological activities of 
photometric measurements and to reduce the uncertainty of measurement results. 

3.1.2 General bases for estimating the uncertainty of measurement result 
The developed simplified method is based on an overestimation of the uncertainties 𝒖𝒖𝒙𝒙𝒙𝒙 
affecting the input variables to obtain an approximate estimate of the standard 
uncertainty in order to obtain 𝒖𝒖𝒙𝒙𝒙𝒙≥ 𝒖𝒖𝒙𝒙𝒙𝒙𝐚𝐚. This overestimation process provides a  
worst-case contribution at the upper limit of each known combined standard uncertainty 
component and thus ensures the outcome of the estimates. The method is based on the 
following principles: 

• All input quantities of the measurement function that influence the 
measurement result are identified. 

• It is decided which possible corrections should be implemented. 
• The effect of each input quantity on the measurement result is evaluated. 
• A convergence process is being performed. 
• An assessment of the standard uncertainty of each input variable is 

performed. 
• Using Type A or Type B assessment method. (3.4.1) 
• Where possible, the B-type uncertainty estimation method is preferred in 

the first convergence cycle in order to obtain a coarser uncertainty estimate, 
to provide an overall picture and to save costs. 
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• Based on the standard uncertainties of all input quantities, the combined 
standard uncertainty is calculated from the relation of u(y) 
 

𝑢𝑢(𝑦𝑦) = �𝑢𝑢𝑥𝑥12 + 𝑢𝑢𝑥𝑥22 + . . .  +𝑢𝑢𝑥𝑥𝑁𝑁2  (6) 
 

• The link (equation 6) applies only if all the components 𝑢𝑢𝑥𝑥𝑗𝑗  of combined 
standard uncertainty  are  independent (j = 1, ..., N). 

• For simplification, the correlation coefficient value r is  
 

r = 1, −1, 0  (7) 
 

• If it is not known whether the components of combined standard uncertainty 
are independent, full correlation is assumed, i.e., either r = 1 or r = −1 

• The expanded measurement uncertainty U is calculated by multiplying the 
combined standard uncertainty 𝑢𝑢(𝑦𝑦) by the coverage factor k (usually k = 2) 
using the relation 

     𝑈𝑈 = 𝑘𝑘 × 𝑢𝑢(𝑦𝑦) (8) 

The simplified method normally consists of at least two cycles of approximation of 
the components of the uncertainty, as shown in the diagram in Figure 3.1. 

• The purpose of the first, very coarse, simple and inexpensive approximation 
cycle is to identify the highest value of combined standard uncertainty 
components. 

• The next approximation cycles, if performed, deal with providing more 
accurate upper limit estimates for the highest values of the combined 
standard uncertainty components to reduce the uncertainty estimates 
to 𝑢𝑢(𝑦𝑦) as a possible acceptable value. 

The approximation method can be used to estimate the uncertainty of a measurement 
result from a given measurement operation. This method can be used for a result from a 
known measurement operation or for comparing several of these results, and also for 
developing a suitable measurement operation for managing the uncertainty of the 
measurement. [52] 

3.2 Prerequisites for performing the uncertainty management 
procedure 
A prerequisite for managing uncertainty and summarizing the estimates is a clearly defined 
measurement task that describes a measure, such as the luminance or illuminance of a 
surface at some point or the luminous flux of a light source. In this case, the uncertainty of 
measurement is the degree of compliance of a value obtained with a size measurement 
with the definition of quantity. 

Standards define the measurand’s conventional value with the help of standard 
chains as well as the global standards. In many cases, standards also define the ideal or 
conventional measurement principle, measurement procedure, measurement method, 
and standard reference conditions. [9]-[11], [52] 

Possible deviations from standardized measurement values contribute to the 
uncertainty of measurement.  
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3.2.1 Estimation of the uncertainty of a measurement operation in the 
planning and development of a measurement operation 
Uncertainty assessment is performed to develop the target uncertainty, taking into 
account the appropriate measurement operation and the uncertainty budget.  
The management scheme shown in Figure 3.1 is used for this purpose. According to the 
scheme shown in Figure 3.1, the estimation and management of the uncertainty is 
performed on the basis of measurement task 1 and 𝑈𝑈S of the defined target uncertainty 
measured by the laboratory in box 2. 

Definitions of the measurement task and the measurement required uncertainty are 
laboratory policy decisions that must be made at a sufficiently high level of management. 
A suitable measurement operation is considered to be such a measurement operation, 
together with the developed uncertainty aggregate, which ensures an expanded 
uncertainty equal to or less than the target uncertainty. If the estimated expanded 
uncertainty is significantly less than the target uncertainty, the measurement operation 
may not be economically optimal to perform the measurement task, i.e., the measurement 
operation is too accurate and costly. 

The uncertainty management measurement operation, based on measurement task 
1 and the predetermined target uncertainty 𝑈𝑈S in box 2, shall include the following 
according to 3.1: 

• The measurement principle 3 shall be selected on the basis of experience and 
possible measuring instruments available in the laboratory. 

• Based on experience and capabilities known in the laboratory, the initial 
measurement method 4, measurement procedure 5 and measurement 
conditions 6 shall be established and documented. 

• A first computational approximation cycle is performed, preferably based on 
the uncertainty estimation black box model, and an initial uncertainty 
aggregation as in boxes 7 to 9 is generated to give the first coarse estimate of 
the expanded uncertainty 𝑈𝑈E1 in box 10 (m = 1). 

• The resulting initial expanded uncertainty estimate 𝑈𝑈E1 is compared to the 
target uncertainty 𝑈𝑈S, as shown in oval B or C: 

1) if 𝑈𝑈E1 is acceptable, i.e., if 𝑈𝑈E1 ≤ 𝑈𝑈S (oval B), then the sum of the uncertainties 
of the first approximation cycle proves that this measurement operation A is suitable for 
measurement task 1, as presented in box 11 and the calculated estimate 𝑈𝑈E1 is the final 
expanded uncertainty of the measurement result; 
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Figure 3.1 – Schematic of the procedure for estimating and managing the measurement uncertainty.   
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2) if 𝑈𝑈E1 ≪ 𝑈𝑈S (oval B), then the measurement operation is technically acceptable 
but it may be possible to change the measurement method 4, measurement procedure 
5 or measurement conditions 6 or together to make measurement operation A less 
accurate and cheaper by increasing the measurement uncertainty to obtain an acceptable 
extension to uncertainty 𝑈𝑈E2 ≤ 𝑈𝑈S. A new approximation cycle is then required to 
estimate the resulting new expanded uncertainty UE2 as described in box 10, where UE2 
is the final expanded uncertainty of the measurement result; 

3) if 𝑈𝑈E1 is not acceptable, i.e., if 𝑈𝑈E1 > 𝑈𝑈S (oval C), then the approximation process 
is continued with a new approximation cycle. 

Before starting a new approximation cycle, the relative values of uncertainty of the 
components of the composite are analysed. In many cases, uncertainty values of two to 
three (𝑗𝑗 = 2 … 3)  components dominate the calculation of the compound uncertainty. 
 

• If 𝑈𝑈E1 > 𝑈𝑈S (ovaal C,𝑚𝑚 = 1), the assumptions 7 or measurement model 8 
are modified or the information on the uncertainty components 9 is 
supplemented, as described in box 12 to obtain a more accurate estimate of 
the dominant combined standard uncertainty components. 

• A third (𝑚𝑚 = 3) approximation cycle of the uncertainty pool is performed as 
shown in boxes 7 to 9, leading to a third smaller and more accurate estimate 
of the expanded uncertainty 𝑈𝑈E3 in box 10. 

• The third expanded uncertainty estimate 𝑈𝑈E3 is compared to the 
predetermined target uncertainty 𝑈𝑈S (oval B or C): 
1) if 𝑈𝑈E3 is acceptable, i.e., if 𝑈𝑈E3 > 𝑈𝑈S (oval B, m = 3), then the sum of the 
uncertainties of the third approximation cycle proved that the given 
measurement operation is suitable for the measurement task; 
2) if 𝑈𝑈E3is not acceptable, i.e., if 𝑈𝑈E3 > 𝑈𝑈S (ovaal C,𝑚𝑚 = 3), a fourth 
approximation cycle (or more cycles) is required. The analysis of the 
uncertainty components is repeated, resulting in further changes to the 
assumptions, refinement of the information, modeling of possible changes as 
described in box 12, and focusing on the current maximum values for the 
uncertainty components. 

• If all possibilities to find a lower and more accurate upper limit estimate have 
been used to obtain uncertainty estimates without achieving an acceptable 
expanded uncertainty in the form 𝑈𝑈E3 ≤ 𝑈𝑈S, it is necessary to change the 
measurement method, measurement procedure or measurement 
conditions, as described in box 13 to reduce the previously estimated 
expanded uncertainty 𝑈𝑈E3. The convergence process starts again from the 
first convergence cycle. 

• If changes in the measurement method, procedure or measurement 
conditions, as described in box 13, do not lead to an acceptable expanded 
uncertainty, it is possible to change the measurement principle 3 as described 
in box 14 and start the above procedure again. 

• If the change of the measurement principle and the associated approximation 
cycles still do not lead to an acceptable expanded uncertainty, it is possible as 
a last resort to change the measurement task 1 or the target uncertainty 2 or 
both, as described in box 15 and start the above procedure again. 
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• If it is not possible to change measurement problem 1 or uncertainty 2, it is 
an indication that there is no measurement operation suitable for solving the 
measurement problem with the given uncertainty, see box 16. [52] 

3.3 Measurement errors and their types 

3.3.1 Measuring instrument 
When measuring lighting measuring quantities, the readings of the measuring system or 
measuring instrument always have measurement deviations within certain limits. These 
measurement tolerances constitute an estimate of the uncertainty of the readings of the 
measuring instrument given in the certificate of linearity of the measuring range,  
the values of the corrections specific to the readings and their calibration with extension 
uncertainties, or given in the specification of that measuring instrument. In addition to 
the measurement error, the use of a measuring system or measuring instrument may 
give rise to measurement deviations in such characteristic quantities as: 

•  spectral sensitivity, which is the difference between the spectrum of the 
calibration source and the spectrum actually obtained from the 
measurement (a correction and its expanded uncertainty may be used to 
compensate for this difference in the spectrum of incident light); 

•  position and directional sensitivity of the measuring instrument; 
•  display resolution; 
•  changing the measuring range; 
•  noise and blind current (sensor noise and blind current values).  

3.3.2 Measurement procedure 
Input values of the measurement uncertainty for photometric measurements are: 

• point definition, if road markers are used where measurement is affected by 
the accuracy of the direction and position of the markers; 

• measuring field, which is the effective measuring field for spot measurement; 
• actual arrangement of the measuring device (sensor), which differs from its 

nominal position and nominal inclination. 
In addition, when using a dynamic measurement system, the inputs to the uncertainty 

summary associated with the measurement procedure are vehicle speed and 
measurement collection time, which may reduce directional sensitivity and increase the 
area to be measured. 

3.3.3 Surrounding measurement environment 
In most cases, when measuring the illuminance and luminance of the road surface in a 
measuring object such as an outdoor working environment, the climatic conditions, i.e., 
the surrounding measuring environment (temperature, humidity), are the most important 
input of the uncertainty set. Climatic quantities cause atmospheric light absorption and 
thus measurement deviations, which define the standard uncertainty of these quantities. 
For example, it occurs in the case of illuminance measurements, the light reaching the 
surface and, in the case of luminance measurements, the light reaching the luminance 
meter [16]. Additional parameters characterizing the measuring environment may include: 

•  condition of the subject: wet, dry, humid; 
•  relatively high or low surrounding temperature, which affects the calibration 

of light measuring instruments, as well as the light output of heat-sensitive 
lamps and luminaires; 
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•  moisture or condensation on the light transmitting surfaces of the 
measuring instruments or their electrical circuits affects their accuracy. 

•  strong winds, which may cause vibration or oscillation of measuring 
instruments and lighting facilities; 

•  pulsating light from the measuring environment. 

3.3.4 Measurer 
The person taking the measurement is not stable because there are differences in 
physical and emotional state between days and there can often be quite large changes 
during the day. Consequently, the quantities due to a meter that may give rise to 
uncertainty are his/her education, knowledge, experience, training, correctness, 
honesty, dedication, and physical ability. 

3.3.5 Measuring object 
In an outdoor environment, the measuring object is usually the road surface within two 
lighting masts, where all operating conditions must be taken into account when 
measuring the illuminance and luminance. The values that characterize the properties 
over the distance between the two lighting installations affect the uncertainty of the 
measurement result. These inputs to the uncertainty summary are: 

•  road geometry values such as mast spacing and the width of the road and 
lane; 

•  non-uniformity of the measured size (illuminance, luminance, etc.) of the 
measured object; 

•  height of the light-sensitive surface of the sensor above the road surface; 
•  power supply conditions. 

3.3.6 Measurements, calculations and software 
Important attention must be paid to the number of decimal places in the values, which 
may have an effect on the measurement result. In general, the use of measurements, 
calculations and software (DIALux, RELUX, LabSoft etc.) influences the measurement 
result through the selection of a set of measures, algorithms, their validation, 
implementation and correction, the number of value points used in the calculations, 
error operation, and rounding, which contribute to the standard uncertainty of these 
inputs. [II, III] 

3.3.7 Constants and transmission factors 
In-depth knowledge of the distribution of constants and values of the transfer factors in 
the aggregate plays an important role in the estimation of standard uncertainties in  
the input to the uncertainty summary. In the case of photometric measurements,  
the constants and the transmission factors are the attenuation coefficient in the 
measurement of the luminous flux of the lamp, the linear coefficient of expansion of the 
masts and luminaires, the correction factor for the attenuation of light, etc. 
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3.4 Evaluation of the standard uncertainty summary input quantity and 
the evaluation of combined standard and expanded measurement 
uncertainty results  

3.4.1 Evaluation of the input quantities of uncertainty summary 
The standard uncertainties of the input quantities for the uncertainty summary may be 
estimated using the Type A or Type B uncertainty estimation method. The Type A 
estimation method can be used to characterize the components of uncertainty 𝑢𝑢𝑥𝑥𝑗𝑗 by 
the statistical distributions and standard deviations of the sets of measures.  
The components 𝑢𝑢𝑥𝑥𝑗𝑗  that are to be evaluated by the Type B method, can also be 
characterized by standard deviations, which, however, are based on expected probability 
distributions. They are based, for example, on information related to a reliably published 
value, or derived from a calibration certificate and cut-off values based on personal 
experience, or otherwise. Both methods are based on probability distributions and the 
standard uncertainty values of the inputs to the uncertainty aggregate obtained by both 
methods are usually given by standard deviation estimation. 

In most cases, the Type A estimation method provides more accurate estimates of the 
combined standard uncertainty components than the Type B method, but requires 
extensive measurements and calculations. Therefore, the B method is usually selected 
for the approximation method unless there is an overriding need to estimate the 
standard uncertainty using the A method. In many situations, there is no option other 
than the use of the Type B assessment method. [52], [53] 

3.4.2 Type A evaluation method of the standard uncertainty 
For the uncertainty component 𝑢𝑢𝑥𝑥𝑗𝑗  in the Type A estimation method, the re-measurement 
dimensions are required. The arithmetic mean, standard deviation, and  standard 
deviations of arithmetic mean of the measurements, irrespective of the type of statistical 
distribution, are calculated according to [53] from the following relationships: 
The arithmetic mean �̅�𝑥𝑗𝑗  of the measured values 𝑥𝑥𝑗𝑗𝑖𝑖(𝑖𝑖 = 1, 2, … 𝑛𝑛), which is an estimate 
of the mean, is found in the relation 
 

�̅�𝑥𝑗𝑗 = 1
𝑛𝑛
∑ 𝑥𝑥𝑗𝑗𝑖𝑖𝑛𝑛
𝑖𝑖=1  (9) 

 
The standard deviation 𝑠𝑠�𝑥𝑥𝑗𝑗� based on the measured values 𝑥𝑥𝑗𝑗𝑖𝑖(𝑖𝑖 = 1, 2, …𝑛𝑛), which 

is the evaluation σ, is obtained from the relation 
 

𝑠𝑠�𝑥𝑥𝑗𝑗� = � 1
𝑛𝑛−1

∑ �𝑥𝑥𝑗𝑗𝑖𝑖 − �̅�𝑥𝑗𝑗�
2𝑛𝑛

𝑖𝑖=1  (10) 

 
The standard deviation of arithmetic mean 𝑠𝑠��̅�𝑥𝑗𝑗� of  𝑥𝑥𝑗𝑗𝑖𝑖(𝑖𝑖 = 1, 2, … 𝑛𝑛) is found to be 

equal to the standard deviation of the amount divided by the square root of the number 
of measurements 
 

𝑠𝑠��̅�𝑥𝑗𝑗� = � 1
𝑛𝑛(𝑛𝑛−1)

∑ �𝑥𝑥𝑗𝑗𝑖𝑖 − �̅�𝑥𝑗𝑗�
2𝑛𝑛

𝑖𝑖=1 = 𝑠𝑠�𝑥𝑥𝑗𝑗� √𝑛𝑛⁄  (11) 

 
If the arithmetic mean of the relation (7) and consequently the standard deviation of 

the equation (8) is based on very few repetitions, i.e., with the number of measurements 
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n < 10, the estimated standard deviation values may be inappropriate and possibly too 
small. Therefore, a back-up factor t is used. The reserve factor t is calculated from the 
Student's t-distribution. If the result of the measurement is obtained from the results of 
a single measurement, then the standard deviation 𝑠𝑠�𝑥𝑥𝑗𝑗�𝑖𝑖  of the sample is used as the 
value of 𝑢𝑢𝑥𝑥𝑗𝑗  in the uncertainty aggregate, which is multiplied by the suitable back-up 
factor 𝑡𝑡𝑖𝑖. 
 

𝑢𝑢𝑥𝑥𝑗𝑗 = 𝑠𝑠�𝑥𝑥𝑗𝑗�𝑖𝑖 × 𝑡𝑡𝑖𝑖 (12) 
 

If the result is obtained using an arithmetic mean of several inputs of this magnitude, 
such as i = 2 ... 5, then the standard uncertainty measurements  𝑢𝑢𝑥𝑥𝑗𝑗  of the arithmetic 
mean standard deviation  𝑠𝑠��̅�𝑥𝑗𝑗�𝑖𝑖  is used in the uncertainty budget. This is multiplied by 
the appropriate value, meaning that 
 

𝑢𝑢𝑥𝑥𝑗𝑗 = 𝑠𝑠��̅�𝑥𝑗𝑗�𝑖𝑖 × 𝑡𝑡𝑖𝑖,�𝑠𝑠��̅�𝑥𝑗𝑗�𝑖𝑖�
 (13) 

3.4.3 Type B evaluation method of the standard uncertainty 
Estimating the standard uncertainty of an input to an uncertainty summary by any means 
other than statistical is often limited to using past experience or simply guessing what 
value that standard uncertainty could have. Experience shows that people do not 
understand or cannot directly assess standard deviations. Experience also shows that 
people remember or derive limits of dimensional distribution (deviation limiting value) 
using logical arguments or laws of physics. Often specifications are known as limiting 
values. This knowledge can be developed into a systematic method for deriving standard 
uncertainties from limiting values.  

If the distribution size 𝑎𝑎𝑥𝑥𝑗𝑗  of the input size or agent of the uncertainty distribution 
limit is given, then for all (limited) distributions there is a definite ratio b between its 
standard deviation and the one-sided distribution limit 𝑎𝑎𝑥𝑥𝑗𝑗 . Thus, if the distribution limit 
(hereinafter limit value) 𝑎𝑎𝑥𝑥𝑗𝑗  and the type of distribution are known, a standard deviation 
can be calculated. The limit designation is selected for symmetric divisions as −𝑎𝑎𝑥𝑥𝑗𝑗  and 
+𝑎𝑎𝑥𝑥𝑗𝑗 . Standard uncertainty based on the above is 
 

𝑢𝑢𝑥𝑥𝑗𝑗 = 𝑎𝑎𝑥𝑥𝑗𝑗 × 𝑏𝑏 (14) 
 

Experience shows that in most cases, three types of distribution are sufficient to 
convert the distribution limits into standard uncertainty. In Figure 3.2, these three 
distributions are presented together with the conversion limit of the uncertainty 
aggregate input size distribution to standard uncertainty 𝑢𝑢𝑥𝑥𝑗𝑗.  

In the normal distribution, the limit is twice the standard deviation value in 2 × s. From 
experience, it is known that a person remembers the value 2 as the limit of a dataset 
subject to normal distribution. For the three types of distribution in Figure 3.2, the values 
of the distribution factor b are as follows: 

• Normal distribution b = 0,5 
• Rectangular distribution b = 0,6 
• Arcsin distribution b = 0,7 

Estimating the standard uncertainty of the uncertainty aggregate using the Type B 
method requires a reasonable guess or knowledge of the limit 𝑎𝑎𝑥𝑥𝑗𝑗 . In order to ensure an 
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overestimation, a plausible assumption must be made to determine the limit value a. 
The next step is to assume the shape of the distribution. Often the shape of the 
distribution is known or evident. If not, a conservative assumption must be made. If it is 
not known that this is a normal distribution, either a rectangle or an arcsin distribution 
is selected. If it is not known that this is a rectangular distribution, the arcsin distribution 
is chosen as the most conservative assumption. 
 
 
 Normal distribution (Gauss distribution): b = 0,5 
 
 𝑢𝑢𝑥𝑥𝑗𝑗 = 𝑎𝑎 2⁄ ≈ 0,5 × 𝑎𝑎 
 
 
 Rectangular distribution (even distribution): b = 0,6 
 
 𝑢𝑢𝑥𝑥𝑗𝑗 = 𝑎𝑎 √3⁄ ≈ 0,6 × 𝑎𝑎 
 
 
 Arcsin distribution (U distribution): b = 0,7 
 
 𝑢𝑢𝑥𝑥𝑗𝑗 = 𝑎𝑎 √2⁄ ≈ 0,7 × 𝑎𝑎 

  
Figure 3.2 – The three types of distributions used to convert the boundary a into a standard 
uncertainty 𝒖𝒖𝒙𝒙𝒙𝒙 . 
 

One way to obtain reasonable standard uncertainty estimates for uncertainty aggregate 
inputs / agents without using statistical methods is to set a distribution threshold for 
aggregate input by experience or by using physical laws, and then convert its cut-off to 
standard uncertainty using an assumption size distribution type. [52] 

3.4.4 Repeatability 
Each set of uncertainties, including the set of measurement operations for photometric 
measurements, shall repeat at least once. In most cases, repeatability can only be 
assessed experimentally using the Type A estimation method. The uncertainty 
component is derived using relationships  𝑠𝑠�𝑥𝑥𝑗𝑗� and 𝑠𝑠��̅�𝑥𝑗𝑗� given in section 4.2. [52] 

The repeatability based combined standard uncertainty component (standard 
uncertainty) may be less than the uncertainty component resulting from the instrument's 
resolution. In this case, the latter will be used instead of the estimate based on iteration. 

3.4.5 Resolution of the measuring instrument and value of the rounding step 
The resolution of the instrument, in both analogue and numeric readings, or the last 
decimal place of the value obtained from the measurement, or the rounding step of the 
rounded result of the measurement, all denoted by d, result in the standard uncertainty 
of 
 

𝑢𝑢𝑥𝑥𝑗𝑗 = 𝑑𝑑 2√3⁄ ≈ 𝑑𝑑 2⁄ × 0,6 ≈ 0,3 × 𝑑𝑑 (15) 
 

−a 
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According to equation (15), the standard uncertainty is calculated from the value of d, 
whichever is greatest, the input quantity (resolution, rounding step) itself being 
determined by a rectangle having a limit of 0,5 d. 

If the standard deviation estimate for repeatability is derived from experimental 
measurements, the effect of resolution, rounding step, etc., is included in the standard 
uncertainty due to repeatability if it is greater than the standard uncertainty due to 
resolution, rounding pitch, etc. 

3.4.6 Maximum permissible measurement error of the instrument MPE 
If the instrument or etalon is known to conform to the declared MPE values for all 
metrological output quantities, then these MPE values can be used to derive the 
associated combined standard uncertainty components (standard uncertainties) using 
the relationship 
 

𝑢𝑢𝑥𝑥𝑗𝑗  = MPE × b (16) 
 

The factor b in equation (16) is chosen according to the rules in section 3.4.3 and the 
expected distribution pattern. When calibration certificates (proof of compliance with 
MPE) are available for a measuring instrument or for a number of identical measuring 
instruments, it is often possible to use the results of the certificates to determine the 
type of distribution or, in rare cases, directly estimate the standard uncertainty of the 
maximum permissible uncertainty as the Type A estimation using the relationships in 
section 3.4.2. 

3.4.7 Correction 
Known uncertainties ∆𝑥𝑥𝑗𝑗  for the input quantities of the uncertainty aggregate, for which 
both the value and the sign (+ or −) are known, can be compensated by the correction 
𝛿𝛿𝑗𝑗, which is added to the uncorrected result using the relation 
 

𝛿𝛿𝑗𝑗 = −∆𝑥𝑥𝑗𝑗  (17) 
 

Even if the correction is taken into account, the standard uncertainty of correction 
remains a component of the combined standard uncertainty, see also section 3.3. For a 
correction to have an effect on the measurement result, the standard uncertainty of the 
correction shall be less than the value of the correction itself. 

The decision whether to apply a correction to a known measurement error must be 
made by the person who creates the uncertainty summary. The criteria for whether or 
not a known deviation is applied is based on economic grounds. 
Drift can also be considered as a known error that can be corrected. 

3.4.8 Hysteresis 
The indication of the hysteresis h may be regarded as a symmetrical deviation around 
the mean value of the two hysteresis readings. If there is a sufficient number of readings, 
the standard uncertainty due to hysteresis can be deduced from the Type B estimation 
method, based on which we get 

𝑢𝑢𝑥𝑥𝑗𝑗 = ℎ 2⁄ × 𝑏𝑏 (18) 
 

In relation to (18), the value of b is chosen according to the rules in section 3.4.3 and 
the expected distribution pattern. 
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3.4.9 Measurement operation 
The measurement operation is affected by the input quantities/factors of the large 
uncertainty summary, which, in turn, are related to both the measuring instrument and 
the measuring object (carrier of the measured quantity) or both. Common input sizes 
and factors that influence the measurement operation for photometric measurements 
include surrounding temperature, differential temperature between the instrument and 
the measuring object, humidity, direction of measurement, and sensor placement. These 
effects are expressed in units of measurement, such as °C, % and °, and using physical 
connections, their values of effect must be converted into units of measurement used in 
light technology. A value or area is often known from the factors, and the standard 
uncertainty of the value or area mentioned above is known through the cut-off value of 
this factor distribution. 

The standard reference temperature for measurements is 20 °C [54]. This means that 
the final result of the measurement must be expressed as a reduction to 20 °C. 
Temperature effects on the measuring operation from the temperature itself, the 
difference between the temperature of the instrument and the measuring object, or the 
temporal and spatial variations in temperature, result in expansion in the measuring 
instruments, measuring set and measuring object, which cause changes in the display. 
The conversion of the temperature difference ∆𝑇𝑇  to the change in the linear dimension 
L to ∆L with the linear expansion coefficient α is given by the relation 
 

∆𝐿𝐿 = ∆𝑇𝑇 × 𝛼𝛼 × 𝐿𝐿 (19) 
 

In the case of photometric measurements, the measured object’s difference in 
temperature as well as the measuring environment’s difference from the reference 
temperature of 20 °C are usually compensated by an electronic system built into the 
instrument. Since the compensation is not perfect, it gives rise to the corresponding 
compensation uncertainty, which is part of the measurement uncertainty. 

The direction of measurement in the measurement operation is selected depending 
on the state of the object to be measured, such as the road surface, geometric shape, 
dimensions or other characteristic values. The effect of deviation from the measurement 
direction defined by the measurement operation can be calculated using basic 
trigonometric relationships, and this effect may also be due to directional effects due to 
other factors. 

The most commonly used measurements for photometric measurements are luminous 
flux, illuminance and luminance, the values of which are often given as requirements in 
the technical specification of the measuring object. These measurements are also very 
often defined in the standards for photographic objects. In many cases, a measurement 
operation, either intentionally or by accident, is not in accordance with these definitions 
of measurement quantities. In such cases, these deviations in the measurement 
procedure will cause errors and uncertainty in the measurement result. If measurement 
errors are known, corrections can be applied. In practice, a measurement operation 
always causes measurement uncertainty when compared to the definition of a 
measurand. 
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3.4.10 Correction of the reading on the calibration certificate 
Calibration certificates shall provide corrections to the values (readings) obtained when 
measuring the metrological output of the measuring system or measuring instrument, 
together with the associated uncertainties. If the calibration certificate gives the value of 
the correction obtained, the combined standard uncertainty component 𝑢𝑢𝑥𝑥𝑗𝑗  is as follows. 

If the standard uncertainty is expressed by the expanded uncertainty U and the 
declared coverage factor k, it is calculated from the relation 
 

𝑢𝑢𝑥𝑥𝑗𝑗 = 𝑈𝑈 𝑘𝑘⁄  (20) 
 

Some calibration organs have a default value of k. In such cases, the coverage factor 
value is not reported on the certificate and the uncertainty is expressed as the expanded 
uncertainty 𝑈𝑈V and a confidence level of, e.g., 95 % or 99 % is declared 
 

𝑢𝑢𝑥𝑥𝑗𝑗 = 𝑈𝑈V 𝑚𝑚⁄  (21) 
 

In relation (21), m is the number of standard uncertainties at half-width of the 
confidence interval that corresponds to the declared confidence level. 

Occasionally, the calibration certificate or other information includes a statement that 
the instrument meets certain defined specification requirements, such as those 
contained in a standard, a manufacturer’s information sheet, or elsewhere. In this case, 
the nominal value of the metrological characteristic MPE is used and the uncertainty 
component is derived from this MPE value. 

3.4.11 Measuring object 
In light measurements, the measurement of the illuminance and luminance of an object, 
such as pavement surfaces, is made with the sensors of the measuring instruments, 
either in contact or at a fixed distance.  

Depending on the surface properties of the measuring object, shape deviations and 
other errors, the current state of the illumination solution, the pavement material and 
its state, the measurement quantity, i.e., illuminance, luminance, etc., is uneven. This 
component can be evaluated by experiment, by type A evaluation, or by type B 
evaluation, or partly by experimentation and partly by type B evaluation. The inaccuracy 
of the measurement object (the carrier of the measurand) produces the corresponding 
uncertainty component. This component can be evaluated by experiment, by type A 
evaluation, or by type B evaluation, or partly by experimentation and partly by type B 
evaluation. 

3.4.12 Manual data and constants 
The values of the constants used in the uncertainty pool, such as thermal expansion 
coefficients, modulus of elasticity, etc., which are often used to apply corrections or to 
modify the uncertainty of the factor deviation, are often not known, but are estimated. 
Therefore, they generate additional components through the same transformation 
relationships with the agents discussed above. These components can only be evaluated 
using the Type B assessment method. 
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3.5 An opaque and transparent box model for estimating uncertainty 
The uncertainty of a measurement operation can be estimated using different models or 
with different details, or both. Two extreme examples are opaque and transparent 
models. In the case of an opaque model, a measurement operation whose content is 
unknown is modeled. The sum of the uncertainties and the components of the combined 
standard uncertainty describe only the total effect on the measurement operation.  
With this choice of the measurement model, it can be very difficult to define the 
functional relationship between the components of the combined standard uncertainty 
and the individual deviation components. In order to take full advantage of the 
uncertainty calculation process, it may be necessary to create a more detailed set of 
uncertainties. It can be based on examining the behavior of all the details of the 
measurement operation, i.e., assessing the uncertainty using a transparent model.  
The impenetrable model can also be described as a low resolution model and the 
transparent model as a high resolution model. In the opaque uncertainty estimation 
model, the units of input and output of the uncertainty pool are the same and the 
combined standard uncertainty components are assumed to be summed and the sum of 
the expected values of the uncertainty corrections is assumed to be zero. Because all 
opaque composite uncertainty components are converted to measurands using an 
opaque model, the sensitivity factors for all individual combined standard uncertainty 
components in this model are 1. When evaluating an uncertainty in a transparent model, 
the combined standard uncertainty components are not subject to these constraints. 
[52] 

3.5.1 Adding components in combined standard uncertainty in the case of the 
opaque box model 
The measurement result y of the combined standard uncertainty 𝑢𝑢(𝑦𝑦) components 𝑢𝑢𝑥𝑥𝑗𝑗  
by using the opaque box model is added in the expression of standard uncertainty 𝑢𝑢(𝑦𝑦) 
partly geometrically and partly arithmetically using the relation 
 

𝑢𝑢(𝑦𝑦) = �𝑢𝑢𝑞𝑞𝑗𝑗2 + ∑ 𝑢𝑢𝑝𝑝𝑗𝑗2
𝑝𝑝
𝑗𝑗=1  (22) 

 
In relation to (22), p represents the number of independent uncertainty components 

and 𝑢𝑢𝑞𝑞𝑗𝑗  the sum of the significantly correlated (r = 1 or –1) uncertainty components 
calculated from the relation 
 

𝑢𝑢𝑞𝑞𝑗𝑗 = ∑ 𝑢𝑢𝑞𝑞𝑗𝑗
𝑞𝑞
𝑗𝑗=1  (23) 

 
In equation (23), q represents the number of significantly correlated components  

of combined standard uncertainty. The total uncertainty component of p + q = N is 
obtained by measuring the output quantity Y (measuring result). By the formula (22),  
the independent uncertainty components (r = 0) are added geometrically, i.e., the square 
root of the sum of the squares. However, the highly correlated components of uncertainty 
are added arithmetically. A modest approach assumes that all the components that are 
not known to be completely independent are highly correlated. 
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3.5.2 Adding components in combined standard uncertainty in the case of the 
transparent box model 
In the uncertainty estimation transparent box model, the output quantity (measure) Y is 
modeled as a function f of several input variables (measure quantities) 𝑋𝑋𝑗𝑗  of the 
uncertainty aggregate, whereas sizes 𝑋𝑋𝑗𝑗  may be functions of either the transparent box 
model or the black box model or both 
 

𝑌𝑌 = 𝑓𝑓�𝑋𝑋1, 𝑋𝑋2, … ,𝑋𝑋𝑗𝑗 , … 𝑋𝑋𝑝𝑝+𝑞𝑞� (24) 
 

In relation to (24), the index p + q is equal to N according to the previous section. 
The measurement result y of the combined standard uncertaity u(y) is shown in this 

case as follows: 
 

𝑢𝑢(𝑦𝑦) = �𝑢𝑢𝑗𝑗𝑞𝑞2 + ∑ �𝜕𝜕𝑌𝑌 𝜕𝜕𝑋𝑋𝑗𝑗⁄ �2 × 𝑢𝑢𝑋𝑋𝑗𝑗2
𝑝𝑝
𝑗𝑗=1  (25) 

 
In relation (25), 𝑢𝑢𝑗𝑗𝑞𝑞 is the sum of significantly correlated components of the combined 

standard uncertainty, which is calculated from the relation 
 

𝑢𝑢𝑗𝑗𝑞𝑞 = ∑ �𝜕𝜕𝑌𝑌 𝜕𝜕𝑋𝑋𝑗𝑗⁄ � × 𝑢𝑢𝑋𝑋𝑗𝑗
𝑞𝑞
𝑗𝑗=1  (26) 

 
In equations (25) and (26), 𝜕𝜕𝑌𝑌 𝜕𝜕𝑋𝑋𝑗𝑗⁄  is a partial derivative of the relation Y relative to 

𝑋𝑋𝑗𝑗  and the standard uncertainty 𝑢𝑢𝑋𝑋𝑗𝑗 of the  jth input quantity (factor). Therefore, 𝑢𝑢𝑋𝑋𝑗𝑗 may 
also be the result of either the opaque box model or the transparent box model 
estimation method. In this case too, the independent components of combined standard 
uncertainty (r = 0) are added geometrically, i.e., the sum of the square root of the squares 
and the significantly correlated components q of the uncertainty are added arithmetically. 
In a modest approach, all the components for which it is unknown whether they are 
independent are considered highly correlated. Since the number of independent 
uncertainty components is p, the total uncertainty estimator for Y is the transparent box 
method p + q = N, which can be a combination of several uncertainty components. 

3.5.3 Estimate of expanded measurement uncertainty 
For all measurements, the expanded uncertainty of the measurement result y is 
calculated from the relation of U 
 

𝑈𝑈 = 𝑢𝑢(𝑦𝑦) × 𝑘𝑘 = 𝑢𝑢(𝑦𝑦) × 2 (27) 
 

Unless otherwise stated, then according to [53], the measurement shall be taken to 
take the value of the coverage factor k = 2. 
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4 Practical assessment of uncertainty using the developed 
method 

4.1 Estimation of uncertainty 
This section provides a series of steps for the simplified approximation method for the 
measurement of the expanded uncertainty of a measurement result in the 
documentation and evaluation process of each uncertainty component included in the 
combined standard uncertainty summary. 

4.1.1 Prerequisites for compiling an uncertainty summary 
The compilation of uncertainty [52], [53] is only possible if: 

• the measuring task is correctly defined (the measuring object and its 
dimensions must be defined and presented in the measuring task, box 1 on 
schemes in Figure 3.1); 

• the measurement principle is correctly defined and known or at least initially 
known (box 3 on schemes in Figure 3.1); 

• the measurement method is well defined and known or at least initially 
known (box 4 on schemes in Figure 3.1); 

• the measurement procedure is correctly defined and known or at least 
known from the outset (box 5 on schemes in Figure 3.1); 

• the measurement procedure includes a measurement system or selection of 
measuring instruments; 

• the measurement procedure provides all the details of how the measuring 
instrument (s) and the measuring object (the carrier of the measurand) are 
handled during the measurement (the uncertainty aggregate must reflect 
the activities and steps of the measurement procedure); 

• the measurement conditions are correctly defined and known or at least 
initially known (box 6 on schemes in Figure 3.1). 

When designing the uncertainty aggregate, it should be taken into account that each 
of the arbitrary measures of measurement contains the three elements shown in Figure 
4.1. These elements are denoted by numbers 1, 2 and 3. The aggregation of uncertainties 
must therefore reflect: 

• determination of the reference point for the measurement quantity 
(element 1 on scheme in Figure 4.1), which is often a zero value for the 
measurement quantity (the uncertainty is related to the setting of the 
reference point and the zero reading of the measuring instrument); 

• determination of a measuring point for measuring quantity (element 2 on 
scheme in Figure 4.1), which is a specific measuring quantity and the 
resulting measurement (the uncertainty is related to the obtained 
measurement, the indication of the measuring instrument and the 
measuring object); 

• measurement value movement (range 3 on scheme in Figure 4.1), which is 
the magnitude of the magnitude change from zero to a specific measurand 
(uncertainty related to dimensional change tolerance and instrument 
uncertainty, or both, hardware uncertainty usually given on the instrument 
calibration certificate). 
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Figure 4.1 – General view for measuring the size of a model from the following five elements: 
1 - reference point or dipping datum point, 2 - measuring point 3 - range of the value of variation 
of the measurand, 4 - uncertainty area of the reference point, 5 - uncertainty area of the measuring 
point. 

4.1.2 Uncertainty assessment procedure 
The following procedure may be useful in compiling and documenting the uncertainty 
pool in the first approximation cycle of the simplified approximation method. This 
procedure is as follows: 

• Define and document the overall measurement task, i.e., the measurement 
quantity and the primary result for which the uncertainty aggregate will be 
constructed. 

• The measurement principle, measurement method, measurement 
procedure and measurement conditions shall be documented. Where they 
are not fully known, the initial, or proposed design of the principle, method 
and procedure and proposed conditions shall be selected and documented 
in accordance with the principle of overestimation of the components of the 
combined standard uncertainty set out in section 3.1.1. 

• A graphical representation of the measuring device(s) is made. Graphic 
material can be helpful in understanding the components of uncertainty in 
measurement. 

•  Mathematical relationships are documented or a measurement model is 
drawn between the measured quantity values and the quantities of the 
general measurement problem. As a rule, a mathematical measurement 
model is not required if the measurement problem can be solved according 
to the opaque box model. A mathematical model is required if the 
measurement problem is solved according to the transparent box model. 

• A preliminary study is carried out and all possible components of the 
combined standard uncertainty of measurement are recorded. The results 
may be presented in tabular form, as shown in Table 4.1. The study shall be 
conducted in a systematic order using the three elements presented in 
Figure 4.1 and the data already documented in the measuring instrument at 
points 1 and 2. Combined standard uncertainty should be subdivided into 
components in a way that avoids the multiple inclusion of the same 
component, but in many cases, this is often not possible in practice. This 
principle is the most important aggregation of uncertainty for the dominant 
components of combined standard uncertainty. 

Based on the documented information, uncertainty modeling of the respective 
approximation cycle is investigated and prepared. For each input uncertainty 
component: 

value of the measurand 
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• an assessment method is chosen, either type A or type B; 
• the value, background information, and other aspects of the component of 

combined standard uncertainty are discussed; 
• in the case of a Type A estimation method, the value of the input size and 

the number of dimensions on which the estimate is based is provided; 
• for the Type B estimation method, the limit 𝑎𝑎𝑥𝑥𝑗𝑗 , 𝑎𝑎𝑥𝑥𝑗𝑗∗   (partition limit in units 

of input / agent), the expected distributional shape and the value of the 
resulting uncertainty component is reported; 

• any possible correlation between the components of the non-additive 
uncertainty recorded is identified and documented in accordance with 
chapter 1; 

• appropriate formulas depending on the measurement model and the 
correlation are selected and the combined standard uncertainty u(y) is 
calculated; 

• the expanded uncertainty U is calculated. 
For the aggregate presented in Table 4.1, it is necessary to be prepared for this 

aggregate table to include all relevant information for the uncertainty estimation cycle if 
needed immediately or later. Possibilities for changes that would lead to a change in the 
estimation of combined standard uncertainty are further explored. [52] 

Table 4.1 – An  example of a generalized aggregate table that contains all of the uncertainty 
aggregate information 

The 
combined 
standard 

uncertainty 
component 

name 

Evalua-
tion 

method 
type 

Distri-
bution 
type 

Number 
of mea-

sure-
ments 

Varia-
tion limit 
𝑎𝑎𝑥𝑥𝑗𝑗∗  in 

units of 
the agent 

Dist-
ribu-
tion 
limit 

axj/ % 

Cor-
rela-
tion 

factor 
r 

Value 
of the 
factor 

b 

Value of the 
combined 
standard 

uncertainty 
component 

uxj/ % 
𝑢𝑢𝑥𝑥1 

𝑥𝑥1 title 
A  10   0  1,8 

𝑢𝑢𝑥𝑥2 
𝑥𝑥2 title B Gauss  2,4 % 2,4 0 0,5 1,2 

𝑢𝑢𝑥𝑥3 
𝑥𝑥3 title B rectang-

le  3,5 % 3,5 0 0,6 2,1 

𝑢𝑢𝑥𝑥4 
𝑥𝑥4 title A  15   0  0,8 

𝑢𝑢𝑥𝑥5 
𝑥𝑥5 title A Gauss  2° 1,0 0 0,5 0,5 

𝑢𝑢𝑥𝑥6 
𝑥𝑥6 title B U  10 °C 1,6 0 0,7 1,1 

𝑢𝑢𝑥𝑥7 
𝑥𝑥7 title B U  15 °C 0,4 0 0,7 0,3 

Combined standard uncertainty, u(y) / % 3,36 
Expanded uncertainty (k = 2), U / % 6,72 
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4.1.3 Connection between the measurement result and the input quantities 
and the expression of the combined standard uncertainty 
In photometric measurements, the result of the measurement is calculated from the sum 
of all added values, in units of measurement which may be expressed by the following 
measurements of illuminance and luminance: 
 

𝑦𝑦 = 𝑥𝑥 + 𝛿𝛿𝑥𝑥MV + 𝛿𝛿𝑥𝑥MÕ + 𝛿𝛿𝑥𝑥KK + 𝛿𝛿𝑥𝑥ÜS + 𝛿𝛿𝑥𝑥MO + 𝛿𝛿𝑥𝑥MP+ . .. (28) 
 

In equation (28), x denotes the arithmetic mean of the measured quantity values or a 
single measured quantity value, 𝛿𝛿𝑥𝑥MV is the correction value of the measuring 
instrument (measuring system) of which the value is obtained from the calibration 
certificate; the rest of the corrections, i.e., errors of measurer 𝛿𝛿𝑥𝑥MÕ, the environment 
 𝛿𝛿𝑥𝑥KK, the set-up 𝛿𝛿𝑥𝑥ÜS, the measuring object 𝛿𝛿𝑥𝑥MO, the measuring procedure 𝛿𝛿𝑥𝑥MP are 
considered to be close to zero, but they have uncertainty. Therefore, by relation (28),  
the combined standard uncertainty 𝑢𝑢(𝑦𝑦) is expressed by the following relation, in which 
the components of the combined standard uncertainty are denoted by their origin. 
 

𝑢𝑢(𝑦𝑦) = �𝑢𝑢𝑥𝑥MV2 + 𝑢𝑢𝑥𝑥MÕ
2 + 𝑢𝑢𝑥𝑥KK2 + 𝑢𝑢𝑥𝑥ÜS

2 + 𝑢𝑢𝑥𝑥MO2 + 𝑢𝑢𝑥𝑥MP2 +. . . (29) 

 
The components of the combined standard uncertainty with respect to (29) are: 𝑢𝑢𝑥𝑥MV 

from the measuring instrument, 𝑢𝑢𝑥𝑥MÕ from the measurer, 𝑢𝑢𝑥𝑥KK from the measuring 
environment, 𝑢𝑢𝑥𝑥ÜS from the measuring set-up, 𝑢𝑢𝑥𝑥MO from the measuring object, 𝑢𝑢𝑥𝑥MP 
from the measuring procedure. 

Experience has shown that the various components of combined standard 
uncertainty do not interact with each other. This means that equation (29) can be used 
to estimate both the absolute and the relative effects on the combined standard 
uncertainty of the measurement result. The uncertainty aggregate and the change in the 
corresponding component of the combined standard uncertainty can be converted to 
economic terms and effects and thereby the uncertainty aggregate is used to assess the 
economic impact. [52] 

4.1.4 Connection between the measurement result and the input quantities 
and the expression of the combined standard uncertainty 
The developed method provides an opportunity to document and optimize the 
measurement process across multiple approximation cycles, taking into account technical, 
economic, or both criteria. Due to the parallel development of the measurement operation 
and the uncertainty pool, the approximation method described provides an opportunity to 
analyse the effect of each sub-procedure on the measurement uncertainty. 

In many cases, the ideal measurement method and measuring instrument, such as 
illuminance, luminance and luminous flux, are too expensive or slow-acting, or both.  
An analysis of the shape and angular deviations of a measurable light object and its effect 
on an uncertain assembly can provide an opportunity to declare other measurement 
methods and tools as suitable or unsuitable and to save costs. For example, it is explored 
whether goniometric measurement of luminous flux with an ILMD camera, a secondary 
method, could be a suitable replacement for both luminous distribution and luminous 
flux, and is, by definition, an ideal method. [16], [55] 
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The specific uncertainty component 𝑢𝑢𝑥𝑥MV and the measurement set-up component 
𝑢𝑢𝑥𝑥ÜS of the combined standard uncertainty can be seen in the summary of uncertainty. 
All other components of the combined standard uncertainty can be considered as 
constants. If the resulting combined standard uncertainty, multiplied by the coverage 
factor k, meets the 𝑈𝑈S requirements of the target uncertainty, the instrument and device 
are recognized as suitable for the measurement task. 

Best Measuring Capability (BMC) is the minimum possible expanded uncertainty that 
a company or laboratory can achieve for a specific measurement task. If all the 
components of the combined standard uncertainty in the uncertainty pool are minimized, 
the value of the expanded uncertainty 𝑈𝑈Smin obtained by multiplying this combined 
standard uncertainty by the coverage factor is the best measurement for this 
measurement task. [52] 

4.1.5 Requirements for purchase of new measuring instruments 
A simplified approximation method for estimating characteristic light measurements 
with defined uncertainty is used where the uncertainty component 𝑢𝑢𝑥𝑥MV of the 
instrument is a variable and all other constants result in minimal requirements, i.e., MPEs 
for the metrological output of the instrument. In this case, the uncertainty of a particular 
measurement task can be summed up by treating the uncertainty components 𝑢𝑢𝑥𝑥MV 
from the measuring instruments as unknown variables and all other uncertainty 
components as constants. Requirements for new measuring instruments that do not yet 
exist can now be derived using equation (29). 

4.1.6 Connection between the measurement result and the input quantities 
and the expression of the combined standard uncertainty 
The environmental impact of 𝑢𝑢𝑥𝑥KK in the combined standard uncertainty can be seen in 
the pool of uncertainties. If all other components of the combined standard uncertainty 
are treated as constants and the environmental uncertainty components are treated as 
variables, then the requirements for the environmental conditions can be derived by 
relation (29). If the resulting combined standard uncertainty u(y) meets the requirements 
of the target uncertainty 𝑈𝑈S, the environment is recognized as suitable for the 
measurement task. [52] 

4.2 Road lighting illuminance uncertainty measurement 
The example presented below addresses a simplified approximation of the measurement 
of the measurement object, the pavement between the Akadeemia road and the 
Ehitajate road with unidirectional light posts represented in Figure 4.2. Also, spectral 
luminance measurement and its uncertainty are estimated, with the acceptance of a 
measurement procedure and measurement conditions declared to be in accordance with 
the above. 
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Figure 4.2 – The pavement section selected for measuring illuminance and a photo of it on the right. 

4.2.1 Measurement task, indeterminacy, measurement procedure and 
conditions  

Measurement task and indeterminacy  
The measurement task was to measure the illuminance of the pavement that is equipped 
with luminance posts on the one side between the Akadeemia road and the Ehitajate 
road, starting at 23:40 on 20.11.2018 in order to check the status of the existing lighting 
solution. Measurement uncertainty 𝑈𝑈L = 10 % of the result of the measurement of the 
illuminance at the points of the light traffic raster between the posts. [52] 

Measurement principle, method, procedure, conditions and the placement of measuring 
points 
The principle of measurement is as follows: the light emitted on the surface to be 
measured is transmitted through a measuring sensor to a processor which devides it into 
different wavelengths, the intensity of which is used to record the illuminance falling on 
that surface.  The method of measurement is the direct measurement of the illuminance 
at the specified measuring points in the area between the posts. The initial measurement 
procedure to be used is as follows: the distance between the masts of the measured road 
surface 34 m, depending on the raster 2 m × 3,7 m (points positions based on fixed gauge 
measurements) the spectrum based luxmeter BTS256-EF [56] is placed in the determined 
measuring points (the position diagram of the points is given in Figure 4.3). The illuminance 
meter transducer is positioned above the measuring point at a height of 45 mm above 
the measuring point so that its axis is perpendicular to the measuring surface on the 
measuring direction. Then, the illuminance reading at this point is fixed by using the 
illuminance meter (Figure 4.2). 

 

 
 
Figure 4.3 – The placement of the measuring points on the pavement surface to be measured between 
the posts.   
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The following conditions were applied to the measurement: 
• the pavement is covered with new asphalt; 
• spectroradiometer BTS256EF no. 17384M spectrometric illuminance meter 

[56] used has a measuring range (1 ... 199999), with lx at wavelengths 
between 360 nm to 830 nm the readings on the calibration certificate based 
on the manifacture’s specification, MPE = ±3 % of the measurement results; 

• the step number of the lux meter reading device is 0,01 lx; 
• the air temperature in the vicinity of the measuring object is 2 °C ± 1 °C; 
• the relative humidity of the air at the height of 1 m around the target is 80 % 

± 10 %; 
• the recorded temperature variation of the lux meter is less than 5 °C; 
• the temperature difference between the lux meter and the measured 

surface of the road surface is less than 20 °C; 
• the body of the lux meter is made of aluminum, covered with a plastic cover; 
• the measurer is trained and competent to use the lux meter. 

Measurements of the illuminance at the raster measurement points defined in the area 
between the pavement, see Figure 4.3, the resulting dimensions are given in Table 4.2. 

Table 4.2 – Measuring points and resulting measurements. 

Point No 1 2 3 4 5 6 7 8 9 10 

Measured 
quantity value, 
𝑥𝑥𝑗𝑗𝑖𝑖/lx 

4,76 7,92 9,32 3,80 6,56 3,80 3,04 4,24 4,09 2,11 

Point No 11 12 13 14 15 16 17 18 19 20 

Measured 
quantity value, 
𝑥𝑥𝑗𝑗𝑖𝑖/lx 

2,44 2,23 1,73 1,74 1,61 1,53 1,45 1,39 1,72 1,93 

Point No 21 22 23 24 25 26 27 28 29 30 

Measured 
quantity value, 
𝑥𝑥𝑗𝑗𝑖𝑖/lx 

1,78 2,69 3,74 3,62 3,54 5,93 7,42 4,34 7,32 9,50 

List of uncertainty components and their discussion 
Overview of the components of combined standard uncertainty in the illuminance 
measurement of a selected section of the surface of the pavement is shown in Table 4.2 
and an explanation of these components is presented in Table 4.3 in tabular form. 

4.2.2 The first approximation cycle – the measurement result and 
documentation and calculation of the components of the combined standard 
uncertainty 

Measurement result Iterative method 
Since the measurement task is to check the current state of the lighting solution on the 
surface of the pavement between the lighting posts, the connection (9) is calculated 
using the arithmetic mean of the measurements obtained in Table 4.2, which has the 
value of 
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�̅�𝑥𝑗𝑗 =
1
𝑛𝑛
�𝑥𝑥𝑗𝑗𝑖𝑖

𝑛𝑛

𝑖𝑖=1

= 3,91 lx 

The result of the measurement using the approximation method is the sum of the 
illuminances of which all the additions are in units of illuminance, in this case expressed 
as 

𝑦𝑦 = �̅�𝑥𝑗𝑗 + 𝛿𝛿𝑥𝑥MV + 𝛿𝛿𝑥𝑥MÕ + 𝛿𝛿𝑥𝑥KK + 𝛿𝛿𝑥𝑥ÜS + 𝛿𝛿𝑥𝑥MO= 3,91 lx 

y in �̅�𝑥𝑗𝑗  indicates 2 m × 3.7 m raster of the arithmetic mean of the measurements 
(readings) obtained in 30 points on the surface of the pavement, 𝛿𝛿𝑥𝑥MV is the measuring 
instrument reading correction, the rest of the equation corrections, i.e., the corrections 
of the measurer 𝛿𝛿𝑥𝑥MÕ, the measuring environment 𝛿𝛿𝑥𝑥KK, the setting 𝛿𝛿𝑥𝑥ÜS, the 
measuring object 𝛿𝛿𝑥𝑥MO are considered to be close to zero for this approximation but 
they have uncertainty. Thus, the combined standard uncertainty 𝑢𝑢(𝑦𝑦) of the 
measurement result in this case can be calculated from the relation  

𝑢𝑢(𝑦𝑦) = �𝑢𝑢𝑥𝑥MV2 + 𝑢𝑢𝑥𝑥MÕ
2 + 𝑢𝑢𝑥𝑥KK2 + 𝑢𝑢𝑥𝑥ÜS

2 + 𝑢𝑢𝑥𝑥MO2  (30) 

Using this equation, the combined standard uncertainty is calculated in Figure 4.4.  

List of uncertainty components and discussion 
An overview of the components of the combined standard uncertainty in the illuminance 
measurement of the luminous surface section in Figure 3.4 and the measurement points 
in Figure 4.3 is provided in tabular form in Table 4.3. 

Table 4.3 – Basic potential components of the combined standard uncertainty in the 
measurement of luminous surface illuminance and their explanations 

Title 
Low 
reso-
lution 

Title 
High 
reso-
lution 

Name of the 
combined standard 

uncertainty 
component 

Explanations 

𝑢𝑢𝑥𝑥MV 
 Measurement 

instrument error 
The lux meter is calibrated and has a measurement 
deviation within the MPE value, which is 3% of the 
reading for a measuring range (1 ... 30) lx 

𝑢𝑢𝑥𝑥MÕ 

𝑢𝑢𝑥𝑥NV Taking a reading The uncertainty of the reading is 
determined by the last step of the reading The 

largest 
of 

these 
is the 
value 

of  
𝑢𝑢𝑥𝑥MÕ 

𝑢𝑢𝑥𝑥LV Resolution 𝑢𝑢𝑥𝑥LV = 𝑑𝑑 2√3⁄
=  0,01 lx 2√3  = 0,003 lx⁄  

𝑢𝑢𝑥𝑥KV 
Repetition 

Based on the experimental repeatability 
study 𝑎𝑎𝑥𝑥KV = 0,01 × x, where x is the 
measurement result 
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Title 
Low 
reso-
lution 

Title 
High 
reso-
lution 

Name of the 
combined standard 

uncertainty 
component 

Explanations 

𝑢𝑢𝑥𝑥KK 

𝑢𝑢𝑥𝑥EO 
Temperature 
difference 
between 
instrument and 
measuring object 

The temperature difference between the 
lux meter and the road surface to be 
measured is expected to follow the U-
shaped distribution and measurements 
are made so rapidly that the instrument 
changes little in its temperature. The 

largest 
of 

these 
is the 
value 

of  
𝑢𝑢𝑥𝑥KK 

 

𝑢𝑢𝑥𝑥ET 
Difference 
between the 
measuring 
environment and 
the reference 
temperatures 

The temperature difference between the 
measuring medium and the reference 
temperature is expected to follow the U-
shaped distribution. 

𝑢𝑢𝑥𝑥EM 
The change in the 
temperature of the 
instrument during 
measurement 

The temperature change of the lux meter 
during the measurement is assumed to 
follow a rectangular distribution. 

𝑢𝑢𝑥𝑥EN Humidity of the 
measuring 
environment 

It is expected that the effect of the 
atmospheric absorption of light and the 
condensation of moisture on the light 
transmission surfaces of the lux meter or 
their electrical circuits should be 
determined experimentally. 

𝑢𝑢𝑥𝑥ÜS 

 Difference 
between 
instrument 
position and 
nominal position 

It is assumed that the position, inclination and 
directional uncertainty component of the sensor 
light sensitive surface of the lux meter is 
determined experimentally. 

𝑢𝑢𝑥𝑥MO 
 Unevenness of 

measurable size on 
a measuring object 

It is assumed that the illumination irregularity of 
the surface of a light traffic road follows a 
rectangular distribution. 

Lux meter measurement error  Type B evaluation 
The MPE estimate for the lux meter is 3% of the measurement result y = 3,91 lx. For 
certainty, a rectangular distribution with b = 0,6 is assumed. The result is the standard 
uncertainty of the measurement deviation of the lux meter according to (14) 

𝑢𝑢𝑥𝑥MV = MPE × b =[(3 % × 3,91 lx) 100 %⁄ ] × 0,6 = 0,07 lx 

Readings and resolution  Type B evaluation 
The reading depends on the lux meter. In this case, it is a numeric indicator with a reading 
step  
d = 0.01 lx. Therefore, the standard uncertainty of sampling according to relation (15) is 

𝑢𝑢𝑥𝑥NV = 0,3 × 𝑑𝑑 = 0,3 × 0,01 lx = 0,003 lx 



49 

The resolution of the lux meter is given in the specification of the instrument, which 
reads d = 0,01 lx. Thus, the standard uncertainty due to resolution according to relation 
(15) is 

𝑢𝑢𝑥𝑥LV = 0,3 × 𝑑𝑑 = 0,3 × 0,01 lx = 0,003 lx 

Repeatability Type A evaluation 
Previously, a study of the repeatability of the dimensional values obtained by measuring 
the illuminance by meter was carried out. The resulting distribution limit 𝑎𝑎𝑥𝑥KV =1% of 
the arithmetic mean of the dimensions �̅�𝑥𝑗𝑗  = 3,91 lx. Assuming that the repetition 
distribution corresponds to the normal distribution, the repeatability standard uncertainty 
is calculated according to section 3.4.4 

𝑢𝑢𝑥𝑥KV = 𝑎𝑎𝑥𝑥KV × b = [(1 % × 3,91 lx) 100 %⁄ ] × 0,5 = 0,02 lx 

Of these combined standard uncertainty components, the component with the highest 
repetition value is the highest. Thus, 

𝑢𝑢𝑥𝑥MÕ = 𝑢𝑢𝑥𝑥KV = 0,02 lx 

Temperature of the measuring instrument and the measuring object 
 Type B evaluation 
Based on previous tests, the difference (15-20) K between the lux meter and the 
pavement surface may cause a change in the reading of the measuring instrument used, 
which does not exceed 𝑎𝑎𝑥𝑥EO =2 % of the arithmetic mean of the measurements 
�̅�𝑥𝑗𝑗  = 3,91 lx. Assuming a U distribution such that b = 0,7, the value of this combined 
standard uncertainty component is given in section 3.4.4 

𝑢𝑢𝑥𝑥EO = 𝑎𝑎𝑥𝑥EO × b = [(2 % × 3,91 lx) 100 %⁄ ] × 0,7 = 0,05 lx 

Measuring the medium temperature and the reference 
temperature Type B evaluation 
The instrument specification [14] specifies the operating range of the lux in the ambient 
temperature range from –10 °C to + 30 °C. When measuring the luminance, the 
maximum difference in the ambient temperature from 20 °C is 18 °C. Assuming that a 
measurement of 2 °C at ambient temperature is converted to 20 °C, a measurement 
error of not more than 𝑎𝑎𝑥𝑥ET =1 % of the measurement result y = 3,91 lx may occur. This 
U-distribution of the uncertainty component due to the temperature difference is given 
in section 3.4.4 

𝑢𝑢𝑥𝑥ET = 𝑎𝑎𝑥𝑥EO × b = [(1 % ×3,91 lx) 100 %⁄ ] × 0,7 = 0,03 lx 

Temperature of the instrument  Type B evaluation 
The instrument specification [14] states that a change in the temperature of the lux 
meter within the range of ambient temperatures between –10 °C to +30 °C will not cause 
a measurement error. Thus, the recorded time fluctuation of the lux meter at 5 °C gives 
us that 

𝑢𝑢𝑥𝑥EM ≈ 0 lx 

 



50 

Humidity of the measuring environment Type B evaluation 
Measures have been taken to measure the illuminance so that the air humidity in the 
measuring environment does not affect the measurement results. So, in this case, 

𝑢𝑢𝑥𝑥EN ≈ 0 lx 

Of these combined standard uncertainty components,  𝑢𝑢𝑥𝑥EO has the highest value.  
In this case, 

𝑢𝑢𝑥𝑥EO = 𝑢𝑢𝑥𝑥KK = 0,05 lx 

Set-up Type B evaluation 
The deviation of the transducer axis between the surface of the pavement, according to 
the lux meter specification, has a negligible influence on the reading of the gauge.  
The direction of the light emitted from the mast in relation to the vertical axis of the 
sensor has a greater influence on the reading of the measuring instrument. According to 
the graph of the lux meter specification, the angle of incidence of light from the light 
source at 70° times the vertical (in this case, the worst case) is the effect of the combined 
standard uncertainty component of the result due to its effect is 1% of the result. Thus, 

𝑢𝑢𝑥𝑥ÜS = [(1 % × 𝑦𝑦) 100 %⁄ ] = 0,01 × 3,91 lx = 0,04 lx 

Measuring object Type B evaluation 

The extent of the object to be measured, the length of the asphalt pavement surface, is 
defined by the distance between the one-sided illuminating posts, which results in a 
higher illuminance near the posts and the smallest at the centre of the posts.  
The arithmetic mean of the measurements at the specified raster measurement points 
is significantly affected by the illumination irregularity of the surface of the intersection 
between the posts, which results in a compound uncertainty component with 
rectangular distribution that can be calculated from the connections given in Table 4.2 
(excluding those obtained at measuring points 3 and 30 directly below the lighting posts) 
 

𝑢𝑢𝑥𝑥MO = �𝑥𝑥𝑗𝑗2  − 𝑥𝑥𝑗𝑗18�/2√3  =   (7,92 lx − 1,39 lx)/2√3  = 1,88 lx 

Assembly of uncertainty budget 
The uncertainty is summarized in section 4.2.3 in a simplified form, using a low 
distinction, for the first approximation cycle in the form of the table given in Table 4.4. 
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Table 4.4 – The first uncertainty summary approximation cycle 

The 
name of 

the 
compo-

nent 

Indica-
tions 
of the 
stan-
dard 

uncer- 
tainty 

Eva-
lua- 
tion 
type 

Distri-
bution 
type 

Num- 
ber of 
mea- 
sure- 

ments 

Varia-
tion 
limit 

in units 
of the 
agent 
𝑎𝑎𝑥𝑥𝑗𝑗∗   

Variation 
limit 
𝑎𝑎𝑥𝑥𝑗𝑗/ lx 

Cor-
rela-
tion 

factor 

Dist-
ribu-
tion 

factor 
b 

Value of the 
combined 
standard 

uncertainty 
component 
𝑢𝑢𝑥𝑥𝑗𝑗/ lx 

Mea-
suring 
instru-
ment 

𝑢𝑢𝑥𝑥MV B 
rectan- 
gular  3 % 0,12 0 0,6 0,07 

Mea-
surer 

𝑢𝑢𝑥𝑥MÕ B Gauss 30 1 % 0,04 0 0,5 0,02 

Environ-
ment 

𝑢𝑢𝑥𝑥KK B U  18 °C 0,07 0 0,7 0,05 

Set-up 𝑢𝑢𝑥𝑥ÜS B expe- 
riment  70° 0,04 0  0,04 

Measu-
red 

object 
𝑢𝑢𝑥𝑥MO B rectan- 

gular  3,26 lx 3,26 0 0,6 1,88 

Combined standard uncertainty, u(y)E1 / lx 1,90 

Expanded measurement uncertainty, UE1/ lx 3,80 

Combined standard uncertainty and expanded measurement uncertainty 
It is assumed that the components of combined standard uncertainty do not correlate 
with each other. In this case, the combined standard uncertainty can be found from the 
relation given by the equation in Table 4.4 according to formula (29) 

𝑢𝑢(𝑦𝑦)E1 = �𝑢𝑢𝑥𝑥MV2 + 𝑢𝑢𝑥𝑥MÕ
2 + 𝑢𝑢𝑥𝑥KK2 + 𝑢𝑢𝑥𝑥ÜS

2 + 𝑢𝑢𝑥𝑥MO2 = 

= �(0,072 + 0,022 + 0,052 + 0,042 + 1,882)lx2 = 1,90 lx 

The connection of expanded measurement uncertainty according to formula (27) is 

𝑈𝑈E1 =  𝑢𝑢(𝑦𝑦)E1 × 𝑘𝑘 = 1,90 lx × 2 = 3,80 lx 

or 

𝑈𝑈E1% =  𝑈𝑈E1 �̅�𝑥𝑗𝑗⁄ = 3,80 lx/3,91 lx ×  100 % = 97 % ≫ 10 % 

Discussion of the uncertainty summary  
The condition 𝑈𝑈E1 ≤  𝑈𝑈L for the first approximation cycle uncertainty summary is not 
met. In this assembly, a component 𝑢𝑢𝑥𝑥MO of the excess is the combined standard 
uncertainty caused by the uneven illumination of the measurable section of the light 
traffic path equipped with unilateral masts. Based on the information available, it is not 
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possible to obtain a lower estimate for 𝑢𝑢𝑥𝑥MO. The only option is to redesign and rebuild 
the pavement lighting facility. Temperature convergence should also be better, allowing 
the 𝑢𝑢𝑥𝑥KK component to be reduced. This should be done by allowing more time for 
acclimatization or by selecting a more suitable measurement time to keep the ambient 
temperature as close to 20 °C as possible. It should also be possible to provide more 
effective protection from the heat of the body parts of the meter and the humidity level 
of the surrounding measuring environment during handling and measurement of  
the measuring instrument. Modifying (reducing) any of the other components of  
non-uniformity of illuminance and non-ambient uncertainty has no effect on the 
combined standard uncertainty in this case. [52] 

Conclusion from the first approximation cycle 
On the basis of the first approximation cycle, the measurement operation described 
above, based on which the arithmetic mean and its expanded uncertainty were 
calculated using the measurements obtained at the various measuring points of the 
illuminance between the masts, cannot not be validated because the condition 
𝑈𝑈E1 ≤  𝑈𝑈L is not followed.  

A second approximation cycle of measuring the luminance at a particular raster 
measurement point must be performed to verify the accuracy of the selected 
measurement operation. For this measuring point, the least-lit point on the road surface 
where the uncertainty in the illuminance measurement is likely to have the greatest 
value shall be selected. In this case, this point is the midpoint of the distance between 
the posts, which, according to the data in Table 4.2, is the measuring point No 18. 

4.2.3 The second approximation cycle – documentation and calculation of the 
measurement result and the combined standard uncertainty 

Measurement result and its combined standard uncertainty  Approximation method 
According to the results of the first approximation cycle, the expanded uncertainty of the 
mean value obtained from measuring the illuminance of the section of the pavement 
between the posts does not satisfy the condition 𝑈𝑈E1 ≤  𝑈𝑈L, therefore, the suitability of 
the measurement procedure for measuring the illuminance of the surface of the 
pavement by means of a second approximation cycle shall be checked.  

As a precondition for this approximation cycle, the illuminance inequality must be 
eliminated and the measurement procedure is to be performed for the measurement of 
the illuminance intensity at the point of measurement of the illuminance surface raster, 
at which the illuminance measurement is likely to have the greatest uncertainty. In this 
case, the most unfavorable raster measurement point in terms of uncertainty is the point 
18 measurement in Table 4.2, the value of 

𝑥𝑥𝑗𝑗18 = 1,39 lx 

The measurement result at measuring point 18 using the approximation method shall 
be calculated from the sum of all additions in units of illuminance, in this case expressed 
as 

𝑦𝑦 = 𝑥𝑥𝑗𝑗18 + 𝛿𝛿𝑥𝑥MV + 𝛿𝛿𝑥𝑥MÕ + 𝛿𝛿𝑥𝑥KK + 𝛿𝛿𝑥𝑥ÜS = 1,39 lx 

The measurement result y from 𝑥𝑥𝑗𝑗18  represents the 2 m × 3,7 m raster measured at 
the measuring point 18 of the pavement surface, 𝛿𝛿𝑥𝑥MV is the correction of the lux meter; 
in this case, the calibration certificate declares that the measurement of the lux meter is 
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within the range (1 ... 30) lx of the specifications within the MPE, the rest of the equation 
corrections, i.e., the corrections for the measurer, the environment and the set-up, are 
considered to be close to zero for the purpose of this approximation method, but they 
have uncertainty. Thus, the combined standard uncertainty 𝑢𝑢(𝑦𝑦) of the measurement 
result in this case can be calculated from the relation 

𝑢𝑢(𝑦𝑦) = �𝑢𝑢𝑥𝑥MV2 + 𝑢𝑢𝑥𝑥MÕ
2 + 𝑢𝑢𝑥𝑥KK2 + 𝑢𝑢𝑥𝑥ÜS

2  (31) 

Using this relationship, the combined and expanded uncertainties in Table 4.5 have 
been calculated. 

Measuring instrument Type B evaluation 
The MPE value for a lux meter is 3 % of the measurement result, y = 1,39 lx. For certainty, 
a rectangular distribution with b = 0,6 is assumed. The result calculated using formula 
(16) gives the standard uncertainty of the reading of the lux meter 

𝑢𝑢𝑥𝑥MV = MPE × b = [(3 % × 1,39 lx) 100 %⁄ ] × 0,6 = 0,03 lx 

Measurer-induced component Type B evaluation 
The metric uncertainty component is the combined standard uncertainty component of 
repeatability described above, which has the value of 

𝑢𝑢𝑥𝑥MÕ = 0,02 lx 

Measuring environment induced component Type B evaluation 
Based on previous tests, the difference in temperature between the lux meter and the 
pavement (15...20) K between the ambient temperature in the range of –10 °C to +30 °C 
and measuring at the ambient temperature of 2 °C can result in 𝑎𝑎𝑥𝑥KK = 2%  change in the 
reading of the lux meter used from the measurement result y = 1,39 lx. Assuming a U 
distribution, in which case b = 0,7, the value of this combined standard uncertainty 
component is given in 3.4.3 

𝑢𝑢𝑥𝑥KK = 𝑎𝑎𝑥𝑥EO× b = [(2 % × 1,39 lx) 100 %⁄ ] × 0,7 = 0,02 lx 

Set-up induced component Type B evaluation 
The direction of the light from the light meter transducer axis to the transducer at the 
measuring point No 18 may be up to 70°. The value of the component uncertainty that 
influences the measurement result for this direction angle is 1% of the dimension,  
as plotted in the lux meter specification. So 

𝑢𝑢𝑥𝑥ÜS = ��1 % × 𝑥𝑥𝑗𝑗18� 100 %⁄ � = 0,01 × 1,39 lx = 0,01 lx  

Measuring object Type B evaluation 
Based on the conclusions of the first approximation cycle, the illuminance irregularity of 
the surface of the pavement between the light posts is excluded. 
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Combined standard and expanded uncertainty 
It is assumed that the components of combined standard uncertainty do not correlate 
with each other. In this case, the combined standard uncertainty can be found from the 
values given in formula (25) above, using the connection 

 𝑢𝑢(𝑦𝑦)E2 = �𝑢𝑢𝑥𝑥MV2 + 𝑢𝑢𝑥𝑥MÕ
2 + 𝑢𝑢𝑥𝑥KK2 + 𝑢𝑢𝑥𝑥ÜS

2 = 

= �(0,032 + 0,022 + 0,022 + 0,012) lx2 = 0,04 lx  

The expanded uncertainty is 

 𝑈𝑈E2 =  𝑢𝑢(𝑦𝑦)E2 × 𝑘𝑘 = 0,04 lx × 2 = 0,08 lx 

or 
 𝑈𝑈E2% =  𝑈𝑈E2 𝑥𝑥𝑗𝑗18⁄ = 0,08 lx/1,39 lx ×  100 % = 6 % < 10 % 

Summary of uncertainty 
The uncertainty aggregation for the second approximation cycle using low distinction is 
summarized in Table 4.5. 
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Table 4.5 – Summary of uncertainties in the second approximation cycle 

The  
name of 
the com-
ponent 

Indi-
cation 
of the 
stan-
dard 

uncer- 
tainty 

Eva-
lua- 
tion 
met-
hod 

Distri-
bution 
type 

Num- 
ber of 
mea- 
sure- 

ments 

Varia-
tion limit 
In units 
of the 
agent 
𝑎𝑎𝑥𝑥𝑗𝑗∗  

Varia-
tion 
limit 

 𝑎𝑎𝑥𝑥𝑗𝑗  / lx 

Cor-
rela- 
tion 

factor 

Dist-
ribu- 
tion 

factor 
b 

Value of the 
combined 
standard 

uncertainty 
component 
𝑢𝑢𝑥𝑥𝑗𝑗  / lx 

Measu-
ring 

instru-
ment 

𝑢𝑢𝑥𝑥MV B rectan- 
gular  3 % 0,042 0 0,6 0,03 

Mea-
surer 

𝑢𝑢𝑥𝑥MÕ B Gauss 1 1 % 0,040 0 0,5 0,02 

Environ-
ment 

𝑢𝑢𝑥𝑥KK B U  18 K 0,028 0 0,7 0,02 

Set up 𝑢𝑢𝑥𝑥ÜS B experi- 
ment  70° 0,010 0  0,01 

Combined standard uncertainty, u(y)E2 / lx 0,04 

Expanded measurement uncertainty, UE2/ lx 0,08 
 

Discussion of the uncertainty summary  
Based on the second approximation cycle uncertainty summation, the condition 
𝑈𝑈E2 ≤  𝑈𝑈L is satisfied. The uncertainty aggregate is the component 𝑢𝑢𝑥𝑥MV of the combined 
standard uncertainty due to the predominant illuminance, the value of which is 
approximately one third of the combined standard uncertainty. The combined 
uncertainty in the measurement of one third of the component uncertainty due to a 
measuring instrument is typically present in all measurements. [52] 

Conclusion from the second approximation cycle 
There is reason to believe that the uncertainty summary for the second approximation 
cycle adequately estimates the uneven illuminance of the one-sided pavement section. 
Thus, the uncertainty criterion is met by initial assumptions and measurement 
instruments. This fact qualifies the measurement procedure used to be suitable for 
measuring the illuminance of the surface of a pavement at a single defined raster 
measurement point. 

4.2.4 Conclusion 
The example presented demonstrates that by using the simplified approximation 
method described above, the measurement method and the measurement conditions 
can be accepted as suitable for the uncertainty condition in order to ensure the condition 

𝑈𝑈E𝑚𝑚 ≤  𝑈𝑈L (32) 
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In this case, after the first approximation cycle, it is quite obvious what should be done 
if the uncertainty conditions are not met. Only one component of uncertainty in the pool 
of uncertainties in Table 4.4 is dominant. In this case, in order to satisfy the uncertainty 
conditions of the agreement, the measuring task must be redefined and the illuminance 
measurement must be performed at a given or selected point on the measuring surface. 
The example illustrates very clearly how one component of uncertainty (in this case,  
the unevenness of the illuminance on the pavement) affects the combined standard 
uncertainty of the average illuminance after the first approximation cycle. Depending on 
the relative values of the uncertainty components in Table 4.4, a further strategy to 
reduce uncertainty was established, leading to a second approximation cycle. It should 
be taken into account that the example given is merely an illustration of a simplified 
approximation method for estimating uncertainty. The example contains the components 
of uncertainty that are relevant only in this particular example. For other applications, 
other components of uncertainty may be relevant. [52] 

4.3 Information on using the interative method approach 
The simplified approximation method for estimating and expressing the uncertainty 
described is based on GUM and uses its general concept. If more detailed procedures are 
described in GUM (e.g., the maximum uncertainty may include up to 33 components) for 
a more accurate estimation of uncertainty, such as in a flux photometric sphere, then the 
approximation described is based on an upper limit strategy. This slight overestimation 
of the uncertainty at all levels where convergence cycles determine the overestimation 
rate, allows the low-impact components to be dispensed with and the combined 
standard uncertainty to form a low distinction of 4 to 6 by the applied overestimated 
component. Deliberate overestimation is necessary to avoid misjudgments based on the 
measurement results. In most cases, the proposed approximation method requires very 
small resources (a small number of overestimated low-resolution components) to 
estimate the uncertainty, which may result in a slight overestimation of the uncertainty. 
If a more accurate measurement uncertainty assessment for photometric measurements 
is required, should still be used the more detailed procedures described and presented 
in GUM [57]. 

The approximation method described above can be used as a practical method for 
estimating measurement uncertainty in photometric measurements, which allows 
minimizing costs and maximizing the benefits of the expanded measurement uncertainty 
calculation process. The developed iterative method is economically independent. This 
approximation method has been used in the measurement processes of Tallinn 
University of Technology Lighting Laboratory, in the development and qualification of 
new measurement applications to ensure that the obtained experimental expanded 
uncertainty 𝑈𝑈E𝑚𝑚  exceeds the given agreement uncertainty 𝑈𝑈L as well as the target 
uncertainty 𝑈𝑈S requirements, such that 𝑈𝑈E𝑚𝑚 ≤ 𝑈𝑈L and 𝑈𝑈E𝑚𝑚 ≤ 𝑈𝑈S. 

The described approximation method illustrated by the example of illuminance 
measurement is fully applicable to other types of technical illumination measurements, 
such as uncertainty in the measurement and documentation of measurements of light 
luminance, color temperature, spectral composition, glare, flicker, etc. [51], [58] 
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5 Development of a measuring instrument and measurement 
methodology for measuring the values characterizing the 
reflection of light from surfaces 

5.1 Main measurement method, essential features and shortcomings  
The properties of current roadway and walkway surfaces and the road materials used to 
produce them (additives, fillers and binders) have gradually changed. Therefore, the 
measurements obtained based on the measurement operations used for road surface 
luminance have a measurement uncertainty of up to 30 % of the measurement result 
and sometimes even 50 % of the measurement result [20], [34]. Luminous intensity 
distribution of the new type of light sources, especially the SSL-type light sources, is very 
sharp, which increases the impact of light characteristics reflected from the surface. Even 
the current LED technology supports smart road surface lighting and the opportunity to 
adapt the luminous flux at any time in terms of intensity and direction according to  
the characteristics of the road surfaces and the luminance requirements. These 
circumstances require development of new modern measurement methods and mobile 
measurement instruments in order to design more efficient, more economic and safer 
road surfaces and road lighting installations. There is a significant need to simplify and 
improve the measurement methods currently used to measure values characteristic of 
light reflection. With mobile measuring instruments, it is necessary to measure in situ 
the luminance of the coating surface directly surrounding the measuring point of the 
measuring grid defined on the coating surface and other light characteristics reflected 
from this surface and the diversity of these values. [VII] 

The standard method and equipment for measuring the surface luminance of road 
pavements is mainly used [10], [11]. According to the method given in the standard, the 
luminance of the pavement is measured at predetermined points in the measuring field 
(calculation field) defined by the pavement standard (Figure 5.1) [11]. According to this 
standard, the measuring points of the measuring field defined for measuring the 
luminance of the pavement of a road section are evenly distributed, forming a raster of 
measuring points. The raster of the measuring points must be the same as for measuring 
the illuminance of the pavement of the same road section, which takes place before the 
measurement luminance of the pavement. When measuring the luminance of light 
reflected from the pavement surface, a measuring instrument, such as a luminance 
meter, is usually placed on a tripod 1,5 m above the pavement surface and 60 m above 
the closest measuring points of the road surface pavement field (calculation field). 
Measurements may also be made at each measuring point at a shorter distance from the 
measuring point, but in this case, the extent of the surface of the pavement touched by 
the luminance meter and the height of the measuring instrument above the surface of 
the pavement must be proportionally smaller. The angle of reference of the luminaire 
itself (angle of observation) in relation to the normal surface of the pavement shall be 
kept within 89° ± 0,5°. In the transverse direction, the luminance meter shall be located 
in the center line of the selected measurement field on the pavement of each lane of the 
road. When measuring the luminance of the pavement surface of a road section,  
the average luminance of the pavement surface, the overall uniformity of luminance and 
the elevation factor of the luminance threshold are calculated on the basis of the 
measurements obtained at the given measuring points. In this case, the longitudinal 
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uniformity of the luminance of the pavement surface is calculated on the basis of the 
measurements obtained for the measurement of luminance for a multi-lane pavement 
for the center line of all lanes. [11], [VII] 
 

  
 

Figure 5.1 – Field of calculation and measurement for luminance. 
 
The disadvantage of the measurement method used is that it is very measurement-

intensive, expensive and has a relatively low level of accuracy. When implementing the 
method for all possible types of illuminance and luminance meters used, the location of 
the measuring points outside the given pavement surface and the light sources adjacent 
to the grid and the effect of the light generated by them on the luminance of the 
pavement surface must be taken into account. Also, for all luminance meters used,  
the grip angle of the pavement surface to be measured when measuring the luminance 
of any point on the grid of the measuring points shall not exceed 2 angular minutes in 
the vertical position and not more than 20 angular minutes in the horizontal position. 
However, this angle must not be less than 1 minute, which is the normal angle of human 
visual acuity. In order to obtain results for measuring the luminance, luminance factor, 
reduced luminance factor, color temperature and chromaticity coordinates of the 
pavement surface, the luminance of the pavement surface must be measured in advance 
at each of these measuring points, usually between 1 lx and 50 lx for all types of 
pavements. Luminance is measured by placing a measuring instrument, such as an 
illuminance meter, above the raster measurement point on the surface of the pavement. 
Thus, with this measurement method, the measurement of illuminance and luminance 
obtained at any point in the raster of the measuring points of the measuring field is 
affected by the instantaneous characteristics of the road lighting installations, weather 
and ambient conditions, and extraneous and disturbing light. Also, the road surface to 
be measured may be newly built, due to which the reflective properties of the surface of 
this road surface have not been stabilized. The reflective surface properties of this 
pavement may not stabilize for a few months. [VII], [8]-[12] 

Low accuracy of the method used has been demonstrated in the present research. 
Using the uncertainty estimation method developed in Section 3, the estimation of the 
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uncertainty components of the measurement results obtained in the measurements is 
presented in Section 4. The standard data methodologies analyzed in publications I, III 
and IV are used as a basis. 

During the research (as a result of the analysis of published publications I to VII), a 
structure with a new measurement method was developed, which allowed us to increase 
the universality of measurement, reduce measurement volume and ensure measurement 
accuracy, eliminating the effects of road lighting equipment, weather and ambient 
conditions and disturbing light. 

5.2 Development of the new measurement method  
In order to develop a method and a device for measuring the reflectance properties of 
surface light, various close patent solutions were developed and compared, which are 
reflected in the description of the patent application. [VII] 

An example is Cidaut Technologies Llc road sign luminance measurement method and 
the luminance meters [59]. According to this measurement method, road sign surface 
luminance is measured indirectly based on the difference between two values 
characteristic of the level of reflection of light. Luminance meters are fixed to the front 
side of the vehicle between the lights. The values characteristic of one level of reflection 
of a road sign surface are fixed based on road surface lighting installations by one 
luminance meter and the values characteristic of the other level of reflection are 
determined based on the luminous flux coming from the vehicle’s lights by the other 
luminance meter. The difference between the obtained values characteristic of the light 
reflection levels is fixed by an indicating device attached to the vehicle, which has a 
system for recording the reflection of light, positioning and synchronisation, which 
displays the final data from the measurement of road sign luminance. 

A disadvantage of this method and the used luminance meters is their relatively high 
cost. The method and devices are applicable by using a respective moving vehicle. Thus, 
the method and the luminance meters used for its implementation only enable 
measuring the luminance of road signs. [59] 

Another device developed by IWASAKI ELECTRIC Co., Ltd. for measuring the luminance 
of the road surface [60] allows one to measure the luminance of a road section at the 
measuring points specified in the measuring field and then evaluated by image 
processing. The luminance of the road surface is measured by a large number (e.g. 100) 
of measuring points under spotlight, which are used to estimate the average luminance. 
To shorten the measurement time, the image of the target area is taken with an imaging 
device, such as a semiconductor sensor, and processed with image processing 
equipment. When measuring the luminance of the road section surface, the average 
luminance of the target area and the luminance uniformity are calculated on the given 
grid on the basis of the measured values obtained at the given measuring points.  
The meter has a monitor for capturing the image, and it displays the mask of the metering 
area on top of the image taken in the imaging device. [VII], [60], [61] 

A disadvantage of the described measurement device is its high price and relatively 
low accuracy. For calculating the luminance values, the measurement instrument uses 
grayscale, and due to its light reflecting characteristics (according to spectral 
distribution), it cannot be calibrated. The measurement device uses imaging software, 
which increases the measurement capacity and the inaccuracy of measuring. In addition, 
this measurement device enables measuring the luminance of the surface of road surface 
illuminated by only certain determined lighting installations and also does that relatively 
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inaccurately, i.e., with an approximately 30 % measurement uncertainty from the 
measurement result. [VII], [61] 

A third example for comparison is the device and measuring method patented by 
Schreder [62], a bundle of light rays is directed in an open environment from the light 
source to the surface of the studied measurement object with a diameter of 113 mm 
gradually fixed at 0-, 30-, 50- or 70-degree angles from the surface normal of the 
measurement object. The measured luminance values of the light reflected from this 113 
mm diameter surface of the measurement object are fixed by respective sensitive 
elements based on the horizontal of the surface in the direction of 5, 10, 20, 30, 40, 50, 
60, 70 or 80 angular degrees. The measured values fixed by the sensitive elements are 
the basis for calculating the luminance coefficient and the reduced luminance coefficient. 
As a result, values of light reflected from the surface of the measurement object are 
obtained, which is a basis for calculating the luminance coefficient and reduced 
luminance coefficient of the surface of liquids as well as the surface of objects of fibrous 
material (road surface samples) depending on the angle of incidence of light and the 
direction of the luminance fixing element in relation to the surface of the measurement 
object. According to the method, the illuminance of the light directed to the 
measurement object is in the range of 5000 lx to 15000 lx, wherein illuminance is not 
measured. The mobile device used for the method is placed above the measurement 
object, and consists of a curved housing open from below and from the sides. Light 
source assemblies and sensitive elements fixing luminance have been attached to the 
surface of the curved housing positioned at an angle. At that, the light source assemblies 
are fixed at a 0-, 30-, 50- and 70-degree angle from the vertical direction. The luminance 
fixing sensitive elements used for measuring the reflective characteristics of the 113 mm 
diameter surface of the illuminated measurement object in an open environment have 
been fixed in place and are directed to the surface of the measurement object at a 5-, 
10-, 20-, 30-, 40-, 50-, 60-, 70- and 80-degree angle from the horizontal. [62], [VII] 

The described technical solution is the closest solution to the present invention and 
has thus been taken as a prototype.  

Based on the measurement methodology [VII] developed in the course of this PhD 
dissertation, the basic scheme of the developed new measurement solution is presented 
in Figure 5.2. When using the measurement method in the diagram in the figure,  
the object of measurement is pavement 1, and when using the method, if necessary,  
the adaptation of the method to the measurement conditions of the pavement lighting 
quantities shall be checked first. To this end, the beam of free light from the calibrated 
light source 6 is directed at an angle to the surface of the illuminance sensor 5 placed 
above the pavement measuring point, the position of the center of the sensor surface 9 
coincides with the pavement measuring point 2 and the illuminance and light spectrum 
are measured. If the measurements show that the measurement conditions are not in 
accordance with the illumination measurement method, the luminous flux of the light 
source, the angle of incidence (beam angle with respect to the pavement surface) and 
the distance l of the light source should be adjusted until the measurement conditions 
are met, i.e., the values of illuminance, spectral distribution of light and color 
temperature of the sensor surface 9 as reference values. These reference values are 
necessary because it is not possible to determine the values of the light reflected from 
the pavement without them, except for the values of the luminance factor and the 
reduced luminance factor at a relatively low level of accuracy, which considerably 
increases the universality of the measurement method and reduces the measurement 
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intensity. Sensor 5 is then removed from the grid measuring surface raster measuring 
point 2 and a beam of light is directed to the measuring point of the pavement surface 
to be measured under adapted lighting conditions (see Figure 5.2 pos 6, 7, 8) and from 
this surface, the light beam is exposed to the light beam. In Figure 5.2 (pos 11, 12, 13, 
14), the dimensions of light quantities reflected from the surface surrounding this 
measuring point of the road surface, such as luminance, luminance factor, reduced 
luminance factor, color temperature, color coordinates and other dimensions,  
are fixed. These dimensions shall be fixed under adapted measuring conditions for the 
measurement of the quantities of light reflected from the pavement. If the measuring 
conditions of these light quantities do not correspond to the adaptive measuring 
conditions, the observation angle β of the luminance meter and the distance l1 of the 
luminance measuring element from the center of the measuring surface (measuring 
point) shall be adjusted to ensure this. After adjusting the measurement conditions, the 
measurement data / measurements obtained are transferred to a program-based 
calculation model and the measurement results of the light quantities reflected from the 
pavement surface are obtained from the calculation model with the uncertainty of these 
results and displayed on a display or computer screen. [VII], [61] 

 

 
 
 

Figure 5.2 – Schematic diagram of the measurement method: 
1 - road surface, 2 - measuring point, 3 - holder, 4 - illuminance meter, 5 - sensor, 6 - light source, 7 
- light beam, 8 - tubular protection element, 9 - surface of the sensor, 10 - surface surrounding the 
measuring point, 11 - around the measuring point, beam reflected from the surface, 12 - tubular 
protection element, 13 - luminance meter, 14 - sensing element, 15 - computer, 16 - position fixator, 
17 - tactile beam, and 18 - tubular protection element. [VII] 
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Since the method eliminates the effect of the location of light sources adjacent to the 
grid of measuring points on the pavement surface and the light generated by them on the 
measurement of pavement surface luminance, it significantly increases the measurement 
accuracy of all light reflected from the pavement surface. 

The method also makes it possible to measure the quantities of light reflected from 
the surface of the pavement in a situation when the beam of light directed from the light 
source is perpendicular to the surface of the object to be measured. In this case, the 
position of the center of surface 9 of sensor 5 coincides with the measuring point of the 
pavement at an oblique angle α, interchanging the positions of light source 6 assembly 
and the measuring point positioner 16, which in turn increases the universality of the 
method. [VII] 

5.3 Device developed for realizing the measurement method  
To realize the method, a corresponding measuring device has been developed in the 
course of the research. The basic components of this measuring device are given in 
Figures 5.3 and Figure 5.4 in accordance with the item numbers given in the explanatory 
scheme of the developed method [VII]. 

Figure 5.3 – Front view of a measuring device for measurement of the characteristics of the 
reflection of surface light in the ready-to-adjust condition (basic diagram): 
3 - holder, 5 - sensor, 8, 12 and 18 - protection elements, 13 - luminance meter, 16 - position 
indicator, 19 - housing, 20 - segment-shaped parallel side panels, 21 - grooves through side panels, 
22 - mounting parts, 23 - light source assembly with power supply, regulation and control 
components. [VII] 
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Figure 5.4– Enlarged end view of the same device in accordance with the schematic diagram of 
the measuring device shown in Figure 5.3 (luminance meter 13 removed, as a result of 
which the outlines of the luminance meter are shown in a thinner line in the figure): 
3 - holder, 4 - illuminance meter, 5 - sensor, 12 - tubular protection element, 13 - luminance meter, 
16 - position fixator, 19 - housing, 20 - side panels, 21 - grooves through the panel panels,  
22 - mounting parts, 24 - swivel joints. [VII] 

The developed measuring device consists of a bottom open curved housing (19) 
and a light source assembly (23) at an angle fixed to its curved upper part and a 
luminance-fixing sensitive element (13). A curved segmental side panel (20) and 
length-adjustable tubular external protectors (8) and (12) and a tubular protector (18) 
rigidly fixed in the plane of symmetry of the housing towards the interior of the housing, 
the axis of which is perpendicular to the support surface of the housing. The two tubular 
guards (8) and (12) can be adjusted longitudinally and at an angle by circular grooves (21) 
through the panels formed in the side panels (22) with fastening elements (22). 
As a luminance-sensitive sensitive element A light source assembly (23) with power, 
adjustment and control components and a positioner (16) and two pivot joints (24) are 
attached to the outer surface of the rear side panel, the pivots of which are attached to 
a rotatable holder (3), carrying the illuminance sensor (5). In addition, the light source 
assembly, measuring point positioner, luminance meter, luminance meter attached to 
the side panel of the instrument housing, and the luminance meter sensor in the holder 
are wired or wirelessly connected to a computer (see Figure 5.2). [VII] 

By providing longitudinal and angular adjustment of the two tubular protection 
elements, the necessary adjustment of both the illuminance values directed at the 
surface of the pavement and the illuminance values reflected from this surface is 
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achieved, which increases the versatility of the measuring device, reduces measurement 
intensity and allows more accurate measurement. [VII] 

By attaching a rotatable holder (3) carrying the luminance sensor to the side panel 
(20) of the meter housing, control over the adjustment of the luminance and related 
measurement conditions is achieved at all times, increasing the accuracy of the fixed 
reference values and thus the accuracy of the light reflected from the pavement. [VII] 

Connecting a light source assembly, measuring point position indicator, luminance 
meter, luminance meter attached to the side panel of the meter housing, and a 
luminance meter sensor to a computer significantly reduces the measurement time, 
simplifies the measurement time, and simplifies universality. 

The measuring device makes it possible to precisely fix and also adjust the position of 
the center of the surface (9) of the illuminance sensor (5) when adjusting the device 
(adjusting the lighting conditions) before measuring. The surface (10) between the tactile 
beam (17) and pavement 1 (perpendicular to the lower end faces of the side panels (20) 
of the measuring device housing (19)) at the right angle of the tubular protection element 
(18). When the reflected light quantities have been measured at the first measuring point 
2 of the pavement 1, the measuring device is raised above the arbitrary measuring point 
2 of the raster of the next pavement 1. A rotatable holder (3) with an illuminance meter 
(4) sensor (5) is attached to the side panel (20) of the device housing by means of rotating 
joints (24) to ensure that at adjusting the device (adjusting the measurement conditions), 
the surface (9) of the sensor (5) coincides with the surface surrounding in the same plane 
as the surface (9) of the sensor (5) adapted to the previous method (see Figure 5.1). It is 
easy to match the position of the center of the sensor (5) when setting the measuring 
device with the position of the arbitrary measuring point 2 of the pavement 1 when 
measuring with this device. [VII]  

At each subsequent arbitrary measuring point 2 of the pavement 1, the measurement 
of the surface reflectance is performed with a measuring device already set (adapted to 
the measuring conditions) without further adjustment or adjustment operations analogous 
to the one described above at all measuring points of the pavement 1 raster 2. [VII] 

If there is a need to measure the reflection values of the surface light in a situation 
where the light is directed only perpendicular to the pavement 1 to be measured, this 
situation can be solved by changing the positions of the assembly (23) and the positioner 
(16) (see Figure 5.3). Further, the measuring device is adjusted analogous to the above 
(measurement conditions apply) by means of the illuminance meter (4) sensor (5), 
directing light from the light source (6) perpendicular to the surface (9) of the sensor (5) 
and measuring the illuminance transversely to the surface (9) of the sensor (5) by 
adjusting the distance and luminous flux. After setting the measuring instrument 
(application of measuring conditions), in this case, the reflectance of the pavement 1 is 
measured analogous to the above, except that the position of the center (9) of the sensor 
(5) is fixed when adjusting the measuring instrument (applying the measuring conditions) 
and the measuring surface (2). [VII] 

Attached to the lower part of the measuring device housing (19) is a deflectable holder 
(3) with a luminance meter (4) sensor so that when adjusting the measuring surface (9) 
coincides with the measuring surface 2 of the pavement 1 when measuring the 
measuring instrument, and then the lower part of the device housing (19) rests on the 
surface (10) of the pavement 1 and the previous setting of the device (application of 
measuring conditions) remains valid. [VII] 
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5.4 Validation of the developed measurement method and device  
The developed measuring device and the measurement methodology created for the 
values characteristic of light reflection can also be applied for new purposes. In addition, 
the developed invention makes it possible to obtain new reliable values for the 
luminance of modern road surfaces and the relationships between the correlated color 
temperature of light, and for other purposes [VII]. 

Use of the method and equipment, for example, in the modern road asphalt 
pavements with traditional gas-fired lighting or lighting solutions already based on 
modern LED technology enables quick assessment of the changes in light reflection 
values. The reason is that the surface and environmental wear provides safer and more 
efficient solutions depending on the changes in the traffic environment, the weather 
environment, visual conditions, etc. 

The benefit of the measuring method and the device invented is also in the fact that 
their application takes into account the scotopic and mesopic human vision in dark and 
dim environments, which have not been used so far. In LED lighting solutions and modern 
asphalt and concrete surfaces and in the case of the various additives used in them, it is 
possible to assess the values characteristics of the light reflection of the road surface. 
The method takes into account the spectral composition of the visible light or the effect 
of color temperature on the assessment of surface light reflection, thus providing safer 
and more efficient solutions for the traffic environment. [VII] 
According to the experiment carried out in the present study, using the developed 
method and device for measuring the reflectance of surface light (device test specimen), 
the light reflected from the surface at different light color temperatures at different 
surface values is different, as shown in Figure 5.5.  

 

 
 

Figure 5.5 – Graphical representation of the dependence of the surface luminance values of 
different pavements on the color temperature obtained by measuring the surface luminance of 
different pavements using a test specimen of the developed device. [VII] 
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Since the developed method for measuring surface light reflection quantities is simple 
and the portable device used to perform it can measure the light quantities reflected 
from the surface of the pavement surrounding the point, the diversity of these quantities 
can be reduced and increased. This is also supported by the benchmark analysis of some 
of the characteristics of pavements reflected in the standard pavement measurement 
method used so far and in the commonly used measuring instruments and the developed 
measurement method described in section 5.2 and the device described in section 5.3 
(device test specimen). [VII] 

 
Table 5.1 – Benchmark analysis of light reflection quantities using commonly used 

measurement methods and instruments and the developed measurement method and device 
(device test specimen) [VII] 

 
Applied 

measure-
ment 

method 

Measurement and calculation possibilities for values characteristic of 
light reflection in road surfaces 

Illumi-
nance 

Luminance Luminance 
coefficients 

Colour 
tempe-
rature 

Chromaticity 
coordinates 

EN 13201-3 
and 

EN 13201-4 
measure- 

ment  
methods 

Method 
realizable 
 with V(λ) 
correction 
by means 

of a 
luxmeter 

Method 
 realizable 

with a 
luminance 

meter placed 
on a tripod 

Calculable by applying 
readings of luminance 
meter and lux meter 

and using data 
presented in the 

standard 

Method 
realizable 

with 
colour 

tempera-
ture 

meter 

It is not 
possible to 
measure 

chromaticity 
coordinates 

The 
measument 

method  
described in 
the invention 
description 

All values characteristic of reflection of light from road surfaces are 
measurable and calculable. 

Measurement 
devices 
applied 

The time used for measuring and calculating values characteristic of 
reflection of light from road surfaces depends on the time for 

executing the measurement procedure described in the instruction 
for the measurement device. 

Illumi-
nance 

Lumi-
nance 

Luminance 
coefficients 

Colour 
tempe-
rature 

 

Chromaticity 
coordinates 

Measurement 
devices in 

ordinary use 

Spectral 
lux meter  
BTS256 EF 

Spectro-
radiometer 

JETI specbos 
1211UV 

Calculable using 
luminance meter, lux 

meter and data 
presented in the 

standard 

Spectro-
radio-

meter JETI 
specbos 
1211UV 
 

Spectro-
radiometer 

JETI specbos 
1211UV 
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Measurement 
devices in 

ordinary use 

Spectral 
lux meter  
BTS256 EF 

Spectro-
radiometer 

JETI specbos 
1211UV 

Calculable using 
luminance meter, lux 

meter and data 
presented in the 

standard 

Spectro-
radio-

meter JETI 
specbos 
1211UV 

Spectro-
radiometer 

JETI specbos 
1211UV 

The 
measurement 

method  
described in 
the invention 
description 

All values characteristic of reflection of light from road surfaces are 
measurable and calculable during 2 hours. 

Applied 
measure-

ment 
method 

The obtainable average value of expanded uncertainty in percent of 
the measurement and calculation results of values characteristic of 
light reflection on road surfaces is on the level of 95% probability. 

(The obtainable values of expanded uncertainty of color temperature 
and chromaticity coordinates are expressed in units of measure) 

Illumi-
nance 

Lumi-
nance 

Lumi- 
nance 

coefficient 

Reduced  
Luminance 
coefficient 

Color 
tempe-
rature 

Color 
coordi-
nates 

EN 13201-3 
and 

EN 13201-4 
measure-

ment 
method 

10 lx 15 
cd/m² 

18 20   

The 
measurement 

method  
described in 
the invention 
description 

5 lx 10 
cd/m² 

12 12 100 K 0,001 

 
As seen from the data presented in Table 5.1, the developed method and device allow 

for an increase in the measurement accuracy [VII]. For the standard measurement 
method, the data are given for the mean value of the expanded uncertainty of the 
measurement result obtained at the measuring point of the pavement as a percentage 
of the measurement result. It turns out that the expanded uncertainty value of the 
measurement result given using the standard measurement method is about 1/3 of the 
components of the uncertainty due to the factors. As the new measurement method 
described makes it possible to minimize the proportion of agents, it makes it possible to 
significantly reduce the expanded uncertainty of the measurement results of the lighting 
technical quantities (reflection quantities) of the pavement surface. The possible average 
values of the expanded uncertainties of the measurement results obtained using the new 
measurement method presented in Figure 5.2 were confirmed as a result of testing a 
prototype of the device used to implement the measurement method. [VII] 
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6 Conclusions and future work 
The present doctoral thesis offers an innovative measurement technical solution and a 
measurement methodology developed for this purpose, which makes it possible to 
assess human perceived lighting in scotopic and mesopic environments. 

The work has been compiled based on several pilot projects. The pilot projects 
analysed the design of outdoor lighting in settlements from design to lighting 
measurements. The technical solution and measurement methodology created by the 
doctoral thesis allow us to enter more precise lighting technical input data into modern 
software solutions to characterize real environments. 

In the course of the dissertation, modern street lighting measurement methods and 
measuring instruments were analysed and classified. When analysing lighting 
measurement methods, the analysis and classification of measurement uncertainty 
components was performed. Based on theoretical and practical knowledge, the upper 
limit of the known uncertainty components of lighting measurements was determined. 

The measurement methodology and measuring device presented in Estonian Patent 
Application No. P2019000291 allow the measurement of the light reflection values of 
any externally lit roads. The measuring device is designed to measure the illumination 
and reflection of the surface of illuminated objects on a spectral basis. This solution can 
be used to measure and analyse all kinds of characteristics of road surface light 
reflection, such as road surface luminance, luminance factor, light color temperature. 
As a result of the application of the established measurement methodology and 
the device, the conditions for measuring the amounts of ambient light are adjusted 
and the values of the amounts of light obtained under these conditions are taken as 
reference values. Based on these values, the light reflectance values of the 
coatings for full-spectrum visible lighting solutions (including LED technology) and 
modern asphalt and concrete coatings used in modern road lighting can be 
realistically estimated with the invented solution. The application of the present 
invention takes into account the effect of the spectral composition of visible light in 
the evaluation of light reflected from the surfaces in a mesopic environment. 

As a result, it is possible to offer safer and more energy-efficient solutions based on the 
environment, to reduce the measurement intensity and to increase the measurement 
accuracy. The innovative solution described and analysed in the dissertation enables 
greater measurement accuracy compared to the measurement method and measuring 
instruments that have been used so far for measurements according to the road surface 
standard. 

 The new invented measurement method described in the work allows one to 
minimize the proportion of influencers and thus allows a significant reduction of the 
expanded uncertainty of the measurement results of the lighting quantities (reflective 
quantities) of the pavement surface. 

In the analysis of the uncertainty of the input variables of the lighting measurements 
and the measurement results performed in the framework of the thesis, the worst case 
contributed to the upper limit of each known component of uncertainty and thus the 
certainty of the evaluation results was ensured. 

An examination of the measurement methods used so far has shown the need to 
improve the measurement methodology. Based on the conducted research and 
experiments, a novel measurement algorithm was developed. The dissertation describes 
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and analyses the effect of light color temperature and relationships on the reflective 
properties of coatings as an example of a new measurement method. 

The analysis of the developed solution reached the following conclusions: 
- The dissertation offers an innovative technical solution and methodology for 

measuring the values characterizing the light reflection of surfaces. 
- The developed measuring device and measurement methodology allow one to 

measure the values of light reflection on roads with any external light. 
- The implementation of the measurement methodology allows significant time 

savings. 
- The application of the present invention takes into account the effect of the spectral 

composition of visible light in the evaluation of light reflected from surfaces in a mesopic 
environment. 

- The innovative solution described and analysed in the dissertation enables higher 
measurement accuracy compared to the measurement method and measuring 
instruments according to the used pavement standard, and the measurement 
uncertainty of the measurements decreases to about 10 %, which was previously  
40-50 %. 

- Based on the methodology developed during the research and applying an 
innovative measuring instrument, we can use the equipment in accredited laboratories 
for real measurements. 
 

6.1 Future research 
Future challenges are to expand the studies to achieve energy savings in road lighting 
through the targeted application of lighting technologies in response to changes in 
environmental conditions and pavement properties. 

The following directions have been proposed by the author: 
- Research and development of reflective properties of pavements on the basis of the 

measurement methodology and the developed measuring instrument.  
- Continuous research to identify previously undetected factors and components of 

measurement uncertainty and to evaluate them more accurately in photometric 
measurements.  

- Planned in-depth research on real objects and in different real mesopic 
environments to further develop this topic. 

- Further research and application possibilities of a patented technical solution in the 
Nordic countries. 

 
 



70 

References 
 
[1]  E. Petritoli, F. Leccese, S. Pizzuti, F. Pieroni, “Smart lighting as basic building block 

of smart city: An energy performance comparative case study,” Measurement,  
vol. 136, pp. 466–477, 2019.  

[2]  K. Brocka, E. Ouden, K. Klauw, K. Podoynitsyna, F. Langerak, “Light the way for 
smart cities: Lessons from Philips Lighting,” Technological Forecasting and Social 
Change, vol. 142, pp. 194–209, 2019.  

[3]  Strategic Roadmap 2025 of the European Lighting Industry, Lighting Europe 
Secretariat, 2016.  

[4]  S. P. Lau, G. V. Merrett, A. S. Weddell, N. M. White, “A traffic-aware street lighting 
scheme for Smart Cities using autonomous networked sensors,” Computers and 
Electrical Engineering, vol. 45, p. 192–207, 2015.  

[5]  “Energy Efficiency Market Report 2014,” OECD/IEA, 2014. 
[6]  G. I. Crabb, R. Beaumont and D. Webster, “Review of the class and quality of street 

lighing,” 2009. [Online]. Available: https://courtneystrong.com/wp-
content/uploads/2017/07/css-sl1-class-and-quality-of-street-lighting.pdf. 
[Accessed 06 04 2021]. 

[7]  F. Valpreda, P. Iacomussi, G. Rossi, “Innovative design and metrological approaches 
to smart lighting,” in Proceedings of the 29th Quadrennial Session of the CIE, 
Washington D.C., 2019.  

[8]  “Road lighting - Part 1: Guidelines on selection of lighting classes,” CEN/TR 13201-
1:2014.  

[9]  “Road lighting - Part 2: Performance requirements,” EN 13201-2:2015.  
[10]  “Road lighting - Part 3: Calculation of performance,” EN 13201-3:2015.  
[11]  “Road lighting - Part 4: Methods of measuring lighting performance,” EN 13201-

4:2015.  
[12]  “Road lighting - Part 5: Energy performance indicators,” EN 13201-5:2015.  
[13]  CIE 081-1989, Mesopic photometry: history, special problems and practical 

solutions, http://cie.co.at/publications/mesopic-photometry-history-special-
problems-and-practical-solutions.  

[14]  CIE TN 007:2017, Interim recommendation practical application CIE system 
mesopic photometry outdoor lighting, http://cie.co.at/publications/interim-
recommendation-practical-application-cie-system-mesopic-photometry-outdoor.  

[15]  R. Dronneau, F. Fournela, V. Boucher, V. Muzet, F. Greffier, “Use Of An Imaging 
Luminance Measuring Device To Evaluate Road Lighting Performance At Different 
Angles Of Observation,” in International Commission on Illumination, CIE, 2019.  

[16]  U. Krüger, I. Rotscholl and A. Fong, “Critical Considerations for Characterizing and 
Standardizing ILMDs,” Journal of the Society for Information Display, pp. 25–29, 
2020.  

[17]  “Road Surfaces and Lighting (Joint Technical Report CIE/PIARC),” Commission 
Internationale de l’Eclairage, Vienna, 1984. 



71 

[18]  “Calculation and Measurement of Illuminance and Luminance in Road Lighting,” 
Commission Internationale de l’Eclairage, Vienna, 1984. 

[19]  G. Rossi, P. Iacomussi and M. Zinzi, “Lighting Implications of Urban Mitigation 
Strategies through Cool Pavements: Energy Savings and Visual Comfort,”  
Climate journal, vol. 6, no. 2, 04 2018.  

[20]  H. Gidlund, M. Lindgren, V. Muzet , G. Rossi and P. Iacomussi, “Road Surface 
Photometric Characterisation and Its Impact on Energy Savings,” Coatings,  
p. 286–286, 2019.  

[21]  Interreg Baltic Sea Region, “LUCIA project 2021,” [Online]. Available: https://lucia-
project.eu/wp-content/uploads/2020/03/LUCIA-factsheet-TFS-6-20-03-25.pdf. 
[Accessed 28 09 2020]. 

[22]  G. Zissis, R. Karlicek, C. C. Sun and R. Ma, “Energy Consumption and Environmental 
and Economic Impact of Lighting: The Current Situation,” in Handbook of Advanced 
Lighting Technology, Cham, Switzerland, Springer, 2016, pp. 1–13. 

[23]  P. Jaskowski and P. Tomczuk, “Measurement systems used in measuring the 
illuminance of the road,” in 2019 Second Balkan Junior Conference on Lighting, 
Plovdiv, Bulgaria, 2019.  

[24]  “Estonia’s 2030 National Energy and Climate Plan (NECP 2030),” European 
Commission, 2019. 

[25]  European Union Road Federation, “ERF Road Statistics Yearbook 2017,” 2017. 
[Online]. Available: http://www.erf.be/wp-
content/uploads/2018/01/Road_statistics_2017.pdf. [Accessed 28 09 2020]. 

[26]  European Parliament, Council of the European Union, “Directive 2009/125/EC of 
the European Parliament and of the Council of 21 October 2009 establishing a 
framework for the setting of ecodesign requirements for energy-related products,” 
21 10 2009. [Online]. Available: https://eur-lex.europa.eu/legal-
content/EN/ALL/?uri=celex%3A32009L0125. [Accessed 28 09 2020]. 

[27]  Commission Internationale de l’Éclairage., “Calculation and Measurement of 
Luminance and Illuminance in Road Lighting,” CIE 030:1976., Vienna, 1976. 

[28]  Commission Internationale de l’Éclairage, “Calculation and Measurement of 
Luminance and Illuminance in Road Lighting,” CIE 030.2:1982., Vienna, 1982. 

[29]  Commission Internationale de l’Éclairage, “Road surface and road marking 
reflection characteristics,” CIE 144:2001., Vienna, 2001. 

[30]  A. V. Rusu, C. D. Galatanu, G. Livint and D. D. Lucache, “Measuring Average 
Luminance for Road Lighting from Outside the Carriageway with Imaging Sensor,” 
Sustainability, vol. 13, no. 16, 2021.  

[31]  V. Muzet, J. Bernasconi, P. Iacomussi, S. Liandrat, F. Greffier, P. Blattner, J. Reber 
and J. Lindgren, “Review of road surface photometry methods and devices – 
Proposal for new measurement geometries,” Lighting Research & Technology,  
vol. 53, pp. 213–223, 2020.  

[32]  H. W. Bodmann and H. J. Schmidt, “Road surface reflection and road lighting: Field 
investigations,” Lighting Research and Technology, vol. 21, no. 4, pp. 159–170, 
1989.  



72 

[33]  W. v. Bommel, Road Lighting, London: Springer International Publishing, 2015,  
p. 334. 

[34]  P. J.-L. Dumont E, “Are standard tables r still representative of the properties of 
road surfaces in France?,” in Proceedings of the CIE 26th Session, Beijing, China, 
June 4 to 11: 2007.  

[35]  M. Casol, P. Fiorentin and A. Scroccaro, “On road measurements of the luminance 
coefficient of paving,” in 16th IMEKO TC4 Symposium Exploring New Frontiers of 
Instrumentation and Methods for Electrical and Electronic Measurements, 
Florence, Italy, 2008.  

[36]  V. Muzet, F. Greffier, A. Nicolaï, A. Taron and P. Verny, “Evaluation of the 
performance of an optimized road surface/lighting combination,” Lighting Research 
and Technology, 2018.  

[37]  V. Muzet, M. Colomb, M. Toinette, P. Gandon-Leger and J. P. Christory, “Towards 
an optimization of urban lighting throug a combined approach of lighting and road 
building activities,” in Proceedings of the 29th CIE SESSION, Washington D.C., USA, 
2019.  

[38]  A.-M. Ylinen, L. Tähkämö, M. Puolakka and L. Halonen, “Road Lighting Quality, 
Energy Efficiency, and Mesopic Design – LED Street Lighting Case Study,” Leukos, 
vol. 8, no. 1, pp. 9–24, 2011.  

[39]  CIE, “Spectral luminous efficiency (of a monochromatic radiation of wavelength λ) 
[V(λ) for photopic vision; V’(λ) for scotopic vision],” CIE e-International Lighting 
Vocabulary, [Online]. Available: https://cie.co.at/eilv/1222. [Accessed 15 08 2021]. 

[40]  M. Maksimainen, M. Kurkela, P. Bhusal and H. Hyyppä, “Calculation of Mesopic 
Luminance Using per Pixel S/P Ratios Measured with Digital Imaging,” Leukos,  
vol. 15, no. 4, pp. 309–317, 2019.  

[41]  A. Ylinen, M. Puolakka and L. Halonen, “Road surface reflection properties and 
applicability of the r-tables for today´s pavement materials in Finland,” Light and 
Engineering, vol. 18, no. 1, pp. 78–90, 2010.  

[42]  V. Muzet and J. Abdo, “On site photometric characterisation of cement concrete 
pavements with Coluroute device,” Light Engineering, 2018.  

[43]  1. Petrinska, D. Ivanov, D. Pavlov and K. Nikolova, “Road Surface Reflection 
Properties of Typical for Bulgaria Pavement Materials,” in In Proceedings of the Lux 
Junior, Dörnfeld, Germany, 25–27 September 2015.  

[44]  G. I. Crabb, M. H. Burtwell and R. J. Beaumont, “Reflectance Measurements on 
three pavement surfaces using CMH and HPS Lamps,” in Light Sources 2004 
Proceedings of the 10th International Symposium on the Science and Technology of 
Light Sources, Toulouse, France, 2004.  

[45]  S. Fotios, P. Boyce and C. Ellis, “The Effect of Pavement Material on Road Lighting 
Performance,” Report, Sheffield, 2005. 

[46]  A. Ekrias, A. Ylinen, M. Eloholma and L. Halonen, “Effects of pavement lightness 
and colour on road lighting performance,” in CIE Expert Symposium on road surface 
photometric characteristics, Torino, Italy, 2008.  

[47]  A. Ylinen, T. Pellinen, J. Valtonen, M. Puolakka and L. Halonen, “Investigation of 
pavement light reflection characteristics,” Road Materials and Pavement Design, 
vol. 12, no. 3, p. 587–614, 2011.  



73 

[48]  A. M. Ylinen, Development and analysis of road lighting – Road surfaces and 
mesopic dimensioning, Helsinki: School of Electrical Engineering, 2011, p. 170. 

[49]  P. Fiorentin and A. Scroccaro, “Analysis of the Performance of a Goniometer for 
Studying Surface Reflection,” IEEE Transactions on Instrumentation and 
Measurement 57, vol. 57, no. 11, pp. 2522–2527, 2008.  

[50]  X. Chen, X. Zheng and C. Wu, “Portable instrument to measure the average 
luminance coefficient of a road surface,” Measurement Science and Technology, 
vol. 46, no. 27, 2014.  

[51]  “Guide to the Expression of Uncertainty of Measurement,” ISO, First edition 1993, 
Geneva, Correlated and reprinted 1995. 

[52]  T. Varjas, R. Laaneots, T. Möller and R. Teemets, “Mõõtetulemuse määramatuse 
hindamise lähendmeetod valgustehnilistel mõõtmistel,” 2021 [forthcoming]. 
[Online]. Available: www.ester.ee/record=b5304909*est. 

[53]  R. Laaneots, O. Mathiesen and J. Riim, Õpik kõrgkoolidele (Metrology — Textbook 
for Higher Education Institutions), Tallinn: Tallinn University of Technology, 2012.  

[54]  “EN ISO 1:2016. Geometrical product specifications (GPS) — Standard reference 
temperature for the specification of geometrical and dimensional properties (ISO 
1:2016),” CEN, Brussels, 2016. 

[55]  D. Gall, U. Krüger, F. Schmidt and S. Wolf, “Moderne Möglichkeiten zur Messung 
und Bewertung von Beleuchtungsparametern. Herbstkonferenz 2002 der GfA 
e.V.,” in Modern possibilities to measure and assess lighting parameters. Fall 
Conference, 2002. GfA, e.V., Ilmenau, Technical University, 2002.  

[56]  BTS256-EF. Spectral light meter with flicker measurement function., Munich: 
Gigahertz-Optik GmbH, 2019.  

[57]  R. Laaneots, Mõõtmine (Measurement), Tallinn: Tallinn University of Technology, 
1998.  

[58]  K. Godo, “A new traceability chain for luminance scale with LED-based transfer 
standard,” Measurement Science and Technology, vol. 32, no. 1, 2020.  

[59]  F. J. B. Roman, J. A. G. Mendez, A. M. Gallo, D. O. d. Lejarazu Machin and  
A. S. Perales Garcia, “Method for determining the luminance of traffic signs and 
device for implementing same”. US Patent US9171360B2, 27 10 2015. 

[60]  L. IWASAKI ELECTRIC Co., “Luminance measuring apparatus”. US Patent 
WO/2013/133033, 12 09 2013. 

[61]  Q. Li-jun, S. Zi-zheng and J. Feng, “Intelligent streetlight energy-saving system 
based on LonWorks power line communication technology,” Electric Utility 
Deregulation and Restructuring and Power Technologies (DRPT), 2011 4th 
International Conference, pp. 663-667, 06 07 2011.  

[62]  M. Frankinet and S. SA, “Method and apparatus for establishing reflection 
properties of a surface”. US Patent US7872753B2, 18 01 2011. 

[63]  “https://eur-lex.europa.eu/,” EUR-Lex, 21 10 2009. [Online]. Available: https://eur-
lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32009L0125. [Accessed 12 02 
2021]. 

[64]  C. Chain, F. Lopez and P. Verny, “Impact of real road photometry on public lighting 
design,” in Proceedings of the CIE 26th Session, Beijing, China, June 4–11: 2007.  



74 

[65]  P. Iacomussi, G. Rossi, P. Blattner, C. Chain, V. Muzet, J. Dubard, C. Van Trang,  
A. Jouanin, T. Kübarsepp, M. Lindgren, F. Manoocheri and P. Zehntner, “Metrology 
of Road Surface for Smart Lighting,” in Proceedings of LUX Europa 2017, Ljubljana, 
Slovenia, September 18–20: 2017.  

[66]  T. Uchida and Y. Ohno, “Defining the visual adaptation field for mesopic 
photometry: Does surrounding luminance affect peripheral adaptation?,” Lighting 
Research & Technology, p. 46, 2013.  

[67]  J. Hovila, New measurement standards and methods for photometry and 
radiometry — Doctoral Dissertation, Helsinki: Helsinki University of Technology, 
2005.  

[68]  T. Uchida, M. Ayama, Y. Akashi, N. Hara, T. Kitano, Y. Kodaira and K. Sakai, 
“Adaptation luminance simulation for CIE mesopic photometry system 
implementation,” Lighting Research and Technology, vol. 48, pp. 14–25, 2016.  

[69]  K. Painter, “The Influence of Street Lighting Improvements on Crime, Fear and 
Pedestrian Street Use, after Dark,” Landscape and Urban Planning, vol. 35,  
pp. 193–201, 1996.  

[70]  S. P. Lau, G. V. Merrett and N. M. White, “Energy-efficient street lighting through 
embedded adaptive intelligence,” in 2013 International Conference on Advanced 
Logistics and Transport, Sousse, Tunisia, 29-31 May 2013.  

[71]  European Commission, “https://ec.europa.eu/transport/road_safety/,” 19 06 
2019. [Online]. Available: 
https://ec.europa.eu/transport/road_safety/sites/default/files/move-2019-
01178-01-00-en-tra-00_3.pdf. [Accessed 17 10 2020]. 

 
 
 
 

 
 
 



75 

Acknowledgements 
Primarily I would like to thank my family for their support and patience. I thank Juta for 
believing in me – this thesis would not have been possible without backing from You.     
I thank my children, Gertrut and Jörgen, for providing me motivation and inspiration –  
I hope this work will contribute to building a better, sustainable world for You.  

Special thanks to my father Ants for inspiring and supporting me all my life. I thank 
the rest of my family and friends for their support and being there for me.  

 I would like to thank my supervisors for their guidance and counselling. I would like 
to gratefully thank professor Emeritus Rein Laaneots for many discussions and 
suggestions, thank professor Emeritus Endel Risthein for many enlightening discussions. 
My thanks go to Tenured Associate Professor Argo Rosin for guiding and mentoring me 
– this work would not have been completed without the counsel I got from You.  

I would like to thank my colleagues in Tallinn University of Technology for fruitful 
discussions and meaningful conversations. 

I also thank the sales manager of Mitaten Finland Leif Wikgren and managing director 
of TechnoTeam Bildverarbeitung GmbH Udo Krüger for their help with experiments, 
valuable assistance and cooperation. 

 
 
 
 

  



76 

Abstract 
Research and development of measurement solution and 
methodology for assessment of light reflection from surfaces 
The level of traffic safety and safety of the environment in the dim or dark conditions  is 
to a large degree dependent on the quality of road ligthing. Along with their rapid 
development, the new LED light sources in use in today’s road ligthing and the 
characteristics of road surfaces have created a situation, where the measurement 
methods and means have become obsolete with respect to their possibilities and 
exactness. Unfortunately, the same applies to the corresponding normative documents. 
Therefore, a need was experienced in the scientific research to develop a new 
measurement method, which would increase the universality of measurement, decrease 
substantially the measurement operations and ensure a significantly higher accuracy of 
measurement by excluding weather and environmental conditions as well as the 
disturbing effect of sidelight. 

Within the frame of the doctoral thesis, an innovative measurement solution and the 
relevant implementation method have been developed. In real life, it enables us to 
estimate the perceived light for humans in scotopic and mesopic environments, which 
differs considerably from seeing conditions in daylight. The innovative measuring 
equipment can be used for spectrographical measurement and estimation of the 
different values characterizing light, such as luminance of the road surface,  luminance 
coefficient, reduced luminance coefficient, color temperature, and chromaticity 
coordinates. The innovative measurement method described and analysed in the thesis 
enables  higher accuracy than the existing measurement methods. 

As a result of the measurement method and the relevant measurement equipment 
implemented, the characteristic values of illuminance emitted by the luminaires are 
imitated and these values are taken as base values. These base values allow for the 
estimation of  the light reflecting characteristics in asphalt and concrete pavements even 
when different additives are used in them. In the implementation of the device,  
the effect of the spectral composition of visible light is taken into account when 
estimating the light reflected from the surface; thus, more safe and efficient solutions 
can be recommended for the traffic environment. 

Existing measuring methods  have been analysed and classified for the components of 
measurement uncertainty. Based on theoretical knowledge and practical experiences, an 
innovative method for estimating measurement uncertainty was developed for the 
measurement of light. The new measurement method makes it possible to minimize the 
share of side effects and therefore substantially decrease the overall uncertainty of 
measurement results when measuring (reflecting values) road surface lighting.  
The innovative solution described and analysed in the thesis enables a greater 
measurement certainty. As a result, the measurement uncertainty decreases from  
40-50 percent to 10 percent. 

Thanks to its simplicity in use and greater measurement precision, the practical value 
of the developed measurement method and the device is to use it first and foremost in 
light measurements in accredited measurement laboratories that conform to higher 
requirements imposed on the measurement procedures, including the measurement 
uncertainty. 
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Lühikokkuvõte 
Mõõtmislahenduse ja metoodika uurimine ja arendamine 
pindadelt peegeldumise hindamiseks 
Tänavavalgustuse kvaliteedist oleneb suurel määral liiklusohutuse tase ja elukeskkonna 
turvalisus hämara ja pimeda ajal. Nüüdisaja tänavavalgustuses kasutatavate uudsete 
leedvalgusallikate ja teekatendite  omadused on oma kiire arenguga tekitanud olukorra,  
kus valgustuse mõõtemeetodid ja -vahendid on oma võimaluste ja täpsuse osas ajale 
jalgu jäänud. Kahjuks kehtib sama ka vastavate normdokumentide kohta. Seega tekkis 
teadusuuringute käigus vajadus välja töötada uus mõõtemeetod, mis suurendaks 
mõõtmise universaalsust, vähendaks oluliselt mõõtetööde mahtu ja tagaks oluliselt 
suurema mõõtetäpsuse, välistades ilma- ja keskkonnaolude ning kõrvalise häiriva valguse 
mõju. 

Doktoritöö raames on loodud uuenduslik mõõtetehniline lahendus ja selle 
kasutamiseks välja töötatud mõõtemetoodika, mis võimaldab praktikas täpsemalt ning 
tunduvalt lihtsamini (seega ka kiiremini) hinnata inimesele tajutavat valgustust 
skotoopilises ja mesopilises keskkonnas, mis erineb oluliselt päevasest nägemise oludest. 
Leiutisena väljatöötatud mõõteseadet saab kasutada erinevate teekatendite pinnalt 
valguse peegeldust iseloomustavate suuruste, nagu sõidutee katendi pinna heleduse, 
heledusteguri, taandatud heledusteguri, värvsustemperatuuri, värvsuskoordinaatide, 
spektripõhiseks mõõtmiseks ja hindamiseks. Väitekirjas kirjeldatud ja analüüsitud 
uuenduslik mõõtemetoodika ja mõõtevahend võimaldab võrreldes olemasolevate 
mõõtelahendustega suuremat mõõtetäpsust. 

Mõõtemeetodi ja selleks kasutatava mõõtevahendi rakendamise tulemusena 
imiteeritakse valgustuspaigaldiste poolt esile kutsutud valgustustihedust 
iseloomustavaid suurusi ja need väärtused võetakse tugiväärtusteks. Tugiväärtustest 
lähtuvalt saab hinnata teekatendite valguse peegeldust iseloomustavate suuruste 
väärtusi asfalt- ja betoonkatendite ning nendes kasutatud erinevate lisandite puhul. 
Seadme rakendamine võtab arvesse nähtava valguse spektraalse koostise mõju pinnalt 
peegeldunud valguse hindamisel ning võimaldab välja pakkuda liikluskeskkonnale 
ohutumaid ning efektiivsemaid lahendusi. 

Olemasolevate mõõtemeetodite puhul on läbi viidud mõõtemääramatuse 
komponentide analüüs ja klassifikatsioon. Teoreetilistele teadmistele ja praktilistele 
kogemustele tuginedes töötati välja valgustehniliste mõõtmiste jaoks uudne 
mõõtemääramatuse hindamise metoodika. Uus mõõtemetoodika võimaldab 
minimeerida mõõtetulemuste kõrvalmõjude  osakaalu ja seega oluliselt vähendada 
teepinna valgustuse (peegeldavate suuruste) mõõtmistulemuste laiendmääramatust. 
Väitekirjas kirjeldatud ja analüüsitud uuenduslik lahendus võimaldab suuremat 
mõõtetäpsust, mille tulemusena  langeb mõõtemääramatus seniselt 40-50 protsendilt 
kuni 10 protsendini. 

Tänu oma kasutamise lihtsusele ja  suuremale mõõtetäpsusele seisneb  väljatöötatud 
mõõtemeetodi ja seadme praktiline väärtus võimaluses kasutada neid eelkõige 
valgustehnilistel mõõtmistel akrediteeritud mõõtelaborites, millede mõõtetoimingute 
kohta sh mõõtemääramatusele kehtivad kõrgendatud nõuded. 
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Publication I 
Kuusik, M.; Varjas, T.; Rosin, A. (2016). Case Study of Smart City Lighting System  
with Motion Detector and Remote Control. Proceedings of the IEEE International  
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������������������61�)�(�(���*!"!�!�  ���abcc[ RSXYd�TRRefV�d�gY_VŜVVhWVYSYVVh[RSVUX�ij

 �9�.71�7�$�-��6��46-��4��13-��563�7�#�
��:
����M������������%
������������#:�J������
L����) !" "*�+�, �!�  �����)�! �"��#$%#9
����M������������%
������������k'�����
�����!���(6��������%����:%�����%
�������������������6L ����! �(�L.&�61�)�(�(���*!"!�!�  ��lDE>?HG?>A=H<�CDEDCFC�B<G=H?ID=IFDH�IF==>EH�
�J���
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4 W5�������������������5������������������M������������5����������M�����5�����Z���5����M��_����������������à�bcd�c̀̀ef̀gaf�̀a�̀he�eijckg̀d�al�m̀àck�kanneno�pckje�\��W���������5���q��������������������!_�rW�O�!WS	 ����2_�rW�O�2WS	 ��������������5��Y���4��q�������M������������5����������M����r̂��4 3��������M�����������������������������M�������������������������M������M����Z���5����M�̂�4 3M����������������������������5�������5�����Z���5����M�̂�W5��M��5�������5��������������M�����]������M���5����5��5��367�8������3��������������������������������������������5��M���������������M��������5�����������367�8����4���q����M�������4 W5����������������������P�P�_�5���������������
���������M�
	�����5��S	��������������M��������������W
	O��WS	�M����Z��������������������W
	�O���WS	�r̂��4 W5����������������������I�I�I�_�������5���M��������������������������"W�������������M���r��3����������M��M���5�����5����������������������������������M��5�����������������5����M������������5�����������������MM���������Z�������������������Z��������������������������5����M��������5�����������������������W������5����Z��5�������M���5�����Z�������5�������5��������M����������5���M����������5��������������������3��
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��Y�����S���������1̀2a"b%� c/d� è%f�c"g�h�����	� ��i� ����� ��j�k��������Y���
� ���� ����� �� �W������ ��l� ����� ����m[�������Y���
� ��l� ����� ����!"#$%�n'�(�*������������	�
�*��������,�-���
��*���
�
��)��)�������
�����T
�
��Z��������5��������+�������)���[5��[�����+��������

�./012%�n'��������)�V��*�X���)���,�V��	��X�+��Y��*����������
��)T����(��������
��m[���������+����������������
�����)��T�����)��	
�

��)�������+������V�*� �����)�l�������	��X����
���������������
�V�,����o������	��X����)���U����T�����)��	��*� ������	������	����������,���
�������Y����
UT���)��
��
�,��
����)����W�	�������S�����[�����������+��)�+�������Y�
���	����Y�����
��	�����_������Y�����
��	�������hkm�
UT���)������jj�jp��*�������
�
��k��,��+���
���+�
��	�����
������_���
������,��+�)��������������)��������,��
���������
UT����)�����
���)������hkm�������
UT���)������)
������)���
���������)������+��
��*���	�����l���k�����������)�+������
�������	����Y�����
��	�����_�
UT������)�����������)��������)�����
UT����)�����
������hkm���)���*���������
UT����)�����
��S��
�*�����
�)�����������������������)����
�������
��*�	��������)�����_������)�**�
������)�������������	������_���)��
������������������������hkm���)��
������,��
�����������������
UT����)�����
��Y������������
�������������_���)�������������)��������������������)�����
UT����)�����
������
���������������������)���������
�������
��W�������
��)T�����T�������
UT����)�����
��������
�)���)�*�����������������T
�
��[,�����)����
��
������
�o�l���)�o�o��S����(�qm��*�������
�
�Y������Y�
��������+��)�+������
�,���������	���*�������������)�
,��T�)����W�	����i��S����,�������������������*���*���������+����
�Vhi���Y�����(�qm5
�pX�����i�p�� �p����p���)���p�*���������	�����������Y���
��*��������)��[�������Y���
����
,����+��T��h��
�)����	����
����*���������+����
��������)������(�)������Y�������
��)��	��
��
�)���)���)���������
UT����)�����
����
��������������T��������
��*��(�qm��*�
�p��W���������
���*�����,�,�������,��
����)���*���������+����
��������
�)���)��
�./012%�r'�(�����������Y����������[�����������+��)�+��������*�������������
��
��
�Y�����
��	�����_���)�h�����hkm�
U��
��
�./012%�s'�(�����+�������
-����������������V�(�qmX�*��������,��������
�
��



����������	
���
���
�����
���������������������������� ���!"�������!#�������!�$�!!�%����#�&�#���!�$�� �#��!�������%��'$�(������ #�(�$�#����%�# ��&��$�&� �������!��##�(�� ���� �$�)*+,�-���%�.%����� ��&��&����$�%�������� %�� � #"/�$0�1223�24456789:;���<������ %$��=� �$�>,�?�����$������ #��% ��$�(�$�#�!%�(�����.%�&���������������,�?�������$�%�$������ $��<�����%$�%����(���(�/����������%� ���"��!������%%�%� � #"���,��-���!�%������.������� � #"/��%�# ��&��$�&� �����������%(���!��##�(�� ���,�-���%@AB>��!�%�$�!!�%����<��(��%�� #�(�$�#�� %��.%������$����C�<�%��D,�-���( E�(�(� ���#����& %� ����������%(���!�%@AB>����!%�(�FGH����IJH�!�%� �"�#�&�#��!�$�� �#��!�������%��'$�(������ #�(�$�#,�K��E.����$#"������$�&� ����������������(�# ��$� �$�(� ��%�$�& #����$������$��%� ������������#�&�#��!�$�� �#�L���#�$��<�����%��%� �$M�%��E��%��%������N��!�����<��(��%�� #�(�$�#,�-��� ����%�� %<����� ����������$�����������( ##���!#�������!�����������%��%� �$��E��%��%�������$�%��<�����$ "��!����$"0�O����IG��IJIJ,���� $$���������<��%��.���# %��"��!�%� #���%! �����!���������%��%M�E��%��%����������#$�� &����<��!�� ����(. ������%@AB>,��-��������$����.��!������ � #"������������ ���!"�����%@AB>������%(���!�)*+�!�%�����$�!!�%����&����$�%�������� �$�����(�������$����%��'$�(������ #�(�$�#�,�C�%�&����=�����)*+�%@AB>�$���������� �<��(�%���� ��PH,�Q���&�%������$�&� ������!�%�&����>�$�%�������$��%� ����RJH������ $$��<������E��%��%�������LC�<�%��SN�,��
�TUVWXY�Z[�@�# ��&��@����A� ��B�� %�$�>%%�%�L%@AB>N�!�%�����$�!!�%����<��(��%�� #�(�$�#�0�\ ���]������������%��%M�E��%��%���̂���������]���#"�����%��%���̂������>E�]���#"��E��%��%���̂������ �$�C�##]�$�� �#�$�(�$�#����������C�<�%��G,�
�TUVWXY�_[�@�# ��&��%������� %��(� ���%%�%�L%@AB>N��!�)*+�!�%�����$�!!�%����<��(��%�� #�(�$�#�0�\ ���]������������%��%M�E��%��%���̂���������]���#"�����%��%���̂������>E�]���#"��E��%��%���̂������ �$�C�##]�$�� �#�$�(�$�#����������C�<�%��G,�

-���(����%�.%����� ��&��#�(�� ����$���%���������!�%�&�����$�%�������=� %��.%������$����C�<�%��FJ,�-���)*+�$��%� �������������%��%M�E��%��%���������� $$�$��������(�$�#,�-���( ���$�!!�%������������������(� ��%�$�$���%�������� �$������ #��% ��$�&�%�� #�(�$�#� %�������%$�%��!�( <����$���!�����#�(�� �����!��������$��� %� �LFJ0JJ� �$�FI0JJN� �$�����.� ̀��!�#�(�� ������������ ##� ��D0JJ,�-�����$�!!�%������(�<������ ����� ��$���� ��� #�����%� ���"��!�����!�##�&�%�� #�(�$�#��� ���!��$��������.%�&���������������,�-���#�(�� ����$���%���������!�%�&����$�%�������>� %��.%������$����C�<�%��FF,�-���)*+�$��%� �������������#�&�#��!�$�� �#��!������E��%��%������0����%�� %��(�%���E��%��%���%! ���������(�$��('#���#�(�� ����& #����LaGJ'RJJ��$M(IN� ����� ��$��������/���������� $��,�-��������$�% ������!������E��%��%���������%%����$������&�%����( ����� �!� $����(!�%�� <# %�0� !%�(� )*+� ..%�E�( ��#"�J,P�L.�%��.���#�N����J,RJ�L�(.�%��.���#�N,�-����&�%����( ������!�<# %��%��̀����#$�� &���%��� #���!#���������������<��� $��<�����%�#� #<�%���(��� ��$����)*+0�����$��%� ����!���$��%�$ "#�<���#�&�#��!�%������E�����&�������!���������%��%�! �%���$������ ���&�%����( ��$�)*+�� #��# ����,��
�TUVWXY�bc[�d�(�� ����( .�� �$�)*+�& #����!�%�&������� %$��=� ��$�!!�%������(�����.�����O����IG��IJIJ,�
�TUVWXY�bb[�d�(�� ����( .�� �$�)*+�& #����!�%�&������� %$��>� ��$�!!�%������(�����.�����O����IG��IJIJ,������e
f�����
�g�
e�����h�i��f����
�
j�-��� �(��!������������������������� ���!"�����$�&� ���������%�$���$��������������%��%�! �%����#��$�������$� ���� $��<��"���(�LC�<�%��IN,�-���(��%�������$� %�������##�(�� ���� �$�)*+�%@AB>�,�-���&����$�%�������� %�� � #"/�$0�>� �$�=,�



����������	
�����
����
�����������
���������	��
���
��	���
��������	�����������	������	���������������	�����������������	�������������	
���������������	
����	��������	�����
��������
���������
����	���
��	������	��������������������� ������!�����
������	���������������	"����������������������������������	�����	�����������	������	������������	��	��������#������������	�	�����$�%������
������	����&�
�����������������	��
��	��������'(�������������������
����������
�	����������	��������������)�����
�������	������'*+����#*+���������������������)�����
�������	��	�����������',+��	��
�����������������������������$�%��������������
������	��������������������������������������
�����������	�����������������
���������)����������	���	
�!�����
������	���������������	��-	����������	����������	���������������	�������
��������������	�	���
�������	�����	����.����������/������01���$�%����2+�����	���*3+�����������%� �������'#"������������
�������	�����	�
������������	����������	����	���������������
������
�����������������������	���	�������������
�.����	������
�������	������
��%������	��
���
��4	�������	�����.������01��	������	���
������������
�������
�	�����������/�
�������	������������
����
�56789:�;<=�>�����	�	������������������?��������	������� ��$�%"�������&�
��������@�0���A������	����
���
���������	������������	
�0���B��
�A�0����������

�	����
������
���
����������������������	
�!������	���������������	��
�56789:�;C���01���������	���������������������������	
����	���	
����	���	���������
������)�A��)������	���	
����A���������	��DEFE�GHHIGJ�GKKLKKMLHN�OP�QGRJSTUN�GHQ�TJGVL������
W�����������������
������	���������������
���������	
��������		������������	������	����	��������������
�����������	
��
���������	�����������	
�������
����
���
����X�����������
������		��������������-��	
���01����������
����������������
�	���������%������	����	
��
�%/'*Y#*� ��
���'"�X�����
�1���������
���
��	������������������������
���������		.�%���	��.������(Y'2��X�����
���������Z������

�����
���������������������������	�	����	
��01��������	�������
����������
����Y�2[�������������������	
��������������	�
�����	���	��������Y�[���������01�����������	�.��	������������
�������	������
��/������	��
���
�
���������������
��	��������
����������	��������������
��	
���������
���������	���
������	�#�,������������������		�������������	�����������	��
��	���
���[�������		����
����������������	����	������������-��	���������	��
����������������3+� ���������
�������	����(*+"����	����	������
����
���������	�����������/�����������.���-�
����	��������������	�������?������	��� [Y+"�����������.���������������������Z����	��
���	
���������
�����	��
�������	��������	�����	������������	
����������	���������������		�������������������	���������	���
����	���
���	
��	���������������������	������������������
����
����	����������)������
�������
������	����	����������������	�	������(([���)��	�����������������������������������	���������	��������������.�������������
��	��������
��
����	�����������������
���������������������
�
��������
�������	�� %��	
�/"� ��01�\�[+.���)��������������������	"��	
�������
�������
�	��������
�����
��)����������������������	��
�����]:̂_:̀abc̀:�db_8:e�� efgChhijhk��lkm� nopqr�lkm�nstuv� nstws� nstwv����	
��
�%/'*Y#*� ((�'� Y�#x� Y�#3� Y�#3�y���
����
�� (2�'� Y�#x� Y�#3� Y�#3��zb{_:�j=�-		����
���������	
����������������	���������	�������|}~~������������~������}�������~������������	����
�	�����	������
��F� �OH�JIKSOH�������������	�����
�����
������	���	�
����������
���	���	
���������������	�
���������	
�����������������	��������	�����
�
������	�����@�'"�����������
�����("����������}�������������	����#"��������������
������������������Z
���	���	�����
����,"��	
��������
�	����
����$������
��	
���������
�������	�	����	
��01��������������������
������.��������������	��������	
��	����	����		����
���������	
���������������	���������	
����
���������������	��������������	�����������������������������
�����
����������
�����	������������������	�����������������������������������������������	
����	������������������	
����������	�������������������	�@���� >	�����
�����y>%�������
�������
�	����������	����������������		����	
����	���	������		������������������	
����	�.������������������y>%�������
�����������������������	�1�����������
���
���
��	�	�	Z����
����
�����
��	������������	������� -������
�����������	����������������	���������?����������������������������������������������������	��������@����������������
����
��	����
�������	
��
���������	��������������
�
��������������	�	������������
�������	�������3(+����'[+����������������	��
������	� ��� ����
����
� ��
���� ����
�



���������	
���
���
���

������������	
��������������������������������
���
����
��������������������	
�������������������
�����������
�������
����������	������������		���������������
��������
�
�
����
���������������������������������������������
�����
�����
�����������
���
����
����

�������
����
������
������������ � ����������������
���������������!��	������
��	����������� �
�
� ���� ����	��
���� �"#$%� ���
����&�	
���
�'���(���������������������
����������������%�����������)�������������������*������������
��������������������+,-��"#$%������
�	�������
������&��������������	�����������������������������������
�����������������)�������������	��
����������*�
����
����������!��	������
��	������
��������	�
������+,-�������
���
�./0123456789�:;0<=>0?@0>A�B>�0>C@??>DE�������
����
����������!��	������
��	�������������&��������������	�������������
���������������������������������������
���	����
����
���+,-�
�������	��
�����
����
�������� � ���������������������
������	������������"
��
����	
����
��������
��
F$+��
���G��	��F$+���
�
�����������������
�����������	��
�����"#$%����	��H�������H���I��
����������������������
�����	�����������	������������������������������
����"#$%����	��
����
����
�
����&�	
�����������
���"#$%����J��������
��
��������
�����������
���"#$%����HK��� � ������������������		����L�
����
����+,-�������
���
����������
��������������������������������������������������
�����	���������
���
����	��
�����������������
���������������
��
�������
����%�����
�������	�������	���������
���������������������������������������
�������
���
�����

������	����������������������������������
������������
������
�������M��������������
������	�
����������	������������&������������
�����������	�
��������������������

������	�����������
�����������������
��������&������������������
�����
��
����
���
���������	�������������������������������
�����#�������������������N�$�	�������������
���������������������������

������
�����
����
����
�����������������������������
������������L�
����
�	�����������
���
����������������������N�$�	����������������������������������������
���������������������������������
�������
�����

������	������������������
��
�������������������������
��
���
�����������������������������������
������������	������
����OPQRSTUVWXYVRZ[���������
�����
������������������
�����%�����
��N���������%&������������\����%����
�
���"��������%���������$	
���F���������
���+����������\%F%����
���]��̂!]�]��̂�����'!����K�
���+��
�-����-�+���������	������
�)���]*���������
�����%�����
��"�����
��+������	����������
�������%�����
��N�		�������_]�]����
������������������J'KK�]���

V̀aV̀ VRPV[����$�
�
����(��$���\�	�����
���\��$����
�����������#���b�c
�
����#��)]�]�*��d����
��������
����	�����
�����	����e�f�������������������������
����
���&����	������$��
��%����
��]�J��]̂g!]Ĥ��]���%�����
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Urban lighting is required to have a central role in the design of future smart cities. 
The term urban lighting refers to both, street and other lighting installations (e.g., recreational areas, infrastructure etc.). Substantial part of energy consumption in Europe originates from urban areas that produce notable emissions of greenhouse gasses. Over 90 million lighting poles worldwide count for more than 50% of public energy consumption and about 60% of relative costs [1]. By 2050, nearly 70% of the world’s population will live in urban areas, creating challenges and opportunities for municipalities and industries, where digital technology will function as a catalyst for urban transformation towards more efficient and livable cities [2]. In future cities, street lighting will play an essential role in security and life quality. Modern lighting control systems are capable of adapting lighting conditions to suit the user, thus improving personal wellbeing and perceived quality of life [3]. Modern luminaires and control systems provide effective street lighting, which can reduce crime and traffic collisions, but also encourage socio-economic activities at night and improve the perception of personal safety and security [4]. Innovations in lighting, such as solid-state light emitting diodes (LED), promise energy savings of about one half and a notable reduction of maintenance costs [1].

Electricity consumed by lighting accounts for approximately 20% of world electricity consumption [5]. Therefrom, an estimated 5% is used by public lighting like street lighting, parking lots lighting, pedestrian area lighting, and park lighting [6]. Continual rise in electric energy price has put municipalities in a situation where they need to find possibilities for saving, also in street lighting. It is common that after peak hours 
some luminaires are switched off. This does indeed considerably reduce electric energy consumption, but it also creates inferior lighting solutions and significantly diminishes traffic safety in urban areas. Although it could be assumed that classical lighting technologies are now ready, the light efficiency of light sources, together with light quality indicators, has not yet reached its limits. It is especially important to increase the reliability of lighting systems and their efficiency through control systems. It has also become important to improve the quality of visible light in the nocturnal movement environment, taking into account human scotopic and mesopic vision, which is significantly different from daytime photopic vision [III]. Also, it is required to take into account the current revolutionary developments in solid-state lighting (SSL) and the introduction of new measuring devices for night vision.

Over the last decade, significant energy savings have been achieved in road lighting by replacing an obsolete lighting system with a new LED system. In the long run, it is already understood that energy savings will not increase in the coming years. In the future, savings will be made on switching to LED luminaires. The number of lighting points in urban areas is often increasing and the infrastructure needs to be replaced.  Additional savings are seen to be achieved through the development of smart lighting systems. In addition to intelligent management aimed at energy saving, the Smart Cities solution requires the goal of lighting quality, better visibility and thus the safety of the traffic environment. Future street lighting solutions must allow for improved control 
and management capabilities, as well as sophisticated measurement capabilities, 
the integration of different control systems and the use of large-scale information networks. Intelligent control systems are mostly applied to reduce energy consumption by controlling the level of lighting according to user needs, environmental conditions and system maintenance. However, new design paradigms and metrics addressing these new objectives are needed to ensure the same or even better safety for road users, to improve the quality of the lighting environment, and therefore it is not only necessary to measure the energy part but also the lighting quality [7].

The most important lighting parameters on which designers in most European Union countries base their outdoor lighting planning are presented in the standards CEN/TR 13201-1: 2014 and EN 13201 series [8]-[12]. These modern normative documents and measurement methodologies are based on photopic vision, which does not really appreciate the dominant mesopic environment in outdoor lighting. In recent years, measuring devices have been introduced to evaluate the mesopic photometry system [13], [14]. Modern road surface luminance measurement techniques based on ILMD (Image Luminance Measuring Device) photometry [15], [16] and measurement methods according to the standard EN 13201-4: 2015 have been applied to the measurement of road lighting [11]. These measuring devices allow us to evaluate the luminance and luminance distribution more efficiently and to offer safer solutions when implementing management systems in conflict areas.

At present, the introduction of new lighting solutions in street lighting is of great interest as a research topic and with numerous experiments in the design of new lighting systems. So far, road weighted q-data (r-tables) that are more than 30 years old have been used in road calculation programs. It is important to assess the modern lighting solutions and the quality characteristics of the light generated for reflection of the light of the characteristic quantities of the hitherto used and improve the measurement methods to simplify the mobile measuring device that is used on different sizes of road pavements to assess operatively the reflected beam, and the diversity of their size, 
while reducing the intensity of the measurements and increasing the accuracy of the measurement.

[bookmark: _Toc87567302]Motivation for this thesis

About 40 years ago, The Commission Internationale de l’Eclairage (CIE) launched the concept of developing and evaluating the brightness of road lighting through a number of methods [17]. In 1984, the CIE adopted a technical report on the relationship between the photomeric properties (reflective properties) of pavements and their construction (composition and texture) [18]. The material was primarily intended as a guide for outdoor lighting designers and road builders. This defined the so-called R-classification. The standard reflection classes R1, R2, R3 and R4 assigned to dry pavements were described as reflection tables or r-tables containing reduced luminosity coefficients. Internationally, several years after the publication of the r-tables, several scientific articles reported that road pavements have changed or that the aggregates used in different countries are different. [6]

In Estonia, from 1980 to 2004, there was some confusion in the design of street lighting due to the lack of a corresponding Estonian or European Union standard. Both USSR standards and international CIE standards were used. The CEN technical report CEN/TR 13201-1, translated by the Estonian Center for Standardization in 2004, provided a clearer basis for future guidelines for the design of outdoor lighting.

The r-tables in the CIE technical report were based on pavement reflectance measurements made more than 50 years ago. For the most part, no control measurements were performed in Estonia, and the use of correct input data from light calculations was a free choice for lighting designers. In 2007, CIE established new reporterships R4-32: Reflection Properties of Road Surfaces and R4-24 Definition of an Eye Sensitivity Function in the Mesopic Region to be Used for the Calculation of Road Lighting Levels [14].

The perceived need is an important paradigm shift in the field of outdoor lighting design. The normative documents on which road construction is based have become obsolete, changes have taken place in the materials of road pavements. During the last decade, a revolutionary development has taken place in the technological advancement of luminaires. In addition, significant developments have emerged in the lighting measurement and control technology. Lighting at night and in dim conditions significantly affects a person's vision in these environments, and taking this into account, the creation and evaluation of surrounding lighting environment has become an important priority.

The Lighting Engineering Laboratory of the Department of Electrical Power Engineering and Mechatronics of Tallinn University of Technology, in cooperation with the largest local governments in Estonia, has promoted outdoor lighting research to create energy-efficient and safer environments. The vast majority of research focuses on the inspection of lighting installations using standard measurement techniques, 
the assessment and optimization of the energy efficiency of control systems, and topologies [19]-[21].

In the last decade, marked attention has been paid to update the values of luminance factors standardized for lighting simulation programs in the design and construction of road pavements and lighting installations. Constant innovations in the technologies of road surface and their lighting with modern lighting solutions have led to the assessment of values of light reflection from new points of view. Operational measurement of light reflection quantities from road pavement surfaces, such as luminance, luminance factor, reduced luminance factor, as well as light color temperature and color coordinates, allow for the development of more energy efficient and safer solutions.

It is required to implement modern technical solutions and develop new measurement methods that would ensure the use of optimized measurement geometry with pre-standardized instructions for environmental conditions and lighting solutions. The aim is to ensure the reliability and mobility of measurement results by reducing the measurement intensity and enabling the measurement of different sizes of pavement reflections, eliminating the effects of instantaneous properties of road lighting installations, weather and ambient conditions and extraneous and disturbing light and increasing measurement accuracy.

In summary, the following paradigm shift has been introduced in the design of outdoor lighting:

· Changes in lighting technology, pavement materials and lighting measurement;

· Changes in lighting quality aspects to create more energy-efficient and safer solutions;

· Demand to implement of novel technical solutions and develop measurement methods that ensure the use of optimized measurement geometry with standardized guidelines for environmental conditions and lighting solutions.





[bookmark: _Toc87567303]Thesis objectives

The main goal of this dissertation is to develop a metrological solution and methodology that allows us to evaluate human-specific lighting perceived in a dark environment, 
its better application in the design and management of road lighting installations. Existing measurement methodologies are addressed and new measurement technical solutions are proposed. The author set up a goal to offer a set of measurement tools for light quality aspects with a novel methodology for its implementation and evaluation of the uncertainty of measurement results.

[bookmark: _Toc87567304]Hypotheses

The main hypotheses of this dissertation are:

· More precise determination of lighting measurement uncertainty components such that the upper limit of the uncertainty component will ensure increased reliability of the measurement results.

· The developed new measurement method would reduce the measurement time and improve the measurement accuracy at least three times, minimize the effects of the ambient conditions and instantaneous properties.

· The new measurement method proposed will minimize the proportion of uncertainty components, which could reduce the expanded uncertainty of the measurement results of the lighting technical quantities of the pavement surface.

· The new measuring instrument designed will consider the effect of the spectral composition of the visual light and could improve the accuracy and time-saving of measurements.

[bookmark: _Toc87567305]Research tasks

The main research tasks of this dissertation are:

· State of the art analysis of the relationships between the most important lighting parameters that affect scotopic and mesopic lighting in a traffic environment; mesopic photometry and measurement applications; existing lighting measurement applications and methodologies used to evaluate outdoor lighting; 

· Investigation of the difference between the results obtained when measuring the illuminance of outdoor lighting and developing a new simplified calculation methodology to assess the uncertainty of the results;

· Research and development of uncertainty management methodology for lighting measurements; 

· Practical assessment of uncertainty using the developed management methodology- for lighting measurements;

· Development of an innovative measuring instrument and measurement methodology for the values characterizing reflection of light from surfaces;

· Validation of the developed measurement method and instrument.





[bookmark: _Toc87567306]Novelty

The scientific and practical novelty of this dissertation is:

1. Analysis and classification of current lighting measurement applications and measurement methodologies for outdoor lighting assessment;

2. Development of a new calculation methodology for estimating the difference in measurement results and all components of measurement uncertainty of outdoor lighting measurement applications;

3. Development of a new measurement application and creation of a measurement methodology;

4. Creation of a prototype of a patented invention and application of a measurement methodology for more efficient analysis of the lighting properties of various lighting solutions and road surfaces;

5. Introduction of a patented measuring instrument that would significantly reduce the volume of measurements for the evaluation of lighting parameters.

[bookmark: _Toc87567307]Contribution and dissemination

This research is recommended for outdoor lighting designers and road builders who can use the invented method and device for various modern road pavements illuminated by traditional gas discharge luminaires and modern LED luminaires to evaluate operationally changes in pavement wear and environmental changes. Thereby it is proposed to use safer and more efficient solutions, but also to create more energy-efficient and safer environmental conditions for the replacement and modernization of lighting solutions.

The methodology developed by the thesis research and the measurement tool created for its implementation, which considers human scotopic and mesopic vision in dark and dim environments, can assess the values of pavement light reflection values with innovative control systems used in modern road lighting. 

The results of this dissertation have been presented at international scientific conferences and doctoral schools. The direct practical scientific results of this dissertation have been applied in the following international R&D projects: VIR19013 “Lighting the Baltic Sea Region - Cities accelerate the deployment of sustainable and smart urban lighting solutions” and VFP19031 “FINEST TWINS: Establishment of Smart City Center of Excellence”. Additionally, the practical results of this study have been applied in the national research and development projects (LEEEE21065, LEEEE20099, LEP19093, etc) commissioned by the local municipalities or companies (i.e., Enefit Connect, Elektrilevi, Tallinn, etc.) by the accredited Lighting Laboratory of Tallinn University of Technology.



[bookmark: _Toc87567308]State of the art

[bookmark: _Toc87567309]Growing role of street lighting

Artificial lighting plays an indispensable role in everyday life today. The energy consumption of electric light sources accounts for about 20% of global electricity consumption, of which 5% is used in general lighting, such as street and car park lighting, pedestrian lighting and park lighting [6], [22]. The constant increase in electricity consumption has encouraged local governments to find ways to save on street lighting. Often some lights are switched off after peak hours, which allows significant reduction in electricity consumption. However, it also creates poorer lighting conditions and significantly impairs road safety in urban areas. Although it could be assumed that classical lighting technologies are now ready, the light efficiency of light sources, together with light quality indicators, has not yet reached its limits. The target is to increase the reliability of lighting systems and their efficiency through control systems as well as to improve the quality of visible light in the nocturnal movement environment, taking into account human scotopic and mesopic vision, which is significantly different from photopic or daytime vision. Also, the current revolutionary developments in semiconductor light (SSL) enable the introduction of new measuring devices for night vision. [23]

Road and street lighting plays a very important role and its running costs are high, often accounting for around 30% to 50% of the city’s total energy consumption. As a result, there is a strong pressure on electricity supply and environmental protection. It is estimated that by 2050, 5 billion people, or about 60% of the world population, will live in cities, and according to the International Energy Agency, by 2030, demand for lighting alone will be 80% higher than in 2005. [24], [25]

The potential for the energy efficiency improvement of outdoor lighting is substantial. The condition of the outdoor lighting network has improved in larger Estonian cities. 
In 2015, street lighting was renewed in seven major cities, during which more than 
12 000 luminaires were installed, including the replacement of cable lines and masts.

Network reconstruction works are ongoing. Additional luminaires will also be installed on the pedestrian crossings under construction. Often, in addition to the renewal of carriageways, there are also light traffic roads, parking lots and park areas in the surrounding areas. However, high pressure sodium lamps (HPS), metal halide (MH) lamps, and low pressure sodium lamps are still used in most municipalities. For example, as of the beginning of 2021, up to 33% of the luminaires installed in Tallinn, the capital of Estonia, are modern LED luminaires. If five years ago, most installations with LED luminaires were pilot projects, now under new projects, LED luminaires have been applied. Strong emphasis is placed on the development of management systems. [6], [24]

To reduce the energy consumption of lighting, the European Union has adopted the Ecodesign Directive for energy-related products (Directive 2009/125/EC) [26], which established a framework for setting of ecodesign requirements for energy-related products. The aim of the directive is to improve the environmental performance of products throughout their whole life cycle. The Directive does not set requirements for specific product categories, but defines the requirements for product authorization procedures in implementing measures. The requirements focus on the most important environmental aspects, such as the energy consumption of energy-using products [24].

[bookmark: _Toc87567310]Photometry in the evaluation of street lighting 

[bookmark: _Toc87567311]Fundamentals of street lighting photometry 

The method for photometric characterization of pavements was developed in the 1970s and updated in 1982 and 2001 [27], [28].

The International Commission on Illumination (CIE) reports describe quantities used to characterize photometry in road lighting.

In the European series of standards, EN 13201 defines luminance as the most important and perceptible parameter for drivers. Luminance is related to the intensity of the light from the road luminaires in the observed direction and to the reflective properties of the road surfaces in the observer’s direction. The light emitted from the luminaires is assessed on the basis of the spatial distribution of the luminaire's luminous intensity. The luminous intensity distribution is measured with a goniometer, the modern output of which is light distribution data that can be used in light calculation simulation programs. Luminaire manufacturers have the necessary measuring instruments in their production processes to measure the light distribution data in order to improve the useful optical properties of the luminaires and to prevent light pollution. The amount of light reflected from the road surface, in turn, depends on the direction of observation, the angles of incidence and reflection, i.e., the geometry of the light. One characteristic quantity is the luminance coefficient of the pavement marked by qL. Luminance coefficient describes the geometry of the coating material when reflected by light. Road lighting calculations are based on the tables of qL values of different road pavements made decades ago, which were defined as reference pavements. National and EN standards also provide recommendations for checking the condition of road installations before and after the completion of roads.

In the EN 13201 series of European standards, luminance is one of the key parameters that road lighting must meet in order to ensure adequate and safe lighting for traffic in a dark environment. The luminance and luminance uniformity of the pavement properties of the light allow perceiving the surrounding environment, road conditions and possible obstacles on the road. In order to ensure a road lighting class according to CEN/TR 13201-1 in accordance with the characteristics of the road and traffic environment, the level of luminance required by the road lighting system must be ensured. The simulation of the road lighting system takes into account the power of the luminaires, the distance between the lighting masts and the height. In modern luminaires, the optical solution of the luminaires, the color temperature of the light and the control system for creating energy efficient solutions for road lighting are of particular importance. After installation, the photometric properties of the pavements also require control measurement of compliance with the simulations. [6]-[8], [29]-[31]

The luminosity coefficient qL is the variable that characterizes best the reflection properties of different road surface pavements. The luminance factor is the ratio of the luminance L (cd/m2) visible to the observer of the road surface, and the illuminance Ē in lux, which is incident on the surface and is given by the following equation (1):



	𝑞L=𝐿/Ē 	(1)

where:
qL is the luminance coefﬁcient measured in [sr−1];

L is the luminance measured in [cd/m2]; 

Ē is the illuminance measured in [lx].



Forty years ago, the luminance factor was replaced by a reduced coefficient r table called the r-table, where the luminance factor r is given by a combination of fixed illumination angles β and tan ɛ (see Figure 2.1). [30]
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Figure 2.1 – By convention, according to CIE 066 and CIE 144, guidelines and road lighting standards, the photometric characteristics of the road surface depend on the angles of observation α (characterization of road photometry α is set at 1°), deviation β and  surface. [31]



The formula for calculating the reduced luminance coefficient rL in cd/m²/lux is derived from qL (equation 2):



𝑟L= 𝑞L cos3ɛ	(2)



In the standard EN13201, viewing height is 1,5 m and the viewing angle α is constant at 1°, at which the viewing distance corresponds to 86 m. In this situation, simulations and measurements are used to observe the detectable road area in front of the driver at a distance of 60 to 160 m represented in Figure 2.2. The illuminated area defined in the standard therefore applies to illuminated roads between cities where speeds are up to 90 km/h. [31]
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Figure 2.2 – Angle of observation at 1° (nominal value) but between 0,5° and 1,5° 60-160 m,  assuming that there is no influence on road photometry.



The average luminance coefficient Q0 represents the degree of lightness of the measured surface.

 The average luminance coefficient Q0 is computed as the average of the luminance coefficients over the specified solid angle, Ω0 (equation 3):



	(3)



As a result of the integration, the sum is obtained from the finite source data in the simulation calculations, which is close to the weighting factors corresponding to the integer angle assigned to each value Δω and given to each combination of tan ɛ and β angles [15].



		(4)



The reflection tables (r-tables) describe the reflection properties in the form of reduced luminance coefficients. The description parameters adopted by the CIE are the average luminance coefficient Q0 and the specular factors S1 and S2.

The specular factor S1 represents the degree of specularity of the observed surface. 
It is defined as the ratio of the reduced luminance factors (equation (5)) of two specific lighting conditions. 





 	(5)



(tan  =12, β =0°) 

(tan  =3, β =90°) 

( 0)

(tan  =4, β =180°)

(tan  =3, β =-90°) 
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Figure 2.3 – Representation of a rectangular plane above the surface that defines [31]

· the boundaries of sight angle β and the incidence angle 𝛆 defined in CIE144 => values of the r-table

· the solid angle of integration of the coefficient Q0.



The reflection tables in the standards used worldwide are based on the measurements made in Europe more than fifty years ago on a theoretical basis to assess the aging of pavements. The benchmarks published in the CIE technical reports have not been updated for decades and do not describe the lighting measurement uncertainty. [17], [18], [32], [33]

In recent decades, pavement materials and the binders used as well as traffic conditions, traffic regulations and behavior have changed significantly. Modern road lighting systems are designed based on existing standards using simulation software, which includes data characterizing road pavements that do not correspond to the actual conditions or cannot be described. [34], [35]

Recent scientific studies eloquently describe the fact that using existing CIE data, we often use simulations to calculate average luminance above 50% of the actual values [36]. The technological developments in the LED luminaires used in the last decade, including dimming and innovative optical solutions with directed light distribution, have provided more energy-efficient solutions. Much attention has been paid to the estimation of measurement uncertainty. [20], [27], [37]

The EMPIR (European Metrology Program for Innovation and Research) research project SURFACE has set the goal to eliminate the shortcomings of road lighting photometry and to modernize the methodology [36].

The goal was to collect data and conduct research around the world for CIE, CEN and other road lighting communities. At the same time, the assessment paid close attention to existing measuring equipment and methods and to analyzing the safety needs of road users related to pavement reflections. The aim was to collect and submit to CIE and CEN new reference data on the most common pavements and to present new reference geometries for measuring lighting parameters. The updated data and measurement geometry should describe better the needs of road users and help to make the best use of smart LED lighting while reducing the environmental impact of road lighting equipment. 

The SURFACE research project has pointed out that data collection is complex and, due to the specifics of the measurements, only a few European laboratories perform these measurements. For reasons of confidentiality, the collected r-tables are owned by the tenderer and the SURFACE consortium has undertaken not to disseminate or publish uniform r-table data. This means that CEN reference data do not consist of an identifiable r-table, but are simply representative averages. The database contains 40 tables from Switzerland, 182 from France and 18 sets of Q0 and S1 factors from Finland. [30]

[bookmark: _Toc87567312]Mesopic photometry 

Photopic photometry has been used in lighting measurements since 1924. It has been the basis for the design of all lighting since the introduction of the photopic spectral luminance function V(λ) [28]. Thus, all methods for estimating illuminance quantities are based on the photopic V(λ) function. Artificial road lighting in the night environment is usually scotopic and in the dark mesopic. The spectral sensitivity of the human eye varies according to the level of light and the viewing conditions and is not uniform over the mesopic area of vision.

The International Commission on Illumination (CIE) published the technical report 191: 2010 based on visual performance of a recommended system for mesopic photometry. The new mesopic system offers, for the first time, the evaluation of illumination based on the internationally accepted mesopic photometry system. The new CIE mesopic photometric system is valid for luminosity between the scotopic and photopic regions, where the luminance is described as between 0,005 cd/m2 and 5 cd/m2. [13]

There are currently no guidelines for designing road lighting using mesopic photometry. European standards for average road surface luminance range from 0,3 cd/m2 to 2 cd/m2 located in the mesopic region. The ratio of the scotopic to the photopic luminous flux of luminaires used in road lighting should be evaluated according to the CIE scotopic spectral luminous efficiency function V(λ’). Light sources with a high S/P ratio are mesopically more efficient. Light sources that provide contrasting visibility are even more effective in mesopic conditions and can be used to reduce luminance on the road surface.

Mesopic photometry, a novel method for measuring illumination, takes into account the change in the visual response in the overlapping area of the human eye, between day vision and night vision.

With conical cells with different spectral sensitivities, human visual organs perceive colors in photopic vision mode. The central part of the retina of the eye has the highest concentration of cone cells. Stem cells are more sensitive to light but do not distinguish color. Also, rod cells are mostly found outside the fovea, which means that most of the night vision comes from the periphery.

The adaptation of the eye to dim light levels depends on the signal level of both types of photoreceptors. At low light levels, the high sensitivity of rod cells predominates. When rod cells become saturated, only cone cells detect high levels of light. Due to differences in spectral sensitivity, adaptation depends on the spectral quality of the incident light. It has also been found that adaptation occurs at different rates as light levels increase or decrease, and that adaptation occurs differently on the surface of the retina. [28], [38]

The retina consists of about six million cones, mostly located in the middle of the retina and surrounded by about 120 million rods. The cones responsible for seeing our colors work best in bright light, while the color-blind rods are responsible for seeing us at night. Scenes with an average luminance greater than about 5,0 cd/m2 are dominated by photopic vision. The cones have an average spectral response described by the photopic light efficiency function V(λ) and a maximum sensitivity of 555 nm. Less than about 0,005 cd/m2 is dominated by scotopic vision, the spectral response of the rods is described by the scotopic light efficiency function V'(λ), with a maximum response of 507 nm.

Mesopic vision occurs when the average luminance of a scene is between from 0,005 to 5,0 cd/m2, as both rods and cones contribute to what our visual system perceives.

The reason is the gradual transition to a photopically scotopic light efficiency function as the rods begin to dominate. Some publications on mesopic lighting state that the S/P ratio of a lamp can be estimated from its correlation-based color temperature (CCT), but this is incorrect, except for incandescent lamps (which have few practical applications for mesopic lighting). For example, there are two LED modules with the same CCT of 3500 K, but very different spectral power distributions and different S/P ratios. [39], [40]

[bookmark: _Toc87567313]Street lighting measurement 

[bookmark: _Toc87567314]Reflective properties of road pavement materials

The reflective properties of the pavement material depend on the nature of the material. Pavement materials differ in the composition of the surface, the properties of the aggregate used, the color of the binder, the texture and used construction method. 
The used material depends to a large extent on regional availability in different countries, material quality requirements and environmental requirements. Standard r-tables and Q0 values are commonly used in the design of road lighting. There is no correlation between the color temperature of light sources and pavement materials in the normative documents. This results in significant differences in road surface luminance values.

CIE Standard Publications have recommended the use of high-color, now discontinued incandescent lamps to measure the reflectance of coatings. The reflective properties of coating samples have often been studied under laboratory conditions in the light of a metal halide or a high-pressure sodium lamps. [41]-[44]

Global research has shown that newer asphalt-based and new concrete-based pavements do not meet the reflective properties given in the r-tables [45], [46].

For example, studies in Finland on the reflectivity of road surfaces carried out on samples of pavements cut under laboratory conditions concluded that most pavements belong to road classes R1 and R2, which are still in use today [47].

The choice of pavement materials is usually determined by mechanical strength, abrasion resistance, and slip resistance. Asphalt pavements use stone materials of different grains, mineral filters and binders, such as bitumen. The color of the asphalt pavement usually depends on the color of the aggregate and the environmental conditions. Changes in the assessment of the energy efficiency of road lighting in recent years have led to a greater focus on the reflective properties of the road surface.

The reflective properties of the road surface material significantly affect the illumination that can be achieved with a given amount of light flux from the luminaires. Darker pavements require more luminous flux from roadway luminaires than lighter pavement materials. In addition, environmental aspects and the conservation of natural resources play a key role in reducing waste. Interest in recycled materials, such as plastic waste, construction waste, tire waste, etc., has increased in road construction. [48]

[bookmark: _Toc87567315]Street lighting measurement methods and instruments

Photometric equipment for the assessment of road surfaces has been improved substantially in the last decade. Modern devices can be divided into two. Traditionally, laboratory research methods for pavements are being used, and the other direction is using portable on-site measuring instruments [30].

Comparison of measuring instruments and measurement methods:

- Laboratory instruments are used for absolute measurements and comparisons 
in the analysis of measurement data performed on the objects to be measured. 
The measurement methodology allows us to achieve less measurement uncertainty, but overlooks environmental conditions [29].

- Laboratory equipment consists of a light source, a coating sample holder and a sensor for measuring brightness. The photometry of the measurements usually takes into account the different angles of illumination specified in the r-table. The direction of observation is fixed in relation to the pavement sample, the lighting and the sensor for fixing the luminance can move in the selected geometry. Calibration of the (𝜆) curve is taken into account when measuring the luminance data. Calibrated lux meters are used to measure the luminance of the surface. The ratio of luminance to illuminance can be calculated by direct measurement using a calibrated surface. In the measurement methodology, modern measuring equipment is used. However, the mesopic environment is mainly not assessed in the measurement methodology. [VII], [47], [49]

It is estimated that laboratory measuring equipment has an uncertainty of approximately 10% - 15% and is therefore used to make reference measurements 
for the calibration of portable equipment. However, there is no common approach to measurement methodologies and their instruments in terms of traceability of the measurement procedure and measurement uncertainty [48].

The main disadvantage of laboratory measuring instruments is the need to take samples from pavements, which changes the geometry, environmental conditions and is costly. Therefore, changes in reflections over time and measurements at the same locations of the object cannot be monitored.

Portable equipment is used for on-site measurement of pavements. These measuring devices have a relative measuring capacity. Portable devices can be transported and used for on-site measurements. They are usually suitable for installation in or on a vehicle and for relocation by a person. This in turn limits the weight and dimensions. [23], [30], [31]

When designing measuring instruments, trade-offs will inevitably arise, either with limited photometric possibilities or with greater measurement uncertainties. There is no uniform measurement methodology and the solutions are very different in terms of measuring instruments, lighting, mechanical and optical solutions used. Most devices do not measure the entire r-table or take all the necessary measurements to estimate the pavement. The dimensions of the measured illuminated field of the pavement are often limited to a smaller area than the recommended 104 mm2. [VII]

Only the selected illumination angle (ɛ, β) is measured. These devices usually allow the measurement of speculative components, but not Q0. The measured data and the resulting modeled r-tables are used to find the closest measured r-table in the database. Some compact measuring devices estimate Q0 with two linear combinations of r-values, r (0, 0) and r (0, 2), which are used for the specular factor.

The devices are also used in various closed or open ambient lighting conditions.

The main advantage of portable devices is that their mobility and the object are not altered or damaged. Thus, the development of pavements can be studied over a long period of time and the information can be used to make lighting more efficient. Their measurement uncertainty may be higher, but they provide better actual pavement photometry. [30], [31], [50]



[bookmark: _Toc87567316]Development of uncertainty management procedure for lighting measurements

[bookmark: _Toc87567317]Review of measurement uncertainty for lighting measurements 

[bookmark: _Toc87567318]Basis for estimating the developed measurement uncertainty approximation method

Uncertainty of measurement and the principles of its evaluation are important in all areas related to photometric photometric measurements. The simplified approximation method for estimating measurement uncertainty is based on GUM (Uncertainty Expression Guidance) [51] and provides guidance on how to document uncertainty information. 
The GUM describes detailed procedures for accurately estimating uncertainty. It is especially important to ensure that the technical specifications are followed when designing measuring instruments and applying measurement methodologies.

The developed simplified approximation method for estimating uncertainty is necessary, for example, for estimating the luminance, illuminance, color temperature or other uncertainties of lighting systems.

The purpose of the GUM-based uncertainty management method is to provide an overall uncertainty estimate and to provide an uncertainty estimate for individual measurements by comparing two or more measurements and the measurements of one or more light objects (measurement objects) within a specific specification or range. 
The simplified iterative approach is based on an upper bound strategy that takes into account the worst case scenario, i.e., some overestimation of the uncertainty at all levels, where the convergence cycle determines the rate of overestimation. Deliberate overestimation is necessary to avoid misstatements based on measurement results. 
The rate of overestimation can be adjusted by economic assessment of the situation.

The developed method is a tool to minimize the costs of metrological activities of photometric measurements and to reduce the uncertainty of measurement results.

[bookmark: _Toc87567319]General bases for estimating the uncertainty of measurement result

The developed simplified method is based on an overestimation of the uncertainties  affecting the input variables to obtain an approximate estimate of the standard uncertainty in order to obtain ≥ . This overestimation process provides a 
worst-case contribution at the upper limit of each known combined standard uncertainty component and thus ensures the outcome of the estimates. The method is based on the following principles:

· All input quantities of the measurement function that influence the measurement result are identified.

· It is decided which possible corrections should be implemented.

· The effect of each input quantity on the measurement result is evaluated.

· A convergence process is being performed.

· An assessment of the standard uncertainty of each input variable is performed.

· Using Type A or Type B assessment method. (3.4.1)

· Where possible, the B-type uncertainty estimation method is preferred in the first convergence cycle in order to obtain a coarser uncertainty estimate, to provide an overall picture and to save costs.

· Based on the standard uncertainties of all input quantities, the combined standard uncertainty is calculated from the relation of u(y)



	(6)


· The link (equation 6) applies only if all the components  of combined standard uncertainty  are  independent (j = 1, ..., N).

· For simplification, the correlation coefficient value r is 



r  1, 1, 0		(7)



· If it is not known whether the components of combined standard uncertainty are independent, full correlation is assumed, i.e., either r  1 or r  1

· The expanded measurement uncertainty U is calculated by multiplying the combined standard uncertainty  by the coverage factor k (usually k = 2) using the relation

	(8)

The simplified method normally consists of at least two cycles of approximation of the components of the uncertainty, as shown in the diagram in Figure 3.1.

· The purpose of the first, very coarse, simple and inexpensive approximation cycle is to identify the highest value of combined standard uncertainty components.

· The next approximation cycles, if performed, deal with providing more accurate upper limit estimates for the highest values of the combined standard uncertainty components to reduce the uncertainty estimates to as a possible acceptable value.

The approximation method can be used to estimate the uncertainty of a measurement result from a given measurement operation. This method can be used for a result from a known measurement operation or for comparing several of these results, and also for developing a suitable measurement operation for managing the uncertainty of the measurement. [52]

[bookmark: _Toc87567320]Prerequisites for performing the uncertainty management procedure

A prerequisite for managing uncertainty and summarizing the estimates is a clearly defined measurement task that describes a measure, such as the luminance or illuminance of a surface at some point or the luminous flux of a light source. In this case, the uncertainty of measurement is the degree of compliance of a value obtained with a size measurement with the definition of quantity.

Standards define the measurand’s conventional value with the help of standard chains as well as the global standards. In many cases, standards also define the ideal or conventional measurement principle, measurement procedure, measurement method, and standard reference conditions. [9]-[11], [52]

Possible deviations from standardized measurement values contribute to the uncertainty of measurement. 

[bookmark: _Toc87567321]Estimation of the uncertainty of a measurement operation in the planning and development of a measurement operation

Uncertainty assessment is performed to develop the target uncertainty, taking into account the appropriate measurement operation and the uncertainty budget. 
The management scheme shown in Figure 3.1 is used for this purpose. According to the scheme shown in Figure 3.1, the estimation and management of the uncertainty is performed on the basis of measurement task 1 and of the defined target uncertainty measured by the laboratory in box 2.

Definitions of the measurement task and the measurement required uncertainty are laboratory policy decisions that must be made at a sufficiently high level of management. A suitable measurement operation is considered to be such a measurement operation, together with the developed uncertainty aggregate, which ensures an expanded uncertainty equal to or less than the target uncertainty. If the estimated expanded uncertainty is significantly less than the target uncertainty, the measurement operation may not be economically optimal to perform the measurement task, i.e., the measurement operation is too accurate and costly.

The uncertainty management measurement operation, based on measurement task 1 and the predetermined target uncertainty in box 2, shall include the following according to 3.1:

· The measurement principle 3 shall be selected on the basis of experience and possible measuring instruments available in the laboratory.

· Based on experience and capabilities known in the laboratory, the initial measurement method 4, measurement procedure 5 and measurement conditions 6 shall be established and documented.

· A first computational approximation cycle is performed, preferably based on the uncertainty estimation black box model, and an initial uncertainty aggregation as in boxes 7 to 9 is generated to give the first coarse estimate of the expanded uncertainty  in box 10 (m = 1).

· The resulting initial expanded uncertainty estimate  is compared to the target uncertainty , as shown in oval B or C:

1) if  is acceptable, i.e., if  (oval B), then the sum of the uncertainties of the first approximation cycle proves that this measurement operation A is suitable for measurement task 1, as presented in box 11 and the calculated estimate  is the final expanded uncertainty of the measurement result;
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Figure 3.1 – Schematic of the procedure for estimating and managing the measurement uncertainty.  



2) if  (oval B), then the measurement operation is technically acceptable but it may be possible to change the measurement method 4, measurement procedure 5 or measurement conditions 6 or together to make measurement operation A less accurate and cheaper by increasing the measurement uncertainty to obtain an acceptable extension to uncertainty . A new approximation cycle is then required to estimate the resulting new expanded uncertainty UE2 as described in box 10, where UE2 is the final expanded uncertainty of the measurement result;

3) if  is not acceptable, i.e., if  (oval C), then the approximation process is continued with a new approximation cycle.

Before starting a new approximation cycle, the relative values of uncertainty of the components of the composite are analysed. In many cases, uncertainty values of two to three   components dominate the calculation of the compound uncertainty.



· If  , the assumptions 7 or measurement model 8 are modified or the information on the uncertainty components 9 is supplemented, as described in box 12 to obtain a more accurate estimate of the dominant combined standard uncertainty components.

· A third  approximation cycle of the uncertainty pool is performed as shown in boxes 7 to 9, leading to a third smaller and more accurate estimate of the expanded uncertainty  in box 10.

· The third expanded uncertainty estimate  is compared to the predetermined target uncertainty  (oval B or C):

1) if is acceptable, i.e., if  (oval B, m = 3), then the sum of the uncertainties of the third approximation cycle proved that the given measurement operation is suitable for the measurement task;

2) if is not acceptable, i.e., if  , a fourth approximation cycle (or more cycles) is required. The analysis of the uncertainty components is repeated, resulting in further changes to the assumptions, refinement of the information, modeling of possible changes as described in box 12, and focusing on the current maximum values for the uncertainty components.

· If all possibilities to find a lower and more accurate upper limit estimate have been used to obtain uncertainty estimates without achieving an acceptable expanded uncertainty in the form , it is necessary to change the measurement method, measurement procedure or measurement conditions, as described in box 13 to reduce the previously estimated expanded uncertainty . The convergence process starts again from the first convergence cycle.

· If changes in the measurement method, procedure or measurement conditions, as described in box 13, do not lead to an acceptable expanded uncertainty, it is possible to change the measurement principle 3 as described in box 14 and start the above procedure again.

· If the change of the measurement principle and the associated approximation cycles still do not lead to an acceptable expanded uncertainty, it is possible as a last resort to change the measurement task 1 or the target uncertainty 2 or both, as described in box 15 and start the above procedure again.

· If it is not possible to change measurement problem 1 or uncertainty 2, it is an indication that there is no measurement operation suitable for solving the measurement problem with the given uncertainty, see box 16. [52]

[bookmark: _Toc87567322]Measurement errors and their types

[bookmark: _Toc87567323]Measuring instrument

When measuring lighting measuring quantities, the readings of the measuring system or measuring instrument always have measurement deviations within certain limits. These measurement tolerances constitute an estimate of the uncertainty of the readings of the measuring instrument given in the certificate of linearity of the measuring range, 
the values of the corrections specific to the readings and their calibration with extension uncertainties, or given in the specification of that measuring instrument. In addition to the measurement error, the use of a measuring system or measuring instrument may give rise to measurement deviations in such characteristic quantities as:

• 	spectral sensitivity, which is the difference between the spectrum of the calibration source and the spectrum actually obtained from the measurement (a correction and its expanded uncertainty may be used to compensate for this difference in the spectrum of incident light);

• 	position and directional sensitivity of the measuring instrument;

• 	display resolution;

• 	changing the measuring range;

• 	noise and blind current (sensor noise and blind current values). 

[bookmark: _Toc87567324]Measurement procedure

Input values of the measurement uncertainty for photometric measurements are:

•	point definition, if road markers are used where measurement is affected by the accuracy of the direction and position of the markers;

•	measuring field, which is the effective measuring field for spot measurement;

•	actual arrangement of the measuring device (sensor), which differs from its nominal position and nominal inclination.

In addition, when using a dynamic measurement system, the inputs to the uncertainty summary associated with the measurement procedure are vehicle speed and measurement collection time, which may reduce directional sensitivity and increase the area to be measured.

[bookmark: _Toc87567325]Surrounding measurement environment

In most cases, when measuring the illuminance and luminance of the road surface in a measuring object such as an outdoor working environment, the climatic conditions, i.e., the surrounding measuring environment (temperature, humidity), are the most important input of the uncertainty set. Climatic quantities cause atmospheric light absorption and thus measurement deviations, which define the standard uncertainty of these quantities. For example, it occurs in the case of illuminance measurements, the light reaching the surface and, in the case of luminance measurements, the light reaching the luminance meter [16]. Additional parameters characterizing the measuring environment may include:

• 	condition of the subject: wet, dry, humid;

• 	relatively high or low surrounding temperature, which affects the calibration of light measuring instruments, as well as the light output of heat-sensitive lamps and luminaires;

• 	moisture or condensation on the light transmitting surfaces of the measuring instruments or their electrical circuits affects their accuracy.

• 	strong winds, which may cause vibration or oscillation of measuring instruments and lighting facilities;

• 	pulsating light from the measuring environment.

[bookmark: _Toc87567326]Measurer

The person taking the measurement is not stable because there are differences in physical and emotional state between days and there can often be quite large changes during the day. Consequently, the quantities due to a meter that may give rise to uncertainty are his/her education, knowledge, experience, training, correctness, honesty, dedication, and physical ability.

[bookmark: _Toc87567327]Measuring object

In an outdoor environment, the measuring object is usually the road surface within two lighting masts, where all operating conditions must be taken into account when measuring the illuminance and luminance. The values that characterize the properties over the distance between the two lighting installations affect the uncertainty of the measurement result. These inputs to the uncertainty summary are:

• 	road geometry values such as mast spacing and the width of the road and lane;

• 	non-uniformity of the measured size (illuminance, luminance, etc.) of the measured object;

• 	height of the light-sensitive surface of the sensor above the road surface;

• 	power supply conditions.

[bookmark: _Toc87567328]Measurements, calculations and software

Important attention must be paid to the number of decimal places in the values, which may have an effect on the measurement result. In general, the use of measurements, calculations and software (DIALux, RELUX, LabSoft etc.) influences the measurement result through the selection of a set of measures, algorithms, their validation, implementation and correction, the number of value points used in the calculations, error operation, and rounding, which contribute to the standard uncertainty of these inputs. [II, III]

[bookmark: _Toc87567329]Constants and transmission factors

In-depth knowledge of the distribution of constants and values of the transfer factors in the aggregate plays an important role in the estimation of standard uncertainties in 
the input to the uncertainty summary. In the case of photometric measurements, 
the constants and the transmission factors are the attenuation coefficient in the measurement of the luminous flux of the lamp, the linear coefficient of expansion of the masts and luminaires, the correction factor for the attenuation of light, etc.



[bookmark: _Toc87567330]Evaluation of the standard uncertainty summary input quantity and the evaluation of combined standard and expanded measurement uncertainty results 

[bookmark: _Toc87567331]Evaluation of the input quantities of uncertainty summary

The standard uncertainties of the input quantities for the uncertainty summary may be estimated using the Type A or Type B uncertainty estimation method. The Type A estimation method can be used to characterize the components of uncertainty by the statistical distributions and standard deviations of the sets of measures. 
The components  that are to be evaluated by the Type B method, can also be characterized by standard deviations, which, however, are based on expected probability distributions. They are based, for example, on information related to a reliably published value, or derived from a calibration certificate and cut-off values based on personal experience, or otherwise. Both methods are based on probability distributions and the standard uncertainty values of the inputs to the uncertainty aggregate obtained by both methods are usually given by standard deviation estimation.

In most cases, the Type A estimation method provides more accurate estimates of the combined standard uncertainty components than the Type B method, but requires extensive measurements and calculations. Therefore, the B method is usually selected for the approximation method unless there is an overriding need to estimate the standard uncertainty using the A method. In many situations, there is no option other than the use of the Type B assessment method. [52], [53]

[bookmark: _Toc87567332]Type A evaluation method of the standard uncertainty

For the uncertainty component  in the Type A estimation method, the re-measurement dimensions are required. The arithmetic mean, standard deviation, and  standard deviations of arithmetic mean of the measurements, irrespective of the type of statistical distribution, are calculated according to [53] from the following relationships:

The arithmetic mean  of the measured values , which is an estimate of the mean, is found in the relation



	(9)



The standard deviation based on the measured values , which is the evaluation , is obtained from the relation



	(10)



The standard deviation of arithmetic mean  of is found to be equal to the standard deviation of the amount divided by the square root of the number of measurements



	(11)



If the arithmetic mean of the relation (7) and consequently the standard deviation of the equation (8) is based on very few repetitions, i.e., with the number of measurements n  10, the estimated standard deviation values may be inappropriate and possibly too small. Therefore, a back-up factor t is used. The reserve factor t is calculated from the Student's t-distribution. If the result of the measurement is obtained from the results of a single measurement, then the standard deviation  of the sample is used as the value of  in the uncertainty aggregate, which is multiplied by the suitable back-up factor .



	(12)



If the result is obtained using an arithmetic mean of several inputs of this magnitude, such as i = 2 ... 5, then the standard uncertainty measurements  of the arithmetic mean standard deviation  , is used in the uncertainty budget. This is multiplied by the appropriate value, meaning that



	(13)

[bookmark: _Toc87567333]Type B evaluation method of the standard uncertainty

Estimating the standard uncertainty of an input to an uncertainty summary by any means other than statistical is often limited to using past experience or simply guessing what value that standard uncertainty could have. Experience shows that people do not understand or cannot directly assess standard deviations. Experience also shows that people remember or derive limits of dimensional distribution (deviation limiting value) using logical arguments or laws of physics. Often specifications are known as limiting values. This knowledge can be developed into a systematic method for deriving standard uncertainties from limiting values. 

If the distribution size of the input size or agent of the uncertainty distribution limit is given, then for all (limited) distributions there is a definite ratio b between its standard deviation and the one-sided distribution limit . Thus, if the distribution limit (hereinafter limit value)  and the type of distribution are known, a standard deviation can be calculated. The limit designation is selected for symmetric divisions as  and . Standard uncertainty based on the above is



	(14)



Experience shows that in most cases, three types of distribution are sufficient to convert the distribution limits into standard uncertainty. In Figure 3.2, these three distributions are presented together with the conversion limit of the uncertainty aggregate input size distribution to standard uncertainty . 

In the normal distribution, the limit is twice the standard deviation value in 2 × s. From experience, it is known that a person remembers the value 2 as the limit of a dataset subject to normal distribution. For the three types of distribution in Figure 3.2, the values of the distribution factor b are as follows:

· Normal distribution	b = 0,5

· Rectangular distribution	b = 0,6

· Arcsin distribution	b = 0,7

Estimating the standard uncertainty of the uncertainty aggregate using the Type B method requires a reasonable guess or knowledge of the limit . In order to ensure an overestimation, a plausible assumption must be made to determine the limit value a. The next step is to assume the shape of the distribution. Often the shape of the distribution is known or evident. If not, a conservative assumption must be made. If it is not known that this is a normal distribution, either a rectangle or an arcsin distribution is selected. If it is not known that this is a rectangular distribution, the arcsin distribution is chosen as the most conservative assumption.
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Figure 3.2 – The three types of distributions used to convert the boundary a into a standard uncertainty  .



One way to obtain reasonable standard uncertainty estimates for uncertainty aggregate inputs / agents without using statistical methods is to set a distribution threshold for aggregate input by experience or by using physical laws, and then convert its cut-off to standard uncertainty using an assumption size distribution type. [52]

[bookmark: _Toc87567334]Repeatability

Each set of uncertainties, including the set of measurement operations for photometric measurements, shall repeat at least once. In most cases, repeatability can only be assessed experimentally using the Type A estimation method. The uncertainty component is derived using relationships   and  given in section 4.2. [52]

The repeatability based combined standard uncertainty component (standard uncertainty) may be less than the uncertainty component resulting from the instrument's resolution. In this case, the latter will be used instead of the estimate based on iteration.

[bookmark: _Toc87567335]Resolution of the measuring instrument and value of the rounding step

The resolution of the instrument, in both analogue and numeric readings, or the last decimal place of the value obtained from the measurement, or the rounding step of the rounded result of the measurement, all denoted by d, result in the standard uncertainty of



	(15)


According to equation (15), the standard uncertainty is calculated from the value of d, whichever is greatest, the input quantity (resolution, rounding step) itself being determined by a rectangle having a limit of 0,5 d.

If the standard deviation estimate for repeatability is derived from experimental measurements, the effect of resolution, rounding step, etc., is included in the standard uncertainty due to repeatability if it is greater than the standard uncertainty due to resolution, rounding pitch, etc.

[bookmark: _Toc87567336]Maximum permissible measurement error of the instrument MPE

If the instrument or etalon is known to conform to the declared MPE values for all metrological output quantities, then these MPE values can be used to derive the associated combined standard uncertainty components (standard uncertainties) using the relationship



 = MPE  b	(16)



The factor b in equation (16) is chosen according to the rules in section 3.4.3 and the expected distribution pattern. When calibration certificates (proof of compliance with MPE) are available for a measuring instrument or for a number of identical measuring instruments, it is often possible to use the results of the certificates to determine the type of distribution or, in rare cases, directly estimate the standard uncertainty of the maximum permissible uncertainty as the Type A estimation using the relationships in section 3.4.2.

[bookmark: _Toc87567337]Correction

Known uncertainties for the input quantities of the uncertainty aggregate, for which both the value and the sign ( or ) are known, can be compensated by the correction , which is added to the uncorrected result using the relation



	(17)



Even if the correction is taken into account, the standard uncertainty of correction remains a component of the combined standard uncertainty, see also section 3.3. For a correction to have an effect on the measurement result, the standard uncertainty of the correction shall be less than the value of the correction itself.

The decision whether to apply a correction to a known measurement error must be made by the person who creates the uncertainty summary. The criteria for whether or not a known deviation is applied is based on economic grounds.

Drift can also be considered as a known error that can be corrected.

[bookmark: _Toc87567338]Hysteresis

The indication of the hysteresis h may be regarded as a symmetrical deviation around the mean value of the two hysteresis readings. If there is a sufficient number of readings, the standard uncertainty due to hysteresis can be deduced from the Type B estimation method, based on which we get

	(18)



In relation to (18), the value of b is chosen according to the rules in section 3.4.3 and the expected distribution pattern.

[bookmark: _Toc87567339]Measurement operation

The measurement operation is affected by the input quantities/factors of the large uncertainty summary, which, in turn, are related to both the measuring instrument and the measuring object (carrier of the measured quantity) or both. Common input sizes and factors that influence the measurement operation for photometric measurements include surrounding temperature, differential temperature between the instrument and the measuring object, humidity, direction of measurement, and sensor placement. These effects are expressed in units of measurement, such as °C, % and °, and using physical connections, their values of effect must be converted into units of measurement used in light technology. A value or area is often known from the factors, and the standard uncertainty of the value or area mentioned above is known through the cut-off value of this factor distribution.

The standard reference temperature for measurements is 20 °C [54]. This means that the final result of the measurement must be expressed as a reduction to 20 °C. Temperature effects on the measuring operation from the temperature itself, the difference between the temperature of the instrument and the measuring object, or the temporal and spatial variations in temperature, result in expansion in the measuring instruments, measuring set and measuring object, which cause changes in the display. The conversion of the temperature difference   to the change in the linear dimension L to ∆L with the linear expansion coefficient  is given by the relation



	(19)



In the case of photometric measurements, the measured object’s difference in temperature as well as the measuring environment’s difference from the reference temperature of 20 °C are usually compensated by an electronic system built into the instrument. Since the compensation is not perfect, it gives rise to the corresponding compensation uncertainty, which is part of the measurement uncertainty.

The direction of measurement in the measurement operation is selected depending on the state of the object to be measured, such as the road surface, geometric shape, dimensions or other characteristic values. The effect of deviation from the measurement direction defined by the measurement operation can be calculated using basic trigonometric relationships, and this effect may also be due to directional effects due to other factors.

The most commonly used measurements for photometric measurements are luminous flux, illuminance and luminance, the values of which are often given as requirements in the technical specification of the measuring object. These measurements are also very often defined in the standards for photographic objects. In many cases, a measurement operation, either intentionally or by accident, is not in accordance with these definitions of measurement quantities. In such cases, these deviations in the measurement procedure will cause errors and uncertainty in the measurement result. If measurement errors are known, corrections can be applied. In practice, a measurement operation always causes measurement uncertainty when compared to the definition of a measurand.







[bookmark: _Toc87567340]Correction of the reading on the calibration certificate

Calibration certificates shall provide corrections to the values (readings) obtained when measuring the metrological output of the measuring system or measuring instrument, together with the associated uncertainties. If the calibration certificate gives the value of the correction obtained, the combined standard uncertainty component  is as follows.

If the standard uncertainty is expressed by the expanded uncertainty U and the declared coverage factor k, it is calculated from the relation



	(20)



Some calibration organs have a default value of k. In such cases, the coverage factor value is not reported on the certificate and the uncertainty is expressed as the expanded uncertainty and a confidence level of, e.g., 95 % or 99 % is declared



	(21)



In relation (21), m is the number of standard uncertainties at half-width of the confidence interval that corresponds to the declared confidence level.

Occasionally, the calibration certificate or other information includes a statement that the instrument meets certain defined specification requirements, such as those contained in a standard, a manufacturer’s information sheet, or elsewhere. In this case, the nominal value of the metrological characteristic MPE is used and the uncertainty component is derived from this MPE value.

[bookmark: _Toc87567341]Measuring object

In light measurements, the measurement of the illuminance and luminance of an object, such as pavement surfaces, is made with the sensors of the measuring instruments, either in contact or at a fixed distance. 

Depending on the surface properties of the measuring object, shape deviations and other errors, the current state of the illumination solution, the pavement material and its state, the measurement quantity, i.e., illuminance, luminance, etc., is uneven. This component can be evaluated by experiment, by type A evaluation, or by type B evaluation, or partly by experimentation and partly by type B evaluation. The inaccuracy of the measurement object (the carrier of the measurand) produces the corresponding uncertainty component. This component can be evaluated by experiment, by type A evaluation, or by type B evaluation, or partly by experimentation and partly by type B evaluation.

[bookmark: _Toc87567342]Manual data and constants

The values of the constants used in the uncertainty pool, such as thermal expansion coefficients, modulus of elasticity, etc., which are often used to apply corrections or to modify the uncertainty of the factor deviation, are often not known, but are estimated. Therefore, they generate additional components through the same transformation relationships with the agents discussed above. These components can only be evaluated using the Type B assessment method.

[bookmark: _Toc87567343]An opaque and transparent box model for estimating uncertainty

The uncertainty of a measurement operation can be estimated using different models or with different details, or both. Two extreme examples are opaque and transparent models. In the case of an opaque model, a measurement operation whose content is unknown is modeled. The sum of the uncertainties and the components of the combined standard uncertainty describe only the total effect on the measurement operation. 
With this choice of the measurement model, it can be very difficult to define the functional relationship between the components of the combined standard uncertainty and the individual deviation components. In order to take full advantage of the uncertainty calculation process, it may be necessary to create a more detailed set of uncertainties. It can be based on examining the behavior of all the details of the measurement operation, i.e., assessing the uncertainty using a transparent model. 
The impenetrable model can also be described as a low resolution model and the transparent model as a high resolution model. In the opaque uncertainty estimation model, the units of input and output of the uncertainty pool are the same and the combined standard uncertainty components are assumed to be summed and the sum of the expected values of the uncertainty corrections is assumed to be zero. Because all opaque composite uncertainty components are converted to measurands using an opaque model, the sensitivity factors for all individual combined standard uncertainty components in this model are 1. When evaluating an uncertainty in a transparent model, the combined standard uncertainty components are not subject to these constraints. [52]

[bookmark: _Toc87567344]Adding components in combined standard uncertainty in the case of the opaque box model

The measurement result y of the combined standard uncertainty  components  by using the opaque box model is added in the expression of standard uncertainty  partly geometrically and partly arithmetically using the relation



	(22)



In relation to (22), p represents the number of independent uncertainty components and  the sum of the significantly correlated (r = 1 or –1) uncertainty components calculated from the relation



	(23)



In equation (23), q represents the number of significantly correlated components 
of combined standard uncertainty. The total uncertainty component of p + q = N is obtained by measuring the output quantity Y (measuring result). By the formula (22), 
the independent uncertainty components (r = 0) are added geometrically, i.e., the square root of the sum of the squares. However, the highly correlated components of uncertainty are added arithmetically. A modest approach assumes that all the components that are not known to be completely independent are highly correlated.

[bookmark: _Toc87567345]Adding components in combined standard uncertainty in the case of the transparent box model

In the uncertainty estimation transparent box model, the output quantity (measure) Y is modeled as a function f of several input variables (measure quantities)  of the uncertainty aggregate, whereas sizes  may be functions of either the transparent box model or the black box model or both



	(24)



In relation to (24), the index p + q is equal to N according to the previous section.

The measurement result y of the combined standard uncertaity u(y) is shown in this case as follows:



	(25)



In relation (25),  is the sum of significantly correlated components of the combined standard uncertainty, which is calculated from the relation



	(26)



In equations (25) and (26),  is a partial derivative of the relation Y relative to  and the standard uncertainty of the  jth input quantity (factor). Therefore,  may also be the result of either the opaque box model or the transparent box model estimation method. In this case too, the independent components of combined standard uncertainty (r = 0) are added geometrically, i.e., the sum of the square root of the squares and the significantly correlated components q of the uncertainty are added arithmetically. In a modest approach, all the components for which it is unknown whether they are independent are considered highly correlated. Since the number of independent uncertainty components is p, the total uncertainty estimator for Y is the transparent box method p + q = N, which can be a combination of several uncertainty components.

[bookmark: _Toc87567346]Estimate of expanded measurement uncertainty

For all measurements, the expanded uncertainty of the measurement result y is calculated from the relation of U



	(27)



Unless otherwise stated, then according to [53], the measurement shall be taken to take the value of the coverage factor k = 2.



[bookmark: _Toc79152005][bookmark: _Toc87567347]Practical assessment of uncertainty using the developed method

[bookmark: _Toc87567348]Estimation of uncertainty

This section provides a series of steps for the simplified approximation method for the measurement of the expanded uncertainty of a measurement result in the documentation and evaluation process of each uncertainty component included in the combined standard uncertainty summary.

[bookmark: _Toc87567349]Prerequisites for compiling an uncertainty summary

The compilation of uncertainty [52], [53] is only possible if:

· the measuring task is correctly defined (the measuring object and its dimensions must be defined and presented in the measuring task, box 1 on schemes in Figure 3.1);

· the measurement principle is correctly defined and known or at least initially known (box 3 on schemes in Figure 3.1);

· the measurement method is well defined and known or at least initially known (box 4 on schemes in Figure 3.1);

· the measurement procedure is correctly defined and known or at least known from the outset (box 5 on schemes in Figure 3.1);

· the measurement procedure includes a measurement system or selection of measuring instruments;

· the measurement procedure provides all the details of how the measuring instrument (s) and the measuring object (the carrier of the measurand) are handled during the measurement (the uncertainty aggregate must reflect the activities and steps of the measurement procedure);

· the measurement conditions are correctly defined and known or at least initially known (box 6 on schemes in Figure 3.1).

When designing the uncertainty aggregate, it should be taken into account that each of the arbitrary measures of measurement contains the three elements shown in Figure 4.1. These elements are denoted by numbers 1, 2 and 3. The aggregation of uncertainties must therefore reflect:

· determination of the reference point for the measurement quantity (element 1 on scheme in Figure 4.1), which is often a zero value for the measurement quantity (the uncertainty is related to the setting of the reference point and the zero reading of the measuring instrument);

· determination of a measuring point for measuring quantity (element 2 on scheme in Figure 4.1), which is a specific measuring quantity and the resulting measurement (the uncertainty is related to the obtained measurement, the indication of the measuring instrument and the measuring object);

· measurement value movement (range 3 on scheme in Figure 4.1), which is the magnitude of the magnitude change from zero to a specific measurand (uncertainty related to dimensional change tolerance and instrument uncertainty, or both, hardware uncertainty usually given on the instrument calibration certificate).







value of the measurand















Figure 4.1 – General view for measuring the size of a model from the following five elements:

1 - reference point or dipping datum point, 2 - measuring point 3 - range of the value of variation of the measurand, 4 - uncertainty area of the reference point, 5 - uncertainty area of the measuring point.

[bookmark: _Toc87567350]Uncertainty assessment procedure

The following procedure may be useful in compiling and documenting the uncertainty pool in the first approximation cycle of the simplified approximation method. This procedure is as follows:

· Define and document the overall measurement task, i.e., the measurement quantity and the primary result for which the uncertainty aggregate will be constructed.

· The measurement principle, measurement method, measurement procedure and measurement conditions shall be documented. Where they are not fully known, the initial, or proposed design of the principle, method and procedure and proposed conditions shall be selected and documented in accordance with the principle of overestimation of the components of the combined standard uncertainty set out in section 3.1.1.

· A graphical representation of the measuring device(s) is made. Graphic material can be helpful in understanding the components of uncertainty in measurement.

·  Mathematical relationships are documented or a measurement model is drawn between the measured quantity values and the quantities of the general measurement problem. As a rule, a mathematical measurement model is not required if the measurement problem can be solved according to the opaque box model. A mathematical model is required if the measurement problem is solved according to the transparent box model.

· A preliminary study is carried out and all possible components of the combined standard uncertainty of measurement are recorded. The results may be presented in tabular form, as shown in Table 4.1. The study shall be conducted in a systematic order using the three elements presented in Figure 4.1 and the data already documented in the measuring instrument at points 1 and 2. Combined standard uncertainty should be subdivided into components in a way that avoids the multiple inclusion of the same component, but in many cases, this is often not possible in practice. This principle is the most important aggregation of uncertainty for the dominant components of combined standard uncertainty.

Based on the documented information, uncertainty modeling of the respective approximation cycle is investigated and prepared. For each input uncertainty component:

· an assessment method is chosen, either type A or type B;

· the value, background information, and other aspects of the component of combined standard uncertainty are discussed;

· in the case of a Type A estimation method, the value of the input size and the number of dimensions on which the estimate is based is provided;

· for the Type B estimation method, the limit ,   (partition limit in units of input / agent), the expected distributional shape and the value of the resulting uncertainty component is reported;

· any possible correlation between the components of the non-additive uncertainty recorded is identified and documented in accordance with chapter 1;

· appropriate formulas depending on the measurement model and the correlation are selected and the combined standard uncertainty u(y) is calculated;

· the expanded uncertainty U is calculated.

For the aggregate presented in Table 4.1, it is necessary to be prepared for this aggregate table to include all relevant information for the uncertainty estimation cycle if needed immediately or later. Possibilities for changes that would lead to a change in the estimation of combined standard uncertainty are further explored. [52]

Table 4.1 – An  example of a generalized aggregate table that contains all of the uncertainty aggregate information

		The combined standard uncertainty component name

		Evalua-tion method

type

		Distri-bution type

		Number of mea-sure-ments

		Varia-tion limit

 in units of the agent

		Dist-ribu-tion limit
axj/ %

		Cor-rela-tion factor

r

		Value of the factor

b

		Value of the combined standard uncertainty component

uxj/ %



		 title

		A

		

		10

		

		

		0

		

		1,8



		 title

		B

		Gauss

		

		2,4 %

		2,4

		0

		0,5

		1,2



		 title

		B

		rectang-le

		

		3,5 %

		3,5

		0

		0,6

		2,1



		 title

		A

		

		15

		

		

		0

		

		0,8



		 title

		A

		Gauss

		

		2

		1,0

		0

		0,5

		0,5



		 title

		B

		U

		

		10 °C

		1,6

		0

		0,7

		1,1



		 title

		B

		U

		

		15 °C

		0,4

		0

		0,7

		0,3



		Combined standard uncertainty, u(y) / %

		3,36



		Expanded uncertainty (k  2), U / %

		6,72





[bookmark: _Toc87567351]Connection between the measurement result and the input quantities and the expression of the combined standard uncertainty

In photometric measurements, the result of the measurement is calculated from the sum of all added values, in units of measurement which may be expressed by the following measurements of illuminance and luminance:



	(28)



In equation (28), x denotes the arithmetic mean of the measured quantity values or a single measured quantity value,  is the correction value of the measuring instrument (measuring system) of which the value is obtained from the calibration certificate; the rest of the corrections, i.e., errors of measurer , the environment , the set-up, the measuring object, the measuring procedure  are considered to be close to zero, but they have uncertainty. Therefore, by relation (28), 
the combined standard uncertainty  is expressed by the following relation, in which the components of the combined standard uncertainty are denoted by their origin.



	(29)



The components of the combined standard uncertainty with respect to (29) are:  from the measuring instrument,  from the measurer,  from the measuring environment, from the measuring set-up,  from the measuring object,  from the measuring procedure.

Experience has shown that the various components of combined standard uncertainty do not interact with each other. This means that equation (29) can be used to estimate both the absolute and the relative effects on the combined standard uncertainty of the measurement result. The uncertainty aggregate and the change in the corresponding component of the combined standard uncertainty can be converted to economic terms and effects and thereby the uncertainty aggregate is used to assess the economic impact. [52]

[bookmark: _Toc87567352]Connection between the measurement result and the input quantities and the expression of the combined standard uncertainty

The developed method provides an opportunity to document and optimize the measurement process across multiple approximation cycles, taking into account technical, economic, or both criteria. Due to the parallel development of the measurement operation and the uncertainty pool, the approximation method described provides an opportunity to analyse the effect of each sub-procedure on the measurement uncertainty.

In many cases, the ideal measurement method and measuring instrument, such as illuminance, luminance and luminous flux, are too expensive or slow-acting, or both. 
An analysis of the shape and angular deviations of a measurable light object and its effect on an uncertain assembly can provide an opportunity to declare other measurement methods and tools as suitable or unsuitable and to save costs. For example, it is explored whether goniometric measurement of luminous flux with an ILMD camera, a secondary method, could be a suitable replacement for both luminous distribution and luminous flux, and is, by definition, an ideal method. [16], [55]

The specific uncertainty component  and the measurement set-up component  of the combined standard uncertainty can be seen in the summary of uncertainty. All other components of the combined standard uncertainty can be considered as constants. If the resulting combined standard uncertainty, multiplied by the coverage factor k, meets the  requirements of the target uncertainty, the instrument and device are recognized as suitable for the measurement task.

Best Measuring Capability (BMC) is the minimum possible expanded uncertainty that a company or laboratory can achieve for a specific measurement task. If all the components of the combined standard uncertainty in the uncertainty pool are minimized, the value of the expanded uncertainty  obtained by multiplying this combined standard uncertainty by the coverage factor is the best measurement for this measurement task. [52]

[bookmark: _Toc87567353]Requirements for purchase of new measuring instruments

A simplified approximation method for estimating characteristic light measurements with defined uncertainty is used where the uncertainty component  of the instrument is a variable and all other constants result in minimal requirements, i.e., MPEs for the metrological output of the instrument. In this case, the uncertainty of a particular measurement task can be summed up by treating the uncertainty components  from the measuring instruments as unknown variables and all other uncertainty components as constants. Requirements for new measuring instruments that do not yet exist can now be derived using equation (29).

[bookmark: _Toc87567354]Connection between the measurement result and the input quantities and the expression of the combined standard uncertainty

The environmental impact of  in the combined standard uncertainty can be seen in the pool of uncertainties. If all other components of the combined standard uncertainty are treated as constants and the environmental uncertainty components are treated as variables, then the requirements for the environmental conditions can be derived by relation (29). If the resulting combined standard uncertainty u(y) meets the requirements of the target uncertainty , the environment is recognized as suitable for the measurement task. [52]

[bookmark: _Toc87567355]Road lighting illuminance uncertainty measurement

The example presented below addresses a simplified approximation of the measurement of the measurement object, the pavement between the Akadeemia road and the Ehitajate road with unidirectional light posts represented in Figure 4.2. Also, spectral luminance measurement and its uncertainty are estimated, with the acceptance of a measurement procedure and measurement conditions declared to be in accordance with the above.
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Figure 4.2 – The pavement section selected for measuring illuminance and a photo of it on the right.

[bookmark: _Toc87567356]Measurement task, indeterminacy, measurement procedure and conditions 

Measurement task and indeterminacy 

The measurement task was to measure the illuminance of the pavement that is equipped with luminance posts on the one side between the Akadeemia road and the Ehitajate road, starting at 23:40 on 20.11.2018 in order to check the status of the existing lighting solution. Measurement uncertainty  = 10 % of the result of the measurement of the illuminance at the points of the light traffic raster between the posts. [52]

Measurement principle, method, procedure, conditions and the placement of measuring points

The principle of measurement is as follows: the light emitted on the surface to be measured is transmitted through a measuring sensor to a processor which devides it into different wavelengths, the intensity of which is used to record the illuminance falling on that surface.  The method of measurement is the direct measurement of the illuminance at the specified measuring points in the area between the posts. The initial measurement procedure to be used is as follows: the distance between the masts of the measured road surface 34 m, depending on the raster 2 m × 3,7 m (points positions based on fixed gauge measurements) the spectrum based luxmeter BTS256-EF [56] is placed in the determined measuring points (the position diagram of the points is given in Figure 4.3). The illuminance meter transducer is positioned above the measuring point at a height of 45 mm above the measuring point so that its axis is perpendicular to the measuring surface on the measuring direction. Then, the illuminance reading at this point is fixed by using the illuminance meter (Figure 4.2).



[image: ]



Figure 4.3 – The placement of the measuring points on the pavement surface to be measured between the posts. 	



The following conditions were applied to the measurement:

· the pavement is covered with new asphalt;

· spectroradiometer BTS256EF no. 17384M spectrometric illuminance meter [56] used has a measuring range (1 ... 199999), with lx at wavelengths between 360 nm to 830 nm the readings on the calibration certificate based on the manifacture’s specification, MPE = ±3 % of the measurement results;

· the step number of the lux meter reading device is 0,01 lx;

· the air temperature in the vicinity of the measuring object is 2 °C  1 °C;

· the relative humidity of the air at the height of 1 m around the target is 80 %  10 %;

· the recorded temperature variation of the lux meter is less than 5 °C;

· the temperature difference between the lux meter and the measured surface of the road surface is less than 20 °C;

· the body of the lux meter is made of aluminum, covered with a plastic cover;

· the measurer is trained and competent to use the lux meter.

Measurements of the illuminance at the raster measurement points defined in the area between the pavement, see Figure 4.3, the resulting dimensions are given in Table 4.2.

Table 4.2 – Measuring points and resulting measurements.

		Point No

		1

		2

		3

		4

		5

		6

		7

		8

		9

		10



		Measured quantity value, /lx

		4,76

		7,92

		9,32

		3,80

		6,56

		3,80

		3,04

		4,24

		4,09

		2,11



		Point No

		11

		12

		13

		14

		15

		16

		17

		18

		19

		20



		Measured quantity value, /lx

		2,44

		2,23

		1,73

		1,74

		1,61

		1,53

		1,45

		1,39

		1,72

		1,93



		Point No

		21

		22

		23

		24

		25

		26

		27

		28

		29

		30



		Measured quantity value, /lx

		1,78

		2,69

		3,74

		3,62

		3,54

		5,93

		7,42

		4,34

		7,32

		9,50





List of uncertainty components and their discussion

Overview of the components of combined standard uncertainty in the illuminance measurement of a selected section of the surface of the pavement is shown in Table 4.2 and an explanation of these components is presented in Table 4.3 in tabular form.

[bookmark: _Toc87567357]The first approximation cycle – the measurement result and documentation and calculation of the components of the combined standard uncertainty

Measurement result	Iterative method

Since the measurement task is to check the current state of the lighting solution on the surface of the pavement between the lighting posts, the connection (9) is calculated using the arithmetic mean of the measurements obtained in Table 4.2, which has the value of



The result of the measurement using the approximation method is the sum of the illuminances of which all the additions are in units of illuminance, in this case expressed as

= 3,91 lx

y in  indicates 2 m × 3.7 m raster of the arithmetic mean of the measurements (readings) obtained in 30 points on the surface of the pavement,  is the measuring instrument reading correction, the rest of the equation corrections, i.e., the corrections of the measurer, the measuring environment, the setting, the measuring object  are considered to be close to zero for this approximation but they have uncertainty. Thus, the combined standard uncertainty  of the measurement result in this case can be calculated from the relation 

	(30)

Using this equation, the combined standard uncertainty is calculated in Figure 4.4. 

List of uncertainty components and discussion

An overview of the components of the combined standard uncertainty in the illuminance measurement of the luminous surface section in Figure 3.4 and the measurement points in Figure 4.3 is provided in tabular form in Table 4.3.

Table 4.3 – Basic potential components of the combined standard uncertainty in the

measurement of luminous surface illuminance and their explanations

		Title
Low reso-lution

		Title

High reso-lution

		Name of the combined standard uncertainty component

		Explanations



		

		

		Measurement instrument error

		The lux meter is calibrated and has a measurement deviation within the MPE value, which is 3% of the reading for a measuring range (1 ... 30) lx



		

		

		Taking a reading

		The uncertainty of the reading is determined by the last step of the reading

		The largest of these is the value of 




		

		

		Resolution

		

		



		

		

		Repetition

		Based on the experimental repeatability study 0,01  x, where x is the measurement result

		



		

		

		Temperature difference between instrument and measuring object

		The temperature difference between the lux meter and the road surface to be measured is expected to follow the U-shaped distribution and measurements are made so rapidly that the instrument changes little in its temperature.

		The largest of these is the value of 






		

		

		Difference between the measuring environment and the reference temperatures

		The temperature difference between the measuring medium and the reference temperature is expected to follow the U-shaped distribution.

		



		

		

		The change in the temperature of the instrument during measurement

		The temperature change of the lux meter during the measurement is assumed to follow a rectangular distribution.

		



		

		

		Humidity of the measuring environment

		It is expected that the effect of the atmospheric absorption of light and the condensation of moisture on the light transmission surfaces of the lux meter or their electrical circuits should be determined experimentally.

		



		

		

		Difference between instrument position and nominal position

		It is assumed that the position, inclination and directional uncertainty component of the sensor light sensitive surface of the lux meter is determined experimentally.



		

		

		Unevenness of measurable size on a measuring object

		It is assumed that the illumination irregularity of the surface of a light traffic road follows a rectangular distribution.





Lux meter measurement error 	Type B evaluation

The MPE estimate for the lux meter is 3% of the measurement result y = 3,91 lx. For certainty, a rectangular distribution with b = 0,6 is assumed. The result is the standard uncertainty of the measurement deviation of the lux meter according to (14)

 MPE  b =  0,6 = 0,07 lx

Readings and resolution 	Type B evaluation

The reading depends on the lux meter. In this case, it is a numeric indicator with a reading step 
d = 0.01 lx. Therefore, the standard uncertainty of sampling according to relation (15) is



The resolution of the lux meter is given in the specification of the instrument, which reads d = 0,01 lx. Thus, the standard uncertainty due to resolution according to relation (15) is



Repeatability	Type A evaluation

Previously, a study of the repeatability of the dimensional values obtained by measuring the illuminance by meter was carried out. The resulting distribution limit 1% of the arithmetic mean of the dimensions  = . Assuming that the repetition distribution corresponds to the normal distribution, the repeatability standard uncertainty is calculated according to section 3.4.4

  b =   0,5 = 0,02 lx

Of these combined standard uncertainty components, the component with the highest repetition value is the highest. Thus,

 = 0,02 lx

Temperature of the measuring instrument and the measuring object 		Type B evaluation

Based on previous tests, the difference (15-20) K between the lux meter and the pavement surface may cause a change in the reading of the measuring instrument used, which does not exceed 2 % of the arithmetic mean of the measurements  = . Assuming a U distribution such that b = 0,7, the value of this combined standard uncertainty component is given in section 3.4.4

 b =   0,7 = 0,05 lx

Measuring the medium temperature and the reference temperature		Type B evaluation

The instrument specification [14] specifies the operating range of the lux in the ambient temperature range from –10 C to + 30 C. When measuring the luminance, the maximum difference in the ambient temperature from 20 °C is 18 °C. Assuming that a measurement of 2 °C at ambient temperature is converted to 20 °C, a measurement error of not more than 1 % of the measurement result y =  may occur. This U-distribution of the uncertainty component due to the temperature difference is given in section 3.4.4

  b =   0,7 = 0,03 lx

Temperature of the instrument 	Type B evaluation

The instrument specification [14] states that a change in the temperature of the lux meter within the range of ambient temperatures between –10 °C to +30 °C will not cause a measurement error. Thus, the recorded time fluctuation of the lux meter at 5 °C gives us that

 lx



Humidity of the measuring environment	Type B evaluation

Measures have been taken to measure the illuminance so that the air humidity in the measuring environment does not affect the measurement results. So, in this case,

 lx

Of these combined standard uncertainty components,   has the highest value. 
In this case,

 = 0,05 lx

Set-up	Type B evaluation

The deviation of the transducer axis between the surface of the pavement, according to the lux meter specification, has a negligible influence on the reading of the gauge. 
The direction of the light emitted from the mast in relation to the vertical axis of the sensor has a greater influence on the reading of the measuring instrument. According to the graph of the lux meter specification, the angle of incidence of light from the light source at 70° times the vertical (in this case, the worst case) is the effect of the combined standard uncertainty component of the result due to its effect is 1% of the result. Thus,



Measuring object	Type B evaluation

The extent of the object to be measured, the length of the asphalt pavement surface, is defined by the distance between the one-sided illuminating posts, which results in a higher illuminance near the posts and the smallest at the centre of the posts. 
The arithmetic mean of the measurements at the specified raster measurement points is significantly affected by the illumination irregularity of the surface of the intersection between the posts, which results in a compound uncertainty component with rectangular distribution that can be calculated from the connections given in Table 4.2 (excluding those obtained at measuring points 3 and 30 directly below the lighting posts)




Assembly of uncertainty budget

The uncertainty is summarized in section 4.2.3 in a simplified form, using a low distinction, for the first approximation cycle in the form of the table given in Table 4.4.













Table 4.4 – The first uncertainty summary approximation cycle

		The name of the compo-nent

		Indica-tions of the stan-dard uncer- tainty

		Eva-lua- tion type

		Distri-bution type

		Num- ber of mea- sure- ments

		Varia-tion limit

in units of the agent  

		Variation limit

/ lx

		Cor-rela-tion factor

		Dist-ribu-tion factor

b

		Value of the combined standard uncertainty component

/ lx



		Mea-suring instru-ment

		

		B

		rectan- gular

		

		3 %

		0,12

		0

		0,6

		0,07



		Mea-surer

		

		B

		Gauss

		30

		1 %

		0,04

		0

		0,5

		0,02



		Environ-ment

		

		B

		U

		

		18 C

		0,07

		0

		0,7

		0,05



		Set-up

		

		B

		expe- riment

		

		70

		0,04

		0

		

		0,04



		Measu-red object

		

		B

		rectan- gular

		

		3,26 lx

		3,26

		0

		0,6

		1,88



		Combined standard uncertainty, u(y)E1 / lx

		1,90



		Expanded measurement uncertainty, UE1/ lx

		3,80





Combined standard uncertainty and expanded measurement uncertainty

It is assumed that the components of combined standard uncertainty do not correlate with each other. In this case, the combined standard uncertainty can be found from the relation given by the equation in Table 4.4 according to formula (29)





The connection of expanded measurement uncertainty according to formula (27) is



or



Discussion of the uncertainty summary 

The condition  for the first approximation cycle uncertainty summary is not met. In this assembly, a component  of the excess is the combined standard uncertainty caused by the uneven illumination of the measurable section of the light traffic path equipped with unilateral masts. Based on the information available, it is not possible to obtain a lower estimate for  The only option is to redesign and rebuild the pavement lighting facility. Temperature convergence should also be better, allowing the  component to be reduced. This should be done by allowing more time for acclimatization or by selecting a more suitable measurement time to keep the ambient temperature as close to 20 °C as possible. It should also be possible to provide more effective protection from the heat of the body parts of the meter and the humidity level of the surrounding measuring environment during handling and measurement of 
the measuring instrument. Modifying (reducing) any of the other components of 
non-uniformity of illuminance and non-ambient uncertainty has no effect on the combined standard uncertainty in this case. [52]

Conclusion from the first approximation cycle

On the basis of the first approximation cycle, the measurement operation described above, based on which the arithmetic mean and its expanded uncertainty were calculated using the measurements obtained at the various measuring points of the illuminance between the masts, cannot not be validated because the condition  is not followed. 

A second approximation cycle of measuring the luminance at a particular raster measurement point must be performed to verify the accuracy of the selected measurement operation. For this measuring point, the least-lit point on the road surface where the uncertainty in the illuminance measurement is likely to have the greatest value shall be selected. In this case, this point is the midpoint of the distance between the posts, which, according to the data in Table 4.2, is the measuring point No 18.

[bookmark: _Toc87567358]The second approximation cycle – documentation and calculation of the measurement result and the combined standard uncertainty

Measurement result and its combined standard uncertainty 	Approximation method

According to the results of the first approximation cycle, the expanded uncertainty of the mean value obtained from measuring the illuminance of the section of the pavement between the posts does not satisfy the condition , therefore, the suitability of the measurement procedure for measuring the illuminance of the surface of the pavement by means of a second approximation cycle shall be checked. 

As a precondition for this approximation cycle, the illuminance inequality must be eliminated and the measurement procedure is to be performed for the measurement of the illuminance intensity at the point of measurement of the illuminance surface raster, at which the illuminance measurement is likely to have the greatest uncertainty. In this case, the most unfavorable raster measurement point in terms of uncertainty is the point 18 measurement in Table 4.2, the value of



The measurement result at measuring point 18 using the approximation method shall be calculated from the sum of all additions in units of illuminance, in this case expressed as

 = 1,39 lx

The measurement result y from   represents the 2 m × 3,7 m raster measured at the measuring point 18 of the pavement surface,  is the correction of the lux meter; in this case, the calibration certificate declares that the measurement of the lux meter is within the range (1 ... 30) lx of the specifications within the MPE, the rest of the equation corrections, i.e., the corrections for the measurer, the environment and the set-up, are considered to be close to zero for the purpose of this approximation method, but they have uncertainty. Thus, the combined standard uncertainty  of the measurement result in this case can be calculated from the relation

	(31)

Using this relationship, the combined and expanded uncertainties in Table 4.5 have been calculated.

Measuring instrument	Type B evaluation

The MPE value for a lux meter is 3 % of the measurement result, y = . For certainty, a rectangular distribution with b = 0,6 is assumed. The result calculated using formula (16) gives the standard uncertainty of the reading of the lux meter

 = MPE  b =   0,6 = 0,03 lx

Measurer-induced component	Type B evaluation

The metric uncertainty component is the combined standard uncertainty component of repeatability described above, which has the value of

0,02 lx

Measuring environment induced component	Type B evaluation

Based on previous tests, the difference in temperature between the lux meter and the pavement (15...20) K between the ambient temperature in the range of –10 C to +30 C and measuring at the ambient temperature of 2 C can result in  = 2%  change in the reading of the lux meter used from the measurement result y = 1,39 lx. Assuming a U distribution, in which case b = 0,7, the value of this combined standard uncertainty component is given in 3.4.3

 b =   0,7 = 0,02 lx

Set-up induced component	Type B evaluation

The direction of the light from the light meter transducer axis to the transducer at the measuring point No 18 may be up to 70. The value of the component uncertainty that influences the measurement result for this direction angle is 1% of the dimension, 
as plotted in the lux meter specification. So

	

Measuring object	Type B evaluation

Based on the conclusions of the first approximation cycle, the illuminance irregularity of the surface of the pavement between the light posts is excluded.





Combined standard and expanded uncertainty

It is assumed that the components of combined standard uncertainty do not correlate with each other. In this case, the combined standard uncertainty can be found from the values given in formula (25) above, using the connection

	

	

The expanded uncertainty is

	

or

	

Summary of uncertainty

The uncertainty aggregation for the second approximation cycle using low distinction is summarized in Table 4.5.




Table 4.5 – Summary of uncertainties in the second approximation cycle

		The 
name of the com-ponent

		Indi-cation of the stan-dard uncer- tainty

		Eva-lua- tion met-hod

		Distri-bution type

		Num- ber of mea- sure- ments

		Varia-tion limit

In units of the agent



		Varia-tion limit

  / lx

		Cor-rela- tion factor

		Dist-ribu- tion factor

b

		Value of the combined standard uncertainty component

 / lx



		Measu-ring instru-ment

		

		B

		rectan- gular

		

		3 %

		0,042

		0

		0,6

		0,03



		Mea-surer

		

		B

		Gauss

		1

		1 %

		0,040

		0

		0,5

		0,02



		Environ-ment

		

		B

		U

		

		18 K

		0,028

		0

		0,7

		0,02



		Set up

		

		B

		experi- ment

		

		70

		0,010

		0

		

		0,01



		Combined standard uncertainty, u(y)E2 / lx

		0,04



		Expanded measurement uncertainty, UE2/ lx

		0,08







Discussion of the uncertainty summary 

Based on the second approximation cycle uncertainty summation, the condition  is satisfied. The uncertainty aggregate is the component  of the combined standard uncertainty due to the predominant illuminance, the value of which is approximately one third of the combined standard uncertainty. The combined uncertainty in the measurement of one third of the component uncertainty due to a measuring instrument is typically present in all measurements. [52]

Conclusion from the second approximation cycle

There is reason to believe that the uncertainty summary for the second approximation cycle adequately estimates the uneven illuminance of the one-sided pavement section. Thus, the uncertainty criterion is met by initial assumptions and measurement instruments. This fact qualifies the measurement procedure used to be suitable for measuring the illuminance of the surface of a pavement at a single defined raster measurement point.

[bookmark: _Toc79152017][bookmark: _Toc87567359]Conclusion
The example presented demonstrates that by using the simplified approximation method described above, the measurement method and the measurement conditions can be accepted as suitable for the uncertainty condition in order to ensure the condition

	(32)

In this case, after the first approximation cycle, it is quite obvious what should be done if the uncertainty conditions are not met. Only one component of uncertainty in the pool of uncertainties in Table 4.4 is dominant. In this case, in order to satisfy the uncertainty conditions of the agreement, the measuring task must be redefined and the illuminance measurement must be performed at a given or selected point on the measuring surface. The example illustrates very clearly how one component of uncertainty (in this case, 
the unevenness of the illuminance on the pavement) affects the combined standard uncertainty of the average illuminance after the first approximation cycle. Depending on the relative values of the uncertainty components in Table 4.4, a further strategy to reduce uncertainty was established, leading to a second approximation cycle. It should be taken into account that the example given is merely an illustration of a simplified approximation method for estimating uncertainty. The example contains the components of uncertainty that are relevant only in this particular example. For other applications, other components of uncertainty may be relevant. [52]

[bookmark: _Toc87567360]Information on using the interative method approach

The simplified approximation method for estimating and expressing the uncertainty described is based on GUM and uses its general concept. If more detailed procedures are described in GUM (e.g., the maximum uncertainty may include up to 33 components) for a more accurate estimation of uncertainty, such as in a flux photometric sphere, then the approximation described is based on an upper limit strategy. This slight overestimation of the uncertainty at all levels where convergence cycles determine the overestimation rate, allows the low-impact components to be dispensed with and the combined standard uncertainty to form a low distinction of 4 to 6 by the applied overestimated component. Deliberate overestimation is necessary to avoid misjudgments based on the measurement results. In most cases, the proposed approximation method requires very small resources (a small number of overestimated low-resolution components) to estimate the uncertainty, which may result in a slight overestimation of the uncertainty. If a more accurate measurement uncertainty assessment for photometric measurements is required, should still be used the more detailed procedures described and presented in GUM [57].

The approximation method described above can be used as a practical method for estimating measurement uncertainty in photometric measurements, which allows minimizing costs and maximizing the benefits of the expanded measurement uncertainty calculation process. The developed iterative method is economically independent. This approximation method has been used in the measurement processes of Tallinn University of Technology Lighting Laboratory, in the development and qualification of new measurement applications to ensure that the obtained experimental expanded uncertainty  exceeds the given agreement uncertainty  as well as the target uncertainty  requirements, such that  and .

The described approximation method illustrated by the example of illuminance measurement is fully applicable to other types of technical illumination measurements, such as uncertainty in the measurement and documentation of measurements of light luminance, color temperature, spectral composition, glare, flicker, etc. [51], [58]





[bookmark: _Toc87567361]Development of a measuring instrument and measurement methodology for measuring the values characterizing the reflection of light from surfaces

[bookmark: _Toc87567362]Main measurement method, essential features and shortcomings 

The properties of current roadway and walkway surfaces and the road materials used to produce them (additives, fillers and binders) have gradually changed. Therefore, the measurements obtained based on the measurement operations used for road surface luminance have a measurement uncertainty of up to 30 % of the measurement result and sometimes even 50 % of the measurement result [20], [34]. Luminous intensity distribution of the new type of light sources, especially the SSL-type light sources, is very sharp, which increases the impact of light characteristics reflected from the surface. Even the current LED technology supports smart road surface lighting and the opportunity to adapt the luminous flux at any time in terms of intensity and direction according to 
the characteristics of the road surfaces and the luminance requirements. These circumstances require development of new modern measurement methods and mobile measurement instruments in order to design more efficient, more economic and safer road surfaces and road lighting installations. There is a significant need to simplify and improve the measurement methods currently used to measure values characteristic of light reflection. With mobile measuring instruments, it is necessary to measure in situ the luminance of the coating surface directly surrounding the measuring point of the measuring grid defined on the coating surface and other light characteristics reflected from this surface and the diversity of these values. [VII]

The standard method and equipment for measuring the surface luminance of road pavements is mainly used [10], [11]. According to the method given in the standard, the luminance of the pavement is measured at predetermined points in the measuring field (calculation field) defined by the pavement standard (Figure 5.1) [11]. According to this standard, the measuring points of the measuring field defined for measuring the luminance of the pavement of a road section are evenly distributed, forming a raster of measuring points. The raster of the measuring points must be the same as for measuring the illuminance of the pavement of the same road section, which takes place before the measurement luminance of the pavement. When measuring the luminance of light reflected from the pavement surface, a measuring instrument, such as a luminance meter, is usually placed on a tripod 1,5 m above the pavement surface and 60 m above the closest measuring points of the road surface pavement field (calculation field). Measurements may also be made at each measuring point at a shorter distance from the measuring point, but in this case, the extent of the surface of the pavement touched by the luminance meter and the height of the measuring instrument above the surface of the pavement must be proportionally smaller. The angle of reference of the luminaire itself (angle of observation) in relation to the normal surface of the pavement shall be kept within 89 ± 0,5. In the transverse direction, the luminance meter shall be located in the center line of the selected measurement field on the pavement of each lane of the road. When measuring the luminance of the pavement surface of a road section, 
the average luminance of the pavement surface, the overall uniformity of luminance and the elevation factor of the luminance threshold are calculated on the basis of the measurements obtained at the given measuring points. In this case, the longitudinal uniformity of the luminance of the pavement surface is calculated on the basis of the measurements obtained for the measurement of luminance for a multi-lane pavement for the center line of all lanes. [11], [VII]
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Figure 5.1 – Field of calculation and measurement for luminance.



The disadvantage of the measurement method used is that it is very measurement-intensive, expensive and has a relatively low level of accuracy. When implementing the method for all possible types of illuminance and luminance meters used, the location of the measuring points outside the given pavement surface and the light sources adjacent to the grid and the effect of the light generated by them on the luminance of the pavement surface must be taken into account. Also, for all luminance meters used, 
the grip angle of the pavement surface to be measured when measuring the luminance of any point on the grid of the measuring points shall not exceed 2 angular minutes in the vertical position and not more than 20 angular minutes in the horizontal position. However, this angle must not be less than 1 minute, which is the normal angle of human visual acuity. In order to obtain results for measuring the luminance, luminance factor, reduced luminance factor, color temperature and chromaticity coordinates of the pavement surface, the luminance of the pavement surface must be measured in advance at each of these measuring points, usually between 1 lx and 50 lx for all types of pavements. Luminance is measured by placing a measuring instrument, such as an illuminance meter, above the raster measurement point on the surface of the pavement. Thus, with this measurement method, the measurement of illuminance and luminance obtained at any point in the raster of the measuring points of the measuring field is affected by the instantaneous characteristics of the road lighting installations, weather and ambient conditions, and extraneous and disturbing light. Also, the road surface to be measured may be newly built, due to which the reflective properties of the surface of this road surface have not been stabilized. The reflective surface properties of this pavement may not stabilize for a few months. [VII], [8]-[12]

Low accuracy of the method used has been demonstrated in the present research. Using the uncertainty estimation method developed in Section 3, the estimation of the uncertainty components of the measurement results obtained in the measurements is presented in Section 4. The standard data methodologies analyzed in publications I, III and IV are used as a basis.

During the research (as a result of the analysis of published publications I to VII), a structure with a new measurement method was developed, which allowed us to increase the universality of measurement, reduce measurement volume and ensure measurement accuracy, eliminating the effects of road lighting equipment, weather and ambient conditions and disturbing light.

[bookmark: _Toc87567363]Development of the new measurement method 

In order to develop a method and a device for measuring the reflectance properties of surface light, various close patent solutions were developed and compared, which are reflected in the description of the patent application. [VII]

An example is Cidaut Technologies Llc road sign luminance measurement method and the luminance meters [59]. According to this measurement method, road sign surface luminance is measured indirectly based on the difference between two values characteristic of the level of reflection of light. Luminance meters are fixed to the front side of the vehicle between the lights. The values characteristic of one level of reflection of a road sign surface are fixed based on road surface lighting installations by one luminance meter and the values characteristic of the other level of reflection are determined based on the luminous flux coming from the vehicle’s lights by the other luminance meter. The difference between the obtained values characteristic of the light reflection levels is fixed by an indicating device attached to the vehicle, which has a system for recording the reflection of light, positioning and synchronisation, which displays the final data from the measurement of road sign luminance.

A disadvantage of this method and the used luminance meters is their relatively high cost. The method and devices are applicable by using a respective moving vehicle. Thus, the method and the luminance meters used for its implementation only enable measuring the luminance of road signs. [59]

Another device developed by IWASAKI ELECTRIC Co., Ltd. for measuring the luminance of the road surface [60] allows one to measure the luminance of a road section at the measuring points specified in the measuring field and then evaluated by image processing. The luminance of the road surface is measured by a large number (e.g. 100) of measuring points under spotlight, which are used to estimate the average luminance. To shorten the measurement time, the image of the target area is taken with an imaging device, such as a semiconductor sensor, and processed with image processing equipment. When measuring the luminance of the road section surface, the average luminance of the target area and the luminance uniformity are calculated on the given grid on the basis of the measured values obtained at the given measuring points. 
The meter has a monitor for capturing the image, and it displays the mask of the metering area on top of the image taken in the imaging device. [VII], [60], [61]

A disadvantage of the described measurement device is its high price and relatively low accuracy. For calculating the luminance values, the measurement instrument uses grayscale, and due to its light reflecting characteristics (according to spectral distribution), it cannot be calibrated. The measurement device uses imaging software, which increases the measurement capacity and the inaccuracy of measuring. In addition, this measurement device enables measuring the luminance of the surface of road surface illuminated by only certain determined lighting installations and also does that relatively inaccurately, i.e., with an approximately 30 % measurement uncertainty from the measurement result. [VII], [61]

A third example for comparison is the device and measuring method patented by Schreder [62], a bundle of light rays is directed in an open environment from the light source to the surface of the studied measurement object with a diameter of 113 mm gradually fixed at 0-, 30-, 50- or 70-degree angles from the surface normal of the measurement object. The measured luminance values of the light reflected from this 113 mm diameter surface of the measurement object are fixed by respective sensitive elements based on the horizontal of the surface in the direction of 5, 10, 20, 30, 40, 50, 60, 70 or 80 angular degrees. The measured values fixed by the sensitive elements are the basis for calculating the luminance coefficient and the reduced luminance coefficient. As a result, values of light reflected from the surface of the measurement object are obtained, which is a basis for calculating the luminance coefficient and reduced luminance coefficient of the surface of liquids as well as the surface of objects of fibrous material (road surface samples) depending on the angle of incidence of light and the direction of the luminance fixing element in relation to the surface of the measurement object. According to the method, the illuminance of the light directed to the measurement object is in the range of 5000 lx to 15000 lx, wherein illuminance is not measured. The mobile device used for the method is placed above the measurement object, and consists of a curved housing open from below and from the sides. Light source assemblies and sensitive elements fixing luminance have been attached to the surface of the curved housing positioned at an angle. At that, the light source assemblies are fixed at a 0-, 30-, 50- and 70-degree angle from the vertical direction. The luminance fixing sensitive elements used for measuring the reflective characteristics of the 113 mm diameter surface of the illuminated measurement object in an open environment have been fixed in place and are directed to the surface of the measurement object at a 5-, 10-, 20-, 30-, 40-, 50-, 60-, 70- and 80-degree angle from the horizontal. [62], [VII]

The described technical solution is the closest solution to the present invention and has thus been taken as a prototype. 

Based on the measurement methodology [VII] developed in the course of this PhD dissertation, the basic scheme of the developed new measurement solution is presented in Figure 5.2. When using the measurement method in the diagram in the figure, 
the object of measurement is pavement 1, and when using the method, if necessary, 
the adaptation of the method to the measurement conditions of the pavement lighting quantities shall be checked first. To this end, the beam of free light from the calibrated light source 6 is directed at an angle to the surface of the illuminance sensor 5 placed above the pavement measuring point, the position of the center of the sensor surface 9 coincides with the pavement measuring point 2 and the illuminance and light spectrum are measured. If the measurements show that the measurement conditions are not in accordance with the illumination measurement method, the luminous flux of the light source, the angle of incidence (beam angle with respect to the pavement surface) and the distance l of the light source should be adjusted until the measurement conditions are met, i.e., the values of illuminance, spectral distribution of light and color temperature of the sensor surface 9 as reference values. These reference values are necessary because it is not possible to determine the values of the light reflected from the pavement without them, except for the values of the luminance factor and the reduced luminance factor at a relatively low level of accuracy, which considerably increases the universality of the measurement method and reduces the measurement intensity. Sensor 5 is then removed from the grid measuring surface raster measuring point 2 and a beam of light is directed to the measuring point of the pavement surface to be measured under adapted lighting conditions (see Figure 5.2 pos 6, 7, 8) and from this surface, the light beam is exposed to the light beam. In Figure 5.2 (pos 11, 12, 13, 14), the dimensions of light quantities reflected from the surface surrounding this measuring point of the road surface, such as luminance, luminance factor, reduced luminance factor, color temperature, color coordinates and other dimensions, 
are fixed. These dimensions shall be fixed under adapted measuring conditions for the measurement of the quantities of light reflected from the pavement. If the measuring conditions of these light quantities do not correspond to the adaptive measuring conditions, the observation angle β of the luminance meter and the distance l1 of the luminance measuring element from the center of the measuring surface (measuring point) shall be adjusted to ensure this. After adjusting the measurement conditions, the measurement data / measurements obtained are transferred to a program-based calculation model and the measurement results of the light quantities reflected from the pavement surface are obtained from the calculation model with the uncertainty of these results and displayed on a display or computer screen. [VII], [61]
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Figure 5.2 – Schematic diagram of the measurement method:

1 - road surface, 2 - measuring point, 3 - holder, 4 - illuminance meter, 5 - sensor, 6 - light source, 7 - light beam, 8 - tubular protection element, 9 - surface of the sensor, 10 - surface surrounding the measuring point, 11 - around the measuring point, beam reflected from the surface, 12 - tubular protection element, 13 - luminance meter, 14 - sensing element, 15 - computer, 16 - position fixator, 17 - tactile beam, and 18 - tubular protection element. [VII]



Since the method eliminates the effect of the location of light sources adjacent to the grid of measuring points on the pavement surface and the light generated by them on the measurement of pavement surface brightness, it significantly increases the measurement accuracy of all light reflected from the pavement surface.

The method also makes it possible to measure the quantities of light reflected from the surface of the pavement in a situation when the beam of light directed from the light source is perpendicular to the surface of the object to be measured. In this case, the position of the center of surface 9 of sensor 5 coincides with the measuring point of the pavement at an oblique angle α, interchanging the positions of light source 6 assembly and the measuring point positioner 16, which in turn increases the universality of the method. [VII]

[bookmark: _Toc87567364]Device developed for realizing the measurement method  

To realize the method, a corresponding measuring device has been developed in the course of the research. The basic components of this measuring device are given in Figures 5.3 and Figure 5.4 in accordance with the item numbers given in the explanatory scheme of the developed method [VII].
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Figure 5.3 – Front view of a measuring device for measurement of the characteristics of the reflection of surface light in the ready-to-adjust condition (basic diagram):

3 - holder, 5 - sensor, 8, 12 and 18 - protection elements, 13 - luminance meter, 16 - position indicator, 19 - housing, 20 - segment-shaped parallel side panels, 21 - grooves through side panels, 22 - mounting parts, 23 - light source assembly with power supply, regulation and control components. [VII]
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Figure 5.4– Enlarged end view of the same device in accordance with the schematic diagram of the measuring device shown in Figure 5.3 (luminance meter 13 removed, as a result of which the outlines of the luminance meter are shown in a thinner line in the figure):

3 - holder, 4 - illuminance meter, 5 - sensor, 12 - tubular protection element, 13 - brightness meter, 16 - position fixator, 19 - housing, 20 - side panels, 21 - grooves through the panel panels, 
22 - mounting parts, 24 - swivel joints. [VII]



The developed measuring device consists of a bottom open curved housing (19) 
and a light source assembly (23) at an angle fixed to its curved upper part and a luminance-fixing sensitive element (13). A curved segmental side panel (20) and 
length-adjustable tubular external protectors (8) and (12) and a tubular protector (18) rigidly fixed in the plane of symmetry of the housing towards the interior of the housing, the axis of which is perpendicular to the support surface of the housing. The two tubular guards (8) and (12) can be adjusted longitudinally and at an angle by circular grooves (21) through the panels formed in the side panels (22) with fastening elements (22). 
As a brightness-sensitive sensitive element A light source assembly (23) with power, adjustment and control components and a positioner (16) and two pivot joints (24) are attached to the outer surface of the rear side panel, the pivots of which are attached to a rotatable holder (3), carrying the illuminance sensor (5). In addition, the light source assembly, measuring point positioner, luminance meter, luminance meter attached to the side panel of the instrument housing, and the luminance meter sensor in the holder are wired or wirelessly connected to a computer (see Figure 5.2). [VII]

By providing longitudinal and angular adjustment of the two tubular protection elements, the necessary adjustment of both the illuminance values directed at the surface of the pavement and the illuminance values reflected from this surface is achieved, which increases the versatility of the measuring device, reduces measurement intensity and allows more accurate measurement. [VII]

By attaching a rotatable holder (3) carrying the luminance sensor to the side panel (20) of the meter housing, control over the adjustment of the luminance and related measurement conditions is achieved at all times, increasing the accuracy of the fixed reference values and thus the accuracy of the light reflected from the pavement. [VII]

Connecting a light source assembly, measuring point position indicator, luminance meter, luminance meter attached to the side panel of the meter housing, and a luminance meter sensor to a computer significantly reduces the measurement time, simplifies the measurement time, and simplifies universality.

The measuring device makes it possible to precisely fix and also adjust the position of the center of the surface (9) of the illuminance sensor (5) when adjusting the device (adjusting the lighting conditions) before measuring. The surface (10) between the tactile beam (17) and pavement 1 (perpendicular to the lower end faces of the side panels (20) of the measuring device housing (19)) at the right angle of the tubular protection element (18). When the reflected light quantities have been measured at the first measuring point 2 of the pavement 1, the measuring device is raised above the arbitrary measuring point 2 of the raster of the next pavement 1. A rotatable holder (3) with an illuminance meter (4) sensor (5) is attached to the side panel (20) of the device housing by means of rotating joints (24) to ensure that at adjusting the device (adjusting the measurement conditions), the surface (9) of the sensor (5) coincides with the surface surrounding in the same plane as the surface (9) of the sensor (5) adapted to the previous method (see Figure 5.1). It is easy to match the position of the center of the sensor (5) when setting the measuring device with the position of the arbitrary measuring point 2 of the pavement 1 when measuring with this device. [VII] 

[bookmark: _GoBack]At each subsequent arbitrary measuring point 2 of the pavement 1, the measurement of the surface reflectance is performed with a measuring device already set (adapted to the measuring conditions) without further adjustment or adjustment operations analogous to the one described above at all measuring points of the pavement 1 raster 2. [VII]

If there is a need to measure the reflection values of the surface light in a situation where the light is directed only perpendicular to the pavement 1 to be measured, this situation can be solved by changing the positions of the assembly (23) and the positioner (16) (see Figure 5.3). Further, the measuring device is adjusted analogous to the above (measurement conditions apply) by means of the illuminance meter (4) sensor (5), directing light from the light source (6) perpendicular to the surface (9) of the sensor (5) and measuring the illuminance transversely to the surface (9) of the sensor (5) by adjusting the distance and luminous flux. After setting the measuring instrument (application of measuring conditions), in this case, the reflectance of the pavement 1 is measured analogous to the above, except that the position of the center (9) of the sensor (5) is fixed when adjusting the measuring instrument (applying the measuring conditions) and the measuring surface (2). [VII]

Attached to the lower part of the measuring device housing (19) is a deflectable holder (3) with a luminance meter (4) sensor so that when adjusting the measuring surface (9) coincides with the measuring surface 2 of the pavement 1 when measuring the measuring instrument, and then the lower part of the device housing (19) rests on the surface (10) of the pavement 1 and the previous setting of the device (application of measuring conditions) remains valid. [VII]

[bookmark: _Toc87567365]Validation of the developed measurement method and device 

The developed measuring device and the measurement methodology created for the values characteristic of light reflection can also be applied for new purposes. In addition, the developed invention makes it possible to obtain new reliable values for the luminance of modern road surfaces and the relationships between the correlated color temperature of light, and for other purposes [VII].

Use of the method and equipment, for example, in the modern road asphalt pavements with traditional gas-fired lighting or lighting solutions already based on modern LED technology enables quick assessment of the changes in light reflection values. The reason is that the surface and environmental wear provides safer and more efficient solutions depending on the changes in the traffic environment, the weather environment, visual conditions, etc.

The benefit of the measuring method and the device invented is also in the fact that their application takes into account the scotopic and mesopic human vision in dark and dim environments, which have not been used so far. In LED lighting solutions and modern asphalt and concrete surfaces and in the case of the various additives used in them, it is possible to assess the values characteristics of the light reflection of the road surface. The method takes into account the spectral composition of the visible light or the effect of color temperature on the assessment of surface light reflection, thus providing safer and more efficient solutions for the traffic environment. [VII]

According to the experiment carried out in the present study, using the developed method and device for measuring the reflectance of surface light (device test specimen), the light reflected from the surface at different light color temperatures at different surface values is different, as shown in Figure 5.5. 
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Figure 5.5 – Graphical representation of the dependence of the surface luminance values of different pavements on the color temperature obtained by measuring the surface luminance of different pavements using a test specimen of the developed device. [VII]

Since the developed method for measuring surface light reflection quantities is simple and the portable device used to perform it can measure the light quantities reflected from the surface of the pavement surrounding the point, the diversity of these quantities can be reduced and increased. This is also supported by the benchmark analysis of some of the characteristics of pavements reflected in the standard pavement measurement method used so far and in the commonly used measuring instruments and the developed measurement method described in section 5.2 and the device described in section 5.3 (device test specimen). [VII]



Table 5.1 – Benchmark analysis of light reflection quantities using commonly used measurement methods and instruments and the developed measurement method and device (device test specimen) [VII]



		Applied measure-ment method

		Measurement and calculation possibilities for values characteristic of light reflection in road surfaces



		

		Illumi-nance

		Luminance

		Luminance coefficients

		Colour tempe-rature

		Chromaticity coordinates



		EN 13201-3 and

EN 13201-4 measure-

ment 

methods

		Method realizable

 with V(λ) correction by means of a luxmeter

		Method

 realizable

with a luminance meter placed on a tripod

		Calculable by applying readings of luminance meter and lux meter and using data presented in the standard

		Method realizable with colour tempera-ture meter

		It is not possible to measure chromaticity coordinates



		The measument method  described in the invention description

		All values characteristic of reflection of light from road surfaces are measurable and calculable.



		Measurement devices applied

		The time used for measuring and calculating values characteristic of reflection of light from road surfaces depends on the time for executing the measurement procedure described in the instruction for the measurement device.



		

		Illumi-nance

		Lumi-nance

		Luminance coefficients

		Colour tempe-rature



		Chromaticity coordinates



		Measurement devices in ordinary use

		Spectral lux meter 

BTS256 EF

		Spectro-radiometer JETI specbos 1211UV

		Calculable using luminance meter, lux meter and data presented in the standard

		Spectro-radio-meter JETI specbos 1211UV



		Spectro-radiometer JETI specbos 1211UV



		Measurement devices in ordinary use

		Spectral lux meter 

BTS256 EF

		Spectro-radiometer JETI specbos 1211UV

		Calculable using luminance meter, lux meter and data presented in the standard

		Spectro-radio-meter JETI specbos 1211UV

		Spectro-radiometer JETI specbos 1211UV



		The measurement method  described in the invention description

		All values characteristic of reflection of light from road surfaces are measurable and calculable during 2 hours.



		Applied measure-ment method

		The obtainable average value of expanded uncertainty in percent of the measurement and calculation results of values characteristic of light reflection on road surfaces is on the level of 95% probability.
(The obtainable values of expanded uncertainty of color temperature and chromaticity coordinates are expressed in units of measure)



		

		Illumi-nance

		Lumi-nance

		Lumi-

nance coefficient

		Reduced  Luminance coefficient

		Color tempe-rature

		Color coordi-nates



		EN 13201-3 and

EN 13201-4 measure-ment method

		10 lx

		15 cd/m²

		18

		20

		

		



		The measurement method  described in the invention description

		5 lx

		10 cd/m²

		12

		12

		100 K

		0,001







As seen from the data presented in Table 5.1, the developed method and device allow for an increase in the measurement accuracy [VII]. For the standard measurement method, the data are given for the mean value of the expanded uncertainty of the measurement result obtained at the measuring point of the pavement as a percentage of the measurement result. It turns out that the expanded uncertainty value of the measurement result given using the standard measurement method is about 1/3 of the components of the uncertainty due to the factors. As the new measurement method described makes it possible to minimize the proportion of agents, it makes it possible to significantly reduce the expanded uncertainty of the measurement results of the lighting technical quantities (reflection quantities) of the pavement surface. The possible average values of the expanded uncertainties of the measurement results obtained using the new measurement method presented in Figure 5.2 were confirmed as a result of testing a prototype of the device used to implement the measurement method. [VII]







[bookmark: _Toc87567366]Conclusions and future work

The present doctoral thesis offers an innovative measurement technical solution and a measurement methodology developed for this purpose, which makes it possible to assess human perceived lighting in scotopic and mesopic environments.

The work has been compiled based on several pilot projects. The pilot projects analysed the design of outdoor lighting in settlements from design to lighting measurements. The technical solution and measurement methodology created by the doctoral thesis allow us to enter more precise lighting technical input data into modern software solutions to characterize real environments.

In the course of the dissertation, modern street lighting measurement methods and measuring instruments were analysed and classified. When analysing lighting measurement methods, the analysis and classification of measurement uncertainty components was performed. Based on theoretical and practical knowledge, the upper limit of the known uncertainty components of lighting measurements was determined.

The measurement methodology and measuring device presented in Estonian Patent Application No. P2019000291 allow the measurement of the light reflection values of any externally lit roads. The measuring device is designed to measure the illumination and reflection of the surface of illuminated objects on a spectral basis. This solution can be used to measure and analyse all kinds of characteristics of road surface light reflection, such as road surface brightness, luminance factor, light color temperature. 
As a result of the application of the established measurement methodology and the device, the conditions for measuring the amounts of ambient light are adjusted and the values of the amounts of light obtained under these conditions are taken as reference values. Based on these values, the light reflectance values of the coatings for full-spectrum visible lighting solutions (including LED technology) and modern asphalt and concrete coatings used in modern road lighting can be realistically estimated with the invented solution. The application of the present invention takes into account the effect of the spectral composition of visible light in the evaluation of light reflected from the surfaces in a mesopic environment.

As a result, it is possible to offer safer and more energy-efficient solutions based on the environment, to reduce the measurement intensity and to increase the measurement accuracy. The innovative solution described and analysed in the dissertation enables greater measurement accuracy compared to the measurement method and measuring instruments that have been used so far for measurements according to the road surface standard.

 The new invented measurement method described in the work allows one to minimize the proportion of influencers and thus allows a significant reduction of the expanded uncertainty of the measurement results of the lighting quantities (reflective quantities) of the pavement surface.

In the analysis of the uncertainty of the input variables of the lighting measurements and the measurement results performed in the framework of the thesis, the worst case contributed to the upper limit of each known component of uncertainty and thus the certainty of the evaluation results was ensured.

An examination of the measurement methods used so far has shown the need to improve the measurement methodology. Based on the conducted research and experiments, a novel measurement algorithm was developed. The dissertation describes and analyses the effect of light color temperature and relationships on the reflective properties of coatings as an example of a new measurement method.

The analysis of the developed solution reached the following conclusions:

- The dissertation offers an innovative technical solution and methodology for measuring the values characterizing the light reflection of surfaces.

- The developed measuring device and measurement methodology allow one to measure the values of light reflection on roads with any external light.

- The implementation of the measurement methodology allows significant time savings.

- The application of the present invention takes into account the effect of the spectral composition of visible light in the evaluation of light reflected from surfaces in a mesopic environment.

- The innovative solution described and analysed in the dissertation enables higher measurement accuracy compared to the measurement method and measuring instruments according to the used pavement standard, and the measurement uncertainty of the measurements decreases to about 10 %, which was previously 
40-50 %.

- Based on the methodology developed during the research and applying an innovative measuring instrument, we can use the equipment in accredited laboratories for real measurements.



[bookmark: _Toc87567367]Future research

Future challenges are to expand the studies to achieve energy savings in road lighting through the targeted application of lighting technologies in response to changes in environmental conditions and pavement properties.

The following directions have been proposed by the author:

- Research and development of reflective properties of pavements on the basis of the measurement methodology and the developed measuring instrument. 

- Continuous research to identify previously undetected factors and components of measurement uncertainty and to evaluate them more accurately in photometric measurements. 

- Planned in-depth research on real objects and in different real mesopic environments to further develop this topic.

- Further research and application possibilities of a patented technical solution in the Nordic countries.





References

[1] 	E. Petritoli, F. Leccese, S. Pizzuti, F. Pieroni, “Smart lighting as basic building block of smart city: An energy performance comparative case study,” Measurement, 
vol. 136, pp. 466–477, 2019. 
[2] 	K. Brocka, E. Ouden, K. Klauw, K. Podoynitsyna, F. Langerak, “Light the way for smart cities: Lessons from Philips Lighting,” Technological Forecasting and Social Change, vol. 142, pp. 194–209, 2019. 
[3] 	Strategic Roadmap 2025 of the European Lighting Industry, Lighting Europe Secretariat, 2016. 
[4] 	S. P. Lau, G. V. Merrett, A. S. Weddell, N. M. White, “A traffic-aware street lighting scheme for Smart Cities using autonomous networked sensors,” Computers and Electrical Engineering, vol. 45, p. 192–207, 2015. 
[5] 	“Energy Efficiency Market Report 2014,” OECD/IEA, 2014.
[6] 	G. I. Crabb, R. Beaumont and D. Webster, “Review of the class and quality of street lighing,” 2009. [Online]. Available: https://courtneystrong.com/wp-content/uploads/2017/07/css-sl1-class-and-quality-of-street-lighting.pdf. [Accessed 06 04 2021].
[7] 	F. Valpreda, P. Iacomussi, G. Rossi, “Innovative design and metrological approaches to smart lighting,” in Proceedings of the 29th Quadrennial Session of the CIE, Washington D.C., 2019. 
[8] 	“Road lighting - Part 1: Guidelines on selection of lighting classes,” CEN/TR 13201-1:2014. 
[9] 	“Road lighting - Part 2: Performance requirements,” EN 13201-2:2015. 
[10] 	“Road lighting - Part 3: Calculation of performance,” EN 13201-3:2015. 
[11] 	“Road lighting - Part 4: Methods of measuring lighting performance,” EN 13201-4:2015. 
[12] 	“Road lighting - Part 5: Energy performance indicators,” EN 13201-5:2015. 
[13] 	CIE 081-1989, Mesopic photometry: history, special problems and practical solutions, http://cie.co.at/publications/mesopic-photometry-history-special-problems-and-practical-solutions. 
[14] 	CIE TN 007:2017, Interim recommendation practical application CIE system mesopic photometry outdoor lighting, http://cie.co.at/publications/interim-recommendation-practical-application-cie-system-mesopic-photometry-outdoor. 
[15] 	R. Dronneau, F. Fournela, V. Boucher, V. Muzet, F. Greffier, “Use Of An Imaging Luminance Measuring Device To Evaluate Road Lighting Performance At Different Angles Of Observation,” in International Commission on Illumination, CIE, 2019. 
[16] 	U. Krüger, I. Rotscholl and A. Fong, “Critical Considerations for Characterizing and Standardizing ILMDs,” Journal of the Society for Information Display, pp. 25–29, 2020. 
[17] 	“Road Surfaces and Lighting (Joint Technical Report CIE/PIARC),” Commission Internationale de l’Eclairage, Vienna, 1984.
[18] 	“Calculation and Measurement of Illuminance and Luminance in Road Lighting,” Commission Internationale de l’Eclairage, Vienna, 1984.
[19] 	G. Rossi, P. Iacomussi and M. Zinzi, “Lighting Implications of Urban Mitigation Strategies through Cool Pavements: Energy Savings and Visual Comfort,” 
Climate journal, vol. 6, no. 2, 04 2018. 
[20] 	H. Gidlund, M. Lindgren, V. Muzet , G. Rossi and P. Iacomussi, “Road Surface Photometric Characterisation and Its Impact on Energy Savings,” Coatings, 
p. 286–286, 2019. 
[21] 	Interreg Baltic Sea Region, “LUCIA project 2021,” [Online]. Available: https://lucia-project.eu/wp-content/uploads/2020/03/LUCIA-factsheet-TFS-6-20-03-25.pdf. [Accessed 28 09 2020].
[22] 	G. Zissis, R. Karlicek, C. C. Sun and R. Ma, “Energy Consumption and Environmental and Economic Impact of Lighting: The Current Situation,” in Handbook of Advanced Lighting Technology, Cham, Switzerland, Springer, 2016, pp. 1–13.
[23] 	P. Jaskowski and P. Tomczuk, “Measurement systems used in measuring the illuminance of the road,” in 2019 Second Balkan Junior Conference on Lighting, Plovdiv, Bulgaria, 2019. 
[24] 	“Estonia’s 2030 National Energy and Climate Plan (NECP 2030),” European Commission, 2019.
[25] 	European Union Road Federation, “ERF Road Statistics Yearbook 2017,” 2017. [Online]. Available: http://www.erf.be/wp-content/uploads/2018/01/Road_statistics_2017.pdf. [Accessed 28 09 2020].
[26] 	European Parliament, Council of the European Union, “Directive 2009/125/EC of the European Parliament and of the Council of 21 October 2009 establishing a framework for the setting of ecodesign requirements for energy-related products,” 21 10 2009. [Online]. Available: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex%3A32009L0125. [Accessed 28 09 2020].
[27] 	Commission Internationale de l’Éclairage., “Calculation and Measurement of Luminance and Illuminance in Road Lighting,” CIE 030:1976., Vienna, 1976.
[28] 	Commission Internationale de l’Éclairage, “Calculation and Measurement of Luminance and Illuminance in Road Lighting,” CIE 030.2:1982., Vienna, 1982.
[29] 	Commission Internationale de l’Éclairage, “Road surface and road marking reflection characteristics,” CIE 144:2001., Vienna, 2001.
[30] 	A. V. Rusu, C. D. Galatanu, G. Livint and D. D. Lucache, “Measuring Average Luminance for Road Lighting from Outside the Carriageway with Imaging Sensor,” Sustainability, vol. 13, no. 16, 2021. 
[31] 	V. Muzet, J. Bernasconi, P. Iacomussi, S. Liandrat, F. Greffier, P. Blattner, J. Reber and J. Lindgren, “Review of road surface photometry methods and devices – Proposal for new measurement geometries,” Lighting Research & Technology, 
vol. 53, pp. 213–223, 2020. 
[32] 	H. W. Bodmann and H. J. Schmidt, “Road surface reflection and road lighting: Field investigations,” Lighting Research and Technology, vol. 21, no. 4, pp. 159–170, 1989. 
[33] 	W. v. Bommel, Road Lighting, London: Springer International Publishing, 2015, 
p. 334.
[34] 	P. J.-L. Dumont E, “Are standard tables r still representative of the properties of road surfaces in France?,” in Proceedings of the CIE 26th Session, Beijing, China, June 4 to 11: 2007. 
[35] 	M. Casol, P. Fiorentin and A. Scroccaro, “On road measurements of the luminance coefficient of paving,” in 16th IMEKO TC4 Symposium Exploring New Frontiers of Instrumentation and Methods for Electrical and Electronic Measurements, Florence, Italy, 2008. 
[36] 	V. Muzet, F. Greffier, A. Nicolaï, A. Taron and P. Verny, “Evaluation of the performance of an optimized road surface/lighting combination,” Lighting Research and Technology, 2018. 
[37] 	V. Muzet, M. Colomb, M. Toinette, P. Gandon-Leger and J. P. Christory, “Towards an optimization of urban lighting throug a combined approach of lighting and road building activities,” in Proceedings of the 29th CIE SESSION, Washington D.C., USA, 2019. 
[38] 	A.-M. Ylinen, L. Tähkämö, M. Puolakka and L. Halonen, “Road Lighting Quality, Energy Efficiency, and Mesopic Design – LED Street Lighting Case Study,” Leukos, vol. 8, no. 1, pp. 9–24, 2011. 
[39] 	CIE, “Spectral luminous efficiency (of a monochromatic radiation of wavelength λ) [V(λ) for photopic vision; V’(λ) for scotopic vision],” CIE e-International Lighting Vocabulary, [Online]. Available: https://cie.co.at/eilv/1222. [Accessed 15 08 2021].
[40] 	M. Maksimainen, M. Kurkela, P. Bhusal and H. Hyyppä, “Calculation of Mesopic Luminance Using per Pixel S/P Ratios Measured with Digital Imaging,” Leukos, 
vol. 15, no. 4, pp. 309–317, 2019. 
[41] 	A. Ylinen, M. Puolakka and L. Halonen, “Road surface reflection properties and applicability of the r-tables for today´s pavement materials in Finland,” Light and Engineering, vol. 18, no. 1, pp. 78–90, 2010. 
[42] 	V. Muzet and J. Abdo, “On site photometric characterisation of cement concrete pavements with Coluroute device,” Light Engineering, 2018. 
[43] 	1. Petrinska, D. Ivanov, D. Pavlov and K. Nikolova, “Road Surface Reflection Properties of Typical for Bulgaria Pavement Materials,” in In Proceedings of the Lux Junior, Dörnfeld, Germany, 25–27 September 2015. 
[44] 	G. I. Crabb, M. H. Burtwell and R. J. Beaumont, “Reflectance Measurements on three pavement surfaces using CMH and HPS Lamps,” in Light Sources 2004 Proceedings of the 10th International Symposium on the Science and Technology of Light Sources, Toulouse, France, 2004. 
[45] 	S. Fotios, P. Boyce and C. Ellis, “The Effect of Pavement Material on Road Lighting Performance,” Report, Sheffield, 2005.
[46] 	A. Ekrias, A. Ylinen, M. Eloholma and L. Halonen, “Effects of pavement lightness and colour on road lighting performance,” in CIE Expert Symposium on road surface photometric characteristics, Torino, Italy, 2008. 
[47] 	A. Ylinen, T. Pellinen, J. Valtonen, M. Puolakka and L. Halonen, “Investigation of pavement light reﬂection characteristics,” Road Materials and Pavement Design, vol. 12, no. 3, p. 587–614, 2011. 
[48] 	A. M. Ylinen, Development and analysis of road lighting – Road surfaces and mesopic dimensioning, Helsinki: School of Electrical Engineering, 2011, p. 170.
[49] 	P. Fiorentin and A. Scroccaro, “Analysis of the Performance of a Goniometer for Studying Surface Reflection,” IEEE Transactions on Instrumentation and Measurement 57, vol. 57, no. 11, pp. 2522–2527, 2008. 
[50] 	X. Chen, X. Zheng and C. Wu, “Portable instrument to measure the average luminance coefficient of a road surface,” Measurement Science and Technology, vol. 46, no. 27, 2014. 
[51] 	“Guide to the Expression of Uncertainty of Measurement,” ISO, First edition 1993, Geneva, Correlated and reprinted 1995.
[52] 	T. Varjas, R. Laaneots, T. Möller and R. Teemets, “Mõõtetulemuse määramatuse hindamise lähendmeetod valgustehnilistel mõõtmistel,” 2021 [forthcoming]. [Online]. Available: www.ester.ee/record=b5304909*est.
[53] 	R. Laaneots, O. Mathiesen and J. Riim, Õpik kõrgkoolidele (Metrology — Textbook for Higher Education Institutions), Tallinn: Tallinn University of Technology, 2012. 
[54] 	“EN ISO 1:2016. Geometrical product specifications (GPS) — Standard reference temperature for the specification of geometrical and dimensional properties (ISO 1:2016),” CEN, Brussels, 2016.
[55] 	D. Gall, U. Krüger, F. Schmidt and S. Wolf, “Moderne Möglichkeiten zur Messung und Bewertung von Beleuchtungsparametern. Herbstkonferenz 2002 der GfA e.V.,” in Modern possibilities to measure and assess lighting parameters. Fall Conference, 2002. GfA, e.V., Ilmenau, Technical University, 2002. 
[56] 	BTS256-EF. Spectral light meter with flicker measurement function., Munich: Gigahertz-Optik GmbH, 2019. 
[57] 	R. Laaneots, Mõõtmine (Measurement), Tallinn: Tallinn University of Technology, 1998. 
[58] 	K. Godo, “A new traceability chain for luminance scale with LED-based transfer standard,” Measurement Science and Technology, vol. 32, no. 1, 2020. 
[59] 	F. J. B. Roman, J. A. G. Mendez, A. M. Gallo, D. O. d. Lejarazu Machin and 
A. S. Perales Garcia, “Method for determining the luminance of traffic signs and device for implementing same”. US Patent US9171360B2, 27 10 2015.
[60] 	L. IWASAKI ELECTRIC Co., “Luminance measuring apparatus”. US Patent WO/2013/133033, 12 09 2013.
[61] 	Q. Li-jun, S. Zi-zheng and J. Feng, “Intelligent streetlight energy-saving system based on LonWorks power line communication technology,” Electric Utility Deregulation and Restructuring and Power Technologies (DRPT), 2011 4th International Conference, pp. 663-667, 06 07 2011. 
[62] 	M. Frankinet and S. SA, “Method and apparatus for establishing reflection properties of a surface”. US Patent US7872753B2, 18 01 2011.
[63] 	“https://eur-lex.europa.eu/,” EUR-Lex, 21 10 2009. [Online]. Available: https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32009L0125. [Accessed 12 02 2021].
[64] 	C. Chain, F. Lopez and P. Verny, “Impact of real road photometry on public lighting design,” in Proceedings of the CIE 26th Session, Beijing, China, June 4–11: 2007. 
[65] 	P. Iacomussi, G. Rossi, P. Blattner, C. Chain, V. Muzet, J. Dubard, C. Van Trang, 
A. Jouanin, T. Kübarsepp, M. Lindgren, F. Manoocheri and P. Zehntner, “Metrology of Road Surface for Smart Lighting,” in Proceedings of LUX Europa 2017, Ljubljana, Slovenia, September 18–20: 2017. 
[66] 	T. Uchida and Y. Ohno, “Defining the visual adaptation field for mesopic photometry: Does surrounding luminance affect peripheral adaptation?,” Lighting Research & Technology, p. 46, 2013. 
[67] 	J. Hovila, New measurement standards and methods for photometry and radiometry — Doctoral Dissertation, Helsinki: Helsinki University of Technology, 2005. 
[68] 	T. Uchida, M. Ayama, Y. Akashi, N. Hara, T. Kitano, Y. Kodaira and K. Sakai, “Adaptation luminance simulation for CIE mesopic photometry system implementation,” Lighting Research and Technology, vol. 48, pp. 14–25, 2016. 
[69] 	K. Painter, “The Influence of Street Lighting Improvements on Crime, Fear and Pedestrian Street Use, after Dark,” Landscape and Urban Planning, vol. 35, 
pp. 193–201, 1996. 
[70] 	S. P. Lau, G. V. Merrett and N. M. White, “Energy-efficient street lighting through embedded adaptive intelligence,” in 2013 International Conference on Advanced Logistics and Transport, Sousse, Tunisia, 29-31 May 2013. 
[71] 	European Commission, “https://ec.europa.eu/transport/road_safety/,” 19 06 2019. [Online]. Available: https://ec.europa.eu/transport/road_safety/sites/default/files/move-2019-01178-01-00-en-tra-00_3.pdf. [Accessed 17 10 2020].













Acknowledgements

Primarily I would like to thank my family for their support and patience. I thank Juta for believing in me – this thesis would not have been possible without backing from You.    

I thank my children, Gertrut and Jörgen, for providing me motivation and inspiration – 
I hope this work will contribute to building a better, sustainable world for You. 

Special thanks to my father Ants for inspiring and supporting me all my life. I thank the rest of my family and friends for their support and being there for me. 

 I would like to thank my supervisors for their guidance and counselling. I would like to gratefully thank professor Emeritus Rein Laaneots for many discussions and suggestions, thank professor Emeritus Endel Risthein for many enlightening discussions. My thanks go to Tenured Associate Professor Argo Rosin for guiding and mentoring me – this work would not have been completed without the counsel I got from You. 

I would like to thank my colleagues in Tallinn University of Technology for fruitful discussions and meaningful conversations.

I also thank the sales manager of Mitaten Finland Leif Wikgren and managing director of TechnoTeam Bildverarbeitung GmbH Udo Krüger for their help with experiments, valuable assistance and cooperation.












[bookmark: _Toc87567369]Abstract

Research and development of measurement solution and methodology for assessment of light reflection from surfaces

The level of traffic safety and safety of the environment in the dim or dark conditions  is to a large degree dependent on the quality of road ligthing. Along with their rapid development, the new LED light sources in use in today’s road ligthing and the characteristics of road surfaces have created a situation, where the measurement methods and means have become obsolete with respect to their possibilities and exactness. Unfortunately, the same applies to the corresponding normative documents. Therefore, a need was experienced in the scientific research to develop a new measurement method, which would increase the universality of measurement, decrease substantially the measurement operations and ensure a significantly higher accuracy of measurement by excluding weather and environmental conditions as well as the disturbing effect of sidelight.

Within the frame of the doctoral thesis, an innovative measurement solution and the relevant implementation method have been developed. In real life, it enables us to estimate the perceived light for humans in scotopic and mesopic environments, which differs considerably from seeing conditions in daylight. The innovative measuring equipment can be used for spectrographical measurement and estimation of the different values characterizing light, such as luminance of the road surface,  luminance coefficient, reduced luminance coefficient, color temperature, and chromaticity coordinates. The innovative measurement method described and analysed in the thesis enables  higher accuracy than the existing measurement methods.

As a result of the measurement method and the relevant measurement equipment implemented, the characteristic values of illuminance emitted by the luminaires are imitated and these values are taken as base values. These base values allow for the estimation of  the light reflecting characteristics in asphalt and concrete pavements even when different additives are used in them. In the implementation of the device, 
the effect of the spectral composition of visible light is taken into account when estimating the light reflected from the surface; thus, more safe and efficient solutions can be recommended for the traffic environment.

Existing measuring methods  have been analysed and classified for the components of measurement uncertainty. Based on theoretical knowledge and practical experiences, an innovative method for estimating measurement uncertainty was developed for the measurement of light. The new measurement method makes it possible to minimize the share of side effects and therefore substantially decrease the overall uncertainty of measurement results when measuring (reflecting values) road surface lighting. 
The innovative solution described and analysed in the thesis enables a greater measurement certainty. As a result, the measurement uncertainty decreases from 
40-50 percent to 10 percent.

Thanks to its simplicity in use and greater measurement precision, the practical value of the developed measurement method and the device is to use it first and foremost in light measurements in accredited measurement laboratories that conform to higher requirements imposed on the measurement procedures, including the measurement uncertainty.
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Mõõtmislahenduse ja metoodika uurimine ja arendamine pindadelt peegeldumise hindamiseks

Tänavavalgustuse kvaliteedist oleneb suurel määral liiklusohutuse tase ja elukeskkonna turvalisus hämara ja pimeda ajal. Nüüdisaja tänavavalgustuses kasutatavate uudsete leedvalgusallikate ja teekatendite  omadused on oma kiire arenguga tekitanud olukorra,  kus valgustuse mõõtemeetodid ja -vahendid on oma võimaluste ja täpsuse osas ajale jalgu jäänud. Kahjuks kehtib sama ka vastavate normdokumentide kohta. Seega tekkis teadusuuringute käigus vajadus välja töötada uus mõõtemeetod, mis suurendaks mõõtmise universaalsust, vähendaks oluliselt mõõtetööde mahtu ja tagaks oluliselt suurema mõõtetäpsuse, välistades ilma- ja keskkonnaolude ning kõrvalise häiriva valguse mõju.

Doktoritöö raames on loodud uuenduslik mõõtetehniline lahendus ja selle kasutamiseks välja töötatud mõõtemetoodika, mis võimaldab praktikas täpsemalt ning tunduvalt lihtsamini (seega ka kiiremini) hinnata inimesele tajutavat valgustust skotoopilises ja mesopilises keskkonnas, mis erineb oluliselt päevasest nägemise oludest. Leiutisena väljatöötatud mõõteseadet saab kasutada erinevate teekatendite pinnalt valguse peegeldust iseloomustavate suuruste, nagu sõidutee katendi pinna heleduse, heledusteguri, taandatud heledusteguri, värvsustemperatuuri, värvsuskoordinaatide, spektripõhiseks mõõtmiseks ja hindamiseks. Väitekirjas kirjeldatud ja analüüsitud uuenduslik mõõtemetoodika ja mõõtevahend võimaldab võrreldes olemasolevate mõõtelahendustega suuremat mõõtetäpsust.

Mõõtemeetodi ja selleks kasutatava mõõtevahendi rakendamise tulemusena imiteeritakse valgustuspaigaldiste poolt esile kutsutud valgustustihedust iseloomustavaid suurusi ja need väärtused võetakse tugiväärtusteks. Tugiväärtustest lähtuvalt saab hinnata teekatendite valguse peegeldust iseloomustavate suuruste väärtusi asfalt- ja betoonkatendite ning nendes kasutatud erinevate lisandite puhul. Seadme rakendamine võtab arvesse nähtava valguse spektraalse koostise mõju pinnalt peegeldunud valguse hindamisel ning võimaldab välja pakkuda liikluskeskkonnale ohutumaid ning efektiivsemaid lahendusi.

Olemasolevate mõõtemeetodite puhul on läbi viidud mõõtemääramatuse komponentide analüüs ja klassifikatsioon. Teoreetilistele teadmistele ja praktilistele kogemustele tuginedes töötati välja valgustehniliste mõõtmiste jaoks uudne mõõtemääramatuse hindamise metoodika. Uus mõõtemetoodika võimaldab minimeerida mõõtetulemuste kõrvalmõjude  osakaalu ja seega oluliselt vähendada teepinna valgustuse (peegeldavate suuruste) mõõtmistulemuste laiendmääramatust. Väitekirjas kirjeldatud ja analüüsitud uuenduslik lahendus võimaldab suuremat mõõtetäpsust, mille tulemusena  langeb mõõtemääramatus seniselt 40-50 protsendilt kuni 10 protsendini.

Tänu oma kasutamise lihtsusele ja  suuremale mõõtetäpsusele seisneb  väljatöötatud mõõtemeetodi ja seadme praktiline väärtus võimaluses kasutada neid eelkõige valgustehnilistel mõõtmistel akrediteeritud mõõtelaborites, millede mõõtetoimingute kohta sh mõõtemääramatusele kehtivad kõrgendatud nõuded.
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