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1. Introduction 

1.1 Background and motivation 

Point cloud reconstruction refers to 3D measurement methods that can 
be used to create point clouds from an object or environment. Similarly, 
luminance measurements describe a method for capturing light intensity 
from an object. In point cloud reconstruction of luminance measure-
ments, both of these methods are combined to produce reconstructed 3D 
luminance point clouds. In this dissertation, the 3D reconstruction meth-
ods used to create point clouds include photogrammetry, terrestrial laser 
scanning (TLS) and mobile laser scanning (MLS). 

Photogrammetry determines the shape of the subject and the location 
of the images taken of the subject (Luhmann et al., 2006, p. 2). Photo-
grammetric techniques can therefore be used in 3D luminance mapping 
for the geometric calibration of the camera, the relative orientation be-
tween the camera and the 3D measuring device, and image-based 3D re-
construction. 

Image-based measurement, which integrates photogrammetric and 
computer vision algorithms, is currently an often-used approach to 3D 
reconstruction. Thus, photogrammetry often refers to automatic tech-
niques that can process a large number of pictures and produce, for ex-
ample, coloured point clouds or textured surface models (Figure 1). 

 
Figure 1. The principle of photogrammetry, where the 3D coordinates of the image features P 

shown in the images and the locations t and directions R of the images are solved at the 
same time (Publication 2). 
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The photogrammetric term Structure from Motion (SfM) describes a pro-
cedure for estimating both the geometry of a 3D object and the position 
of the camera simultaneously (Ullman, 1979). SfM is divided into two 
stages. The first stage automatically detects 2D features and matches 
them between images. In the second phase, a bundle adjustment (BA) is 
performed to estimate the camera parameters and 3D coordinates of fea-
tures detected from source images (Remondino et al., 2017). 

 
In laser scanning, 3D coordinates are measured using a laser beam, which 
reconstructs a 3D point cloud from dense 3D measurements (Figure 2). 
In post-processing, the point cloud can be coloured with images from an 
external camera or images from cameras built into the scanner. Colour 
information has been applied to point cloud registration, segmentation 
and visualization (Park et al., 2017; Zhan et al., 2009; Julin et al., 2020). 

 

 
Figure 2. The principle of terrestrial laser scanning. The red dotted line indicates the distance 

between the scanner and the 3D coordinate of the object point P.  

Ground-based laser scanning generally refers to terrestrial laser scanning 
(TLS) and mobile laser scanning (MLS). Today, mobile measurements 
often utilize at least a positioning system, a laser scanner and 360° indus-
trial cameras, which cover nearly the entire sphere of a field of view. In 
this case, the measurement system is called a mobile mapping system 
(MMS) (Figure 3).  
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Figure 3. The principle of a mobile mapping system. The red dotted line indicates the distance 

between the scanner and the 3D coordinates of the object point P. The black dotted line 
indicates the orientation Rt between the local and global coordinate systems. 

Mobile measurements can be used to efficiently collect data from large 
areas (Kukko et al., 2012). However, the advantages of TLS include the 
higher geometric accuracy of the method as well as the use of high dy-
namic range (HDR) imaging for colour information capture (Julin et al., 
2020).  
 
Luminance – SI unit candela per square metre (cd·m-²) – describes the 
luminous intensity reflected or emitted from a particular area in a given 
direction (Electropedia, 2017). Luminances can be measured using a spot 
luminance meter, but using a point-by-point method 1° area at a time for 
analysing the luminance distribution is not practical (Ekrias et al., 2008). 
Therefore, a commonly used method for measuring luminance distribu-
tion is imaging luminance photometry (Figure 4), in which a radiometri-
cally calibrated, e.g. a digital single-lens reflex (DSLR) camera is used to 
record luminance values in an image (Borisuit et al., 2010; Hiscocks & 
Eng, 2011; Rea & Jeffrey, 1990). To extend the dynamics of the luminance 
range, high dynamic range (HDR) photography is used, where multiple 
overlapping images are captured from the same location at different shut-
ter speeds and the image sequence is combined into a single HDR image. 
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Figure 4. A pseudo-colour luminance image captured by an imaging luminance photometer 

shows absolute luminance values (cd·m-²) on a logarithmic scale (Publication 2). 

Lighting measurements in an outdoor environment are usually used to 
assess the performance of road and street lighting conditions, in which 
the luminance of road surfaces, markings and furniture is examined. 
Lighting maintains safety and comfort, and thus luminance measure-
ments are done to verify the cost of installation performance. Road light-
ing can therefore significantly reduce the number of accidents (Payne & 
Fenske, 1997; Oya et al., 2002; Plainis et al., 2006; Sullivan & Flannagan, 
2007; Wanvik, 2009; Jackett & Frith, 2013; Yannis et al., 2013; Elvik, 
1995) and speeding (de Bellis et al., 2018). 

In addition, the design of road lighting setups is influenced by energy 
efficiency requirements (Kostic & Djokic 2009), environmental regula-
tions (EC, 2009), awareness of mesopic vision (e.g. Kostic et al., 2009; 
Cengiz et al., 2013; Maksimainen et al., 2019; CIE, 2010) and light pollu-
tion (Hölker et al., 2010; Rodríguez et al., 2014). 

Road lighting criteria often follow technical reports such as ANSI/IES 
RP-8-14 (IESNA, 2014) or CEN/TR (2015), which regulate the general 
uniformity and longitudinal uniformity of the luminance distribution of 
road surfaces. However, the uniformity of the installed lighting can 
change due to vegetation. As such, trees and green spaces are seen as pos-
itive things in the built environment (Pitman et al., 2015; Nieu-
wenhuijsen et al., 2017), increasing attractiveness and urban fauna, re-
ducing stress levels and protecting against weather conditions (Chang & 
Li, 2014; Elsadek et al., 2019; Huang et al., 2020; Threlfall et al., 2016). 

In indoor environments, lighting measurements utilizing luminance 
imaging are commonly used in lighting design related to the architecture, 
engineering and construction (AEC) industry (Roy, 2000; Shikder et al., 
2009), where it is essential for the attractiveness and ergonomics of 
a space to know the light distribution (Bellia et al., 2011; Öztürk, 2003; 
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So & Leung, 1998; Tiller & Veitch, 1995). Carefully designed lighting by 
architects and lighting designers can also reduce energy consumption 
(Loe & Rowlands, 1996; Muhamad et al., 2010; Van Den Wymelenberg et 
al., 2010; Rodrigue et al., 2020) 
 
Thus, photogrammetry and laser scanning are proven methods to recon-
struct the built environment. Similarly, imaging luminance photometry 
is an established way to perform lighting measurements. 3D luminance 
measurement can be described as a combination of the above methods.  

Interest in 3D luminance measurements started with the multidiscipli-
nary Light Energy project (2012–2016), which studied the energy effi-
ciency of outdoor lighting without compromising road safety. Luminance 
measurements lacked 3D measurements, the combination of which 
served as a motivator to study the topic and develop methods. Tetri et al. 
(2017) have summarized the results of a research project in ‘Tutorial: 
Road Lighting for Efficient and Safe Traffic Environments’. Since the 
publications of our research group, only a few studies have appeared (e.g. 
Kim & Tzempelikos, 2021a; Kim & Tzempelikos, 2021b; Kim & Tzempe-
likos, 2022) that combine luminance and 3D measurements. 

The research gap focused on in this dissertation is related to the devel-
opment of both 3D reconstruction and luminance measurement. In 3D 
reconstruction, developments have moved from static measurements to 
mobile measurements and change detection. The measurement of geom-
etry has often been the subject of development, although studies on col-
our quality have also been published. Similarly, luminance measurement 
has expanded from point measurement to imaging luminance photome-
try. However, in the case of measurements based on single images, the 
innate problem is the loss of 3D data. The third dimension brings addi-
tional information to luminance analysis that previous methods have not 
been able to achieve. 

Due to its novelty value, this dissertation is intended to fill the research 
gap described above by examining the performance of measurement 
equipment and the processing of data to measure both object geometry 
and luminance. 

1.2 Research objectives, questions and scope 

This thesis describes workflows suitable for 3D luminance measurements 
with calibration routines as well as applications utilizing 3D luminance 
measurement and thus helps to evaluate a suitable method for 3D lumi-
nance measurements. The 3D reconstruction methods used in the thesis 
are terrestrial laser scanning (TLS), mobile laser scanning (MLS) and 
photogrammetry. 

Luminance measurements are often associated with a particular appli-
cation. Although the topics of the publications are related to lighting de-
sign, the goal is not just 3D luminance measurement aimed at lighting 
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design. The 3D luminance measurements produced can be used for vari-
ous use cases in different fields, but the measurements are not always in 
accordance with the standard (e.g. SFS-EN, 2014; CEN-EN, 2015). 
Therefore, the focus is not specifically on the geometric quality of 3D 
measurements but on the transfer of radiometric data to 3D points meas-
ured by image sensors. In addition, the sources of errors in the measure-
ments and how the measured point clouds are handled are studied so that 
no errors or weightings arise in the interpretations. 

Hence, the hypothesis: Both 3D reconstruction methods, photogram-
metry and laser scanning with imaging can be used to measure geometry 
and luminance simultaneously to create 3D luminance point clouds. 

To test this hypothesis, four research questions (RQ) were formulated: 
RQ1: Which main factors are considered in camera calibration for 3D 
luminance measurements? 
RQ2: How is the luminance range for static and mobile 3D measure-
ments determined, considering both radiometric and geometric calibra-
tion? 
RQ3: What phenomena do 3D luminance measurements bring out that 
may not be found in 2D measurements? 
RQ4: How can the luminance point clouds measured at different time 
periods be used for change detection? 
 
To answer RQ1 and RQ2, the combination of geometric and luminance 
calibration of cameras is investigated mainly in publications 1 and 3 (Fig-
ure 5). Publications 2–5 use case studies to show different applications 
and details related to data processing, thus answering RQ3. In addition, 
different 3D luminance measurement processes are studied and devel-
oped, concluding with 360° 3D luminance measurements. The measure-
ments for publications 4 and 5 were performed in accordance with the 
road lighting measurement recommendations, which limit measuring lo-
cations related to the road surface. Finally, to answer RQ4, change de-
tection of mobile luminance measurements was performed to evaluate 
the impact of light-obstructing roadside vegetation. Table 1 shows the re-
search questions, methods and results by publication. 
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Table 1. Research questions (RQ), methods, sensors and results by publication. 

Publication RQ 3D Reconstruction 
Method 

Sensors Results 

1 RQ1 and 
RQ2 

- DSLR, exter-
nal 360° cam-
era 

Luminance camera calibration 

2 RQ1, 
RQ2 and 
RQ3 

Photogrammetry DSLR Luminance images; locations 
and directions; luminance point 
cloud; 3D measuring angle 

3 RQ1, 
RQ2 and 
RQ3 

TLS Internal cam-
eras of TLS in-
strument 

Luminance images; locations, 
luminance point cloud; 3D 
measuring angle  

4 RQ1, 
RQ2 and 
RQ3 

TLS External DSLR 
camera 

Luminance images; locations 
and directions; partially coloured 
luminance point cloud 

5 RQ1, 
RQ2, 
RQ3 and 
RQ4 

Mobile mapping External 360° 
camera 

4D luminance measurement; lu-
minance images; locations and 
directions; luminance point 
cloud; chance detection 

 

 
Figure 5. Publications and their relation to the dissertation. Publication 1 covers the luminance 

calibration principle for publications 2, 4 and 5. 

Publication 1 presented the preparation of a luminance photometer for 
integration into TLS or MLS systems and the luminance calibration of the 
camera for the intended luminance levels. Internal camera calibration 
was applied to undistorted luminance images for point cloud colouring. 
The performance of the systems was evaluated, and the limitations in low 
luminance level mobile luminance measurement were assessed. 

Publication 2 introduced the 3D luminance point cloud reconstruction 
method and presented the measuring of a 3D luminance map in indoor 
environments by applying photogrammetry. As a result, the luminance 
image locations and orientations, the 3D surface model and the 3D lumi-
nance point cloud were solved. In addition, the luminance values in the 
reconstructed luminance point cloud and single luminance images were 
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studied. The luminance calibration method presented in Publication 1 
was utilized in this study. 

Publication 3 presented a method for utilizing the panoramic images of 
a terrestrial laser scanner as the luminance data source. The luminance 
calibration of a laser scanner was performed. The achieved luminance 
measurement accuracy, colour measurement properties and dynamic 
range were evaluated in a laboratory environment. In addition, a 3D lu-
minance measurement process was introduced through a case study, and 
the effect of scanning angles on luminance measurements was discussed. 

Publication 4 introduced a new laser scanning-based approach to re-
construct a luminance point cloud in night-time road lighting conditions. 
The luminance calibration method presented in Publication 1 was used 
in Publication 4. 

Publication 5 focused on evaluating the light-occluding effect of road-
side vegetation. A mobile mapping system was used to measure how 
much occlusion affects luminance distribution on the road surface. Point 
clouds from two different time periods were compared. The luminance 
calibration method described in Publication 1 was used in this study. 
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2. Literature review 

2.1 3D reconstruction 

2.1.1 Photogrammetry 

Photogrammetry simultaneously determines the shape of the object and 
the locations of the images (Luhmann et al., 2006, p. 2). A prerequisite 
for accurate measurement is to know the mathematical model between 
the image coordinate system and the target coordinate system.  

A pinhole camera is commonly used as a camera model (Figure 6). The 
ray from the target 3D point P travels along a straight line through pro-
jection centre O to the image plane to image point p. The principal dis-
tance c is the distance between projection centre O and the image plane. 

 

 
Figure 6. Pinhole camera model (adapted from Luhmann et al., 2006). 

In geometric camera calibration, perspective projection is applied to cal-
ibrate and orient the camera so that the beam angles are collinear on both 
sides of the lens. That is, the light beam P from the object travels parallel 
through the projection centre OO’ of the lens system to the image plane 
(Figure 7). 
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Figure 7. A collinear beam path from an object point to an image plane. Angle w of the beam is 

equal to the optical axis on both sides of the lens (adapted from Luhmann et al., 2006). 

Camera calibration is used to determine parameters such as focal length c 
(or camera constant), location of the principal point xp,yp, and to correct 
geometric distortions such as radial K1 – Kn and tangential P1 and P2 dis-
tortions, as well as the scale of the image coordinates B1 and image plane 
orthogonality B2 (e.g. Beyer (1992b) Brown, 1971; Fryer & Brown, 1986; 
Heikkilä, 2000; Zhang, 2000). Radial distortions are often determined 
using Brown's (1971) model: 

 
∆𝑥!"# = 𝐾$𝑥𝑟% + 𝐾%𝑥𝑟& + 𝐾'𝑥𝑟( +⋯ 
∆𝑦!"# = 𝐾$𝑦𝑟% + 𝐾%𝑦𝑟& + 𝐾'𝑦𝑟( +⋯ 

 
 

𝑟 = )(𝑥 − 𝑥))% + (𝑦 − 𝑦))%, 

 

(1) 

where x and y are the image coordinates corrected by the displacement 
of the principal point xp and yp. The tangential distortion is corrected by 
the equation:  

 
∆𝑥*"+ = 𝑃$(𝑟% + 2𝑥%) + 2𝑃%𝑥𝑦 
∆𝑦*"+ = 𝑃%(𝑟% + 2𝑦%) + 2𝑃$𝑥𝑦. 

 
(2) 

Affinity B1 and shear B2, referring to the scale of the image coordinates 
and plane orthogonality, are usually not very significant, so they can be 
partially included in radial and tangential distortions. 

 
∆𝑥",, = 𝑥𝐵$ + 𝑦𝐵% 

∆𝑦",, = 0 (3) 
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The camera model commonly used in computer vision (Kannala et al., 

2008; Hartley and Zisserman, 2004) includes the internal orientations 
in the camera matrix K, including the principal distance cx, cy, the prin-
cipal point xp, yp, the image plane orthogonality a=-cxcot(q) and the im-
age coordinate scale if cx ≠ cy. 

 

𝐊 = 4
𝑐- 𝑎 𝑥)
0 𝑐. 𝑦)
0 0 1

8 (4) 

 
The three-dimensional world coordinates of the points are defined on 

the image plane, whose origin is at the projection centre of the camera 
and whose Z-axis lies on the same line as the optical axis. The image co-
ordinate system contains the transfer of the origin of the image to the 
principal point of the image (Figure 8). 

 

 
Figure 8. 11-parametric perspective camera (adapted from McGlone, 2004). 

A general 3 × 4 projection matrix is used for the transformation from ob-
ject space to image space. Lens distortions are modelled with a separate 
position-dependent correction matrix dK(x, y) (Hartley & Zisserman, 
2004; Mugnier et al., 2004). Camera movements and rotations are added 
relative to the target coordinate system:  
 

𝑠	𝑝 = 𝐊[𝐑|𝒕]𝑃 (5) 



Literature review 

12 

 

𝑠 A
𝑥
𝑦
1
B = 4

𝑐- 𝑎 𝑥)
0 𝑐. 𝑦)
0 0 1

8 4
𝑟$$ 𝑟$% 𝑟$' 𝑡$
𝑟%$ 𝑟%% 𝑟%' 𝑡%
𝑟'$ 𝑟'% 𝑟'' 𝑡'

8 D

𝑋
𝑌
𝑍
1

H	 (6) 

 
where s is the internal scale of the homogeneous point and p is the image 
point. The camera calibration matrix K consists of five internal parame-
ters: cx and cy is the camera constant in the x and y directions, a is the 
skew of the image coordinate system, and xp and yp indicate the principal 
point of the image in the image coordinate system. R is the rotation ma-
trix, t=-Rt0, and t0 is the projection centre in terrain coordinates. The 
corrected position of target point P in image point p is ideal. 
 
The approximate orientations of the images are optimized using a bundle 
adjustment (e.g. Brown, 1976). Calibration is often performed using a 
chessboard pattern (Bouguet, 2017). In addition, software such as iWit-
ness is used for accurate field calibrations. In practice, digital camera self-
calibration (Fraser, 1997) is now used in both close-range (Luhmann et 
al., 2016,) and UAV photogrammetry (Heikkilä et al., 2013; Przybilla et 
al., 2020). 

Photogrammetric applications have been utilized before the era of dig-
ital cameras, especially in aerial photography (Gruen, 2021) and archi-
tectural photogrammetry (Albota, 1976). In the 1990s, digital photo-
grammetry converted image measurement, camera calibration and exter-
nal orientation into an automatic operation (Haggrén & Niini, 1990; 
Heikkilä & Silven, 1997; Lowe, 1999; Pollefeys et al., 1999; Stathopoulou 
et al., 2019). 

Today, a detailed 3D model can be reconstructed directly from depth 
maps (Furukawa et al., 2009) or from a sparse point cloud applying Sem-
iglobal Matching (SGM) (Hirschmüller, 2008) or AD-Census (Mei et al., 
2011), and the process of creating 3D network models is mainly automatic 
(Furukawa et al., 2009; Jancosek & Pajdla, 2011; Romanoni et al., 2016). 
In the reconstruction of large, uniform and monochromatic surfaces, the 
tetrahedralization method proposed by Jankosec & Padlia (2011) is often 
applied. Hence, photogrammetry alone is suitable for 3D documentation 
of the built environment (Kersten et al., 2015) as long as the lighting con-
ditions are adequate (Burdziakowski & Bobkowska, 2021). Light can be 
controlled more precisely for smaller objects, as it can be demanding for 
large outdoor and indoor measurements. The importance of light control 
is especially emphasized when, in addition to accurate 3D measurement, 
visualization and appearance are also desired (Apollonio et al., 2021; Ber-
rier et al., 2015).  
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2.1.2 Laser scanning 

Terrestrial laser scanning 
Laser scanning applies a laser beam to measure 3D coordinates to form 
3D point clouds. For example, in the time of flight ranging system, a laser 
pulse is sent to the target, and the time of flight dt of the sent-back pulse 
is converted to distance r:  
 

𝑟 =
𝑑𝑡	 ∙ 𝑐
2 , (7) 

 
where c is the speed of light (Wehr & Lohr, 1999). The backscattered light 
pulse spreads the energy into a waveform from which the target point P 
is extracted (Figure 9). 

 

 
Figure 9. Principle of time of flight laser ranging. 

In phase shift ranging, the distance 𝑟 is determined by the equation: 
 

𝑟 =
1
4𝜋

𝑐
𝑓/0

𝜑, (8) 

 
where fAM is the frequency of a amplitude-modulated laser beam and 𝜑 
the phase shift (Figure 10). The maximum distance of the modulation 
wavelength is limited by: 

 

𝑟1"- =
𝜆
2	, 

(9) 

 
where 𝜆 is the length of the modulated wave. Generally, several modula-
tions are used to solve the ambiguous problem (Wehr & Lohr, 1999). 
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Figure 10. Principle of phase shift ranging. 

Terrestrial laser scanning (TLS) is a 3D measurement technique per-
formed from a stationary platform, the application of which has been pro-
moted by automatic registration methods (Liu et al., 2017; Guarnieri, 
2011; Park et al., 2017). Scanners can also include a camera, and images 
are used to create a coloured point cloud by using an interactive orienta-
tion (e.g. Rönnholm et al., 2007) where the shifts and rotations of the 
camera are changed. In addition to point cloud registration, colour infor-
mation has been used for visualization (Kanzok et al., 2015) and segmen-
tation (Zhan et al., 2009). Point cloud colourization still needs to be de-
veloped. A study on colour accuracy ISO/CIE 11664-6:2014 (ISO/CIE, 
2021), sharpness ISO 12233 (ISO, 2021a), information capacity and sig-
nal-to-noise ratio (SNR) measurements ISO 15739 (ISO, 2021b) found 
that the colourization quality of point clouds produced by TLS instru-
ments varies depending on the scanner model (Julin et al., 2020). Apart 
from RGB cameras, 3D point clouds have been combined with other im-
age-based data such as thermal camera and ground-penetrating radar 
data (Alba et al., 2011; Gonzalez-Aguilera et al., 2012; Lubowiecka; 2011). 

Development in the processing of laser-scanned data has included the 
classification of materials (Costantino & Angelini, 2013b), the creation of 
digital terrain models (DTM) (Costantino & Angelini, 2013a), the auto-
mation of raw measurement processing into more advanced 3D models 
(Liu et al., 2021; Sirmacek & Lindenbergh, 2015; Antón et al., 2018; Yang 
et al., 2020) and the integration of parallel data and sensors in laser scan-
ning (Stenz et al., 2017; Ma et al., 2020). 

Terrestrial laser scanning has been used in archaeology (Lerma et al., 
2010), cultural heritage (Guarnieri et al., 2006), forestry (Bienert et al., 
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2006), industry (Sternberg & Kersten, 2007), geology (Buckley et al., 
2008), surveying (Pinkerton, 2011), construction engineering (Yuan et 
al., 2020) and lighting assessment (Rodrique et al., 2020). In the archi-
tecture, engineering and construction industry, TLS has been used to 
study the registration of scans (Bosché, 2012) and the monitoring of dam-
age in buildings (Puente et al., 2018). 

However, TLS is still a time-consuming and inconvenient method for 
measuring large areas. Therefore, TLS alone or in combination with pho-
togrammetry serves as a valid reference for mobile measurements (El Is-
saoui et al., 2021; Putkiranta et al., 2021). 

Mobile laser scanning 
Combined with positioning techniques, georeferenced point clouds can 
be produced by laser scanning. A mobile laser scanning system (MLS) 
combines a scanner, an inertial measurement unit (IMU) and typically 
a GNSS-based navigation system/solution. The MLS platform can be 
a vehicle (Heikkilä et al., 2010; Kukko et al., 2012), an unmanned aerial 
vehicle (UAV) (Jaakkola et al., 2010), a pedestrian using a portable MLS 
system (Makkonen et al., 2015; Nocerino et al., 2017) or a tandem mobile 
UAV collaboration system (Lin et al., 2013), which is based on the SLAM 
principle and can also operate in GNSS-occluded areas. MLS is a high-
performance method for measuring large areas compared to TLS (Kaar-
tinen et al., 2013; Lehtola et al., 2017). 

Imaging sensor data is typically integrated into the MLS (Lin et al., 
2011) after internal camera calibration is performed. This method is in-
corporated in mobile mapping systems (MMS) that utilize both laser 
scanners and camera sensors. In addition to RGB image data, hyperspec-
tral measurements (Puttonen et al., 2011) and thermal imaging (Jaakkola 
et al., 2010) have been combined with the data produced by the scanner. 

MMS/MLS has been applied to measurement, mapping, inventory and 
monitoring in urban environments and agriculture and forestry. In addi-
tion, aerial imagery can also be combined with MMS data (Javanmardi et 
al., 2017). In the urban environment, MMS data such as road surfaces, 
building façades, columns and trees are segmented and extracted from 
the data (Manandhar & Shibasaki, 2002; Yang et al., 2012). MMS has 
been performed to measure road environments (Kaartinen et al., 2013; 
Cabo et al., 2016) and rail tracks (Oude Elberink et al., 2013) as well as to 
perform road surface modelling (Jaakkola et al., 2008). Data collected 
from buildings are used to assess solar potential (Jochem et al., 2011) or 
to monitor damage in buildings (Puente et al., 2018). Traffic sign inven-
tory and detection of luminaires have also been of interest (Balado et al., 
2020; Lehtomäki et al., 2010; Puente et al., 2014). Several studies have 
been carried out on tree inventory and detection in the urban environ-
ment (Holopainen et al., 2011; Holopainen et al., 2013; Rutzinger et al., 
2010; Wu et al., 2013; Wu et al., 2018). In addition, mobile laser scanning 
has been applied in forestry (Kaijaluoto et al., 2022) and agriculture (del-
Campo-Sanchez et al., 2019). 
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2.2 Luminance measuring 

Spot luminance meters (Ekrias et al., 2008) or imaging luminance pho-
tometers (Borisuit et al., 2010; Hiscocks & Eng, 2011; Rea & Jeffrey, 
1990; Wüller & Gabele, 2007; Meyer et al. 2009; Hiscocks & Eng, 2017) 
are commonly used to measure luminance distribution. Raw images pro-
duced by commercial, manufacturer-calibrated luminance cameras, such 
as TechnoTeam LMK mobile air (LMK, 2017) or TechnoTeam LMK Mo-
bile Advanced, are interpreted as luminance maps by the manufacturer’s 
analysis software LMK LabSoft. The camera can also be calibrated with 
Luma open-source software (Hiscocks, 2016). 

In luminance calibration, pixel values correlate with known luminance 
levels (cd·m-²) (Ambekar et al., 2017; Hiscocks & Eng, 2017). Equation 10 
was used to estimate the luminance of the pixel value correlation 

 

𝐾 =
𝐿!𝑓2%

𝐿2𝑡𝑆345
 (10) 

where K is the camera calibration factor, 𝐿! indicates the pixel value in 
the raw image obtained with Equation 11, 𝑓2 is the aperture, 𝐿2 indicates 
the luminance, t is the exposure time in seconds and 𝑆345 is the ISO value.  

The 𝐿! value was obtained using Equation 11 defined by the IEC stand-
ard 

 
𝐿! = 0.2126𝑅 + 0.7152𝐺 + 0.0722𝐵 (11) 

 
where R, G and B are the digital values of the red, green and blue channels 
(IEC, 1999). 

High dynamic range (HDR) photography is applied to capture a wide 
luminance range (Inanici & Galvin, 2004; Cauwerts & Piderit, 2018; 
Wagdy et al., 2019) and HDR technology has been extended to 360° im-
aging (Hirai et al., 2018) and image fusion algorithms (Merianos & Miti-
anoudis, 2019).  

The vignetting of the images has been corrected using a luminance 
source (Inanici, 2006; Cai & Chung, 2011; Lu et al., 2016; Mead & 
Mosalam, 2017), a near-uniform, near-Lambertian surface (Kelcey & 
Lucieer, 2012) or applying an algorithmic method (Goldman & Chen, 
2005; Zheng et al., 2008; Kim & Pollefeys, 2008; Zheng et al., 2009). In 
addition, vignetting can be corrected using a checkerboard pattern that 
is also used to calibrate the geometric distortion of the camera (Inanici, 
2006). 
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The vignetting model (Chen et al., 2010) shows a radial decrease in the 

amount of light entering the image plane. In the model, I(xd,yd) and 
Iideal(xd,yd) are the observations and the vignetting-corrected pixels at the 
point (xd,yd) of the distorted image. The vignetting function is expressed 
as: 

 
𝐿(𝑥# , 𝑦#) = 1 + 𝛼$𝑟#% + 𝛼%𝑟#& + 𝛼'𝑟#(																																							(12) 

 
𝐼(𝑥# , 𝑦#) = 𝐼6#7"8(𝑥# , 𝑦#) ∙ 	𝐿(𝑥# , 𝑦#),																																						(13) 

 
 

where 𝑟#% = 𝑥#% + 𝑦#% , Z
𝑥#
𝑦#[ = \

𝑥 − 𝑥)/𝑐-
𝑦 − 𝑦)/𝑐.

^ and xd and yd are normalized im-

age observations. 
 
In lighting design, the distribution of luminance affects the safety, well-
being, visual comfort, aesthetics and energy consumption of the indoor 
environment (Chiou et al., 2020; Loe & Rowlands, 1996; Muhamad et al., 
2010; Van Den Wymelenberg et al., 2010; Rodrigue et al., 2020; Gago et 
al., 2015; Konis, 2013). Hence, luminance imaging is applied to measure 
indoor luminance (Hiscocks & Eng, 2011; Wolska & Sawicki, 2020) as 
well as to verify the results of lighting simulations (Houser et al., 1999). 

Luminance measurements of road and street environments are per-
formed with point luminance meters or using an imaging luminance pho-
tometer (e.g. Ekrias et al., 2008; Eloholma et al., 2001; Cai & Li, 2014). 
National road lighting recommendations define the luminance level for 
different road classes, and the recommendations often follow standards 
such as CEN/TR (2015) or ANSI/IES RP-8-14 (IESNA, 2014). The most 
demanding class M1 of the CEN/TR (2015) standard defines an average 
luminance level of 𝐿_ = 2.0 cd·m-², while in class M6, it is 𝐿_ = 0.3 cd·m-² 
(CEN/TR, 2015). Hence, luminance measurements according to CEN/TR 
(2015) shall be performed in the range of at least 0.10 to 3.0 cd·m-². 

Excessive lighting is detrimental to city dwellers and fauna (Hölker et 
al., 2010; Rodríguez et al., 2014). Hence, luminance imaging has been 
used to assess light pollution (Jechow et al., 2019; Wallner, 2019). In ad-
dition, subjective assessments of lighting quality have been also studied 
(Allan et al., 2019). 

2.3 3D luminance measuring 

In combining images and point clouds, data is registered in a common 
coordinate frame, which improves the interpretation and detection of ob-
jects (Rönnholm et al., 2007; Rönnholm et al., 2009) as well as position-
ing and visualization (Liu et al., 2014; Virtanen et al., 2015; Kanzok et al., 
2015). 3D point clouds have also been integrated with other sensors such 
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as thermal camera and ground radar data (Alba et al., 2011; Previtali et 
al., 2014; González-Aguilera et al., 2012; Lubowiecka et al., 2011). The 
registration may also result in a virtual environment (Brenner & Haala, 
1998; Virtanen et al., 2018). 

Although photogrammetry and laser scanning as well as luminance im-
aging are well-established methods for reconstructing the built environ-
ment, their combination has been little studied. Bubkowska et al. (2021) 
have performed a proof of concept to assess the impact of lighting and 
the quality of a photogrammetric study of a 3D urban mock-up on recon-
structing the built environment. Rodrigue et al. (2020) utilized TLS and 
luminance imaging in the architecture but did not integrate the data. In-
stead, data from photogrammetry and separate luminance images have 
been combined (Bahia et al., 2019; Cai, 2013; Poling & Cai, 2021; Kim & 
Tzempelikos, 2021a; Kim & Tzempelikos, 2021b; Kim & Tzempelikos, 
2022), and these studies are closely related to the previously published 
study of this dissertation, Publication 2. Vaaja et al. (2020) summarize 
research findings and experiences from 3D and luminance measure-
ments in night-time road environments. 
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3. Material and methods 

This section describes the materials and methods used for creating lumi-
nance point clouds. Camera calibration in Publication 1 serves as a refer-
ence article for the other publications that focus on case studies. Table 2 
describes the research questions, research methods, sensors and case 
studies used in this dissertation by publication. 

Table 2. Research questions, research methods, sensors and case studies by publication. 

Publication RQ Research method 
section 

Sensors Case study 

1 RQ1 and RQ2 3.3.1; 3.3.2; 3.3.4; 
3.3.5; 3.4.1 

DSLR, external 360° 
camera 

- 

2 RQ1, RQ2 and 
RQ3 

3.4.2 DSLR Indoor; Aalto Hall 

3 RQ1, RQ2 and 
RQ3 

3.3.4; 3.4.3 Internal cameras of 
a TLS instrument 

Indoor; B-Hall 

4 RQ1, RQ2 and 
RQ3 

3.4.4 External DSLR cam-
era 

Outdoor; night-time 
road environment 

5 RQ1, RQ2, 
RQ3 and RQ4 

3.4.5 External 360° cam-
era 

Outdoor; night-time 
road environment 

3.1 Test sites 

3.1.1 Laboratory calibration measurements 

In publications 1, 2, 4 and 5 the cameras were calibrated in a dark room 
by taking images from an Optronic Laboratories, Inc., model 455-6-1 ref-
erence luminance source, which has a uniform spectrum. 

For Publication 3, a study environment was set up to measure the radi-
ometric performance of the internal camera of a TLS instrument, which 
was illuminated with fluorescent tubes of the D65 standard (Smith & 
Quild, 1931) with a colour rendering value of Ra > 93. CIE Ra is the inter-
national standard colour rendering index value determined by the spec-
trum of the light source. The TLS was calibrated by scanning the colour 
target (X-Rite, 2016). The spikes of the illuminants were distinguished in 
the spectrum. Therefore, the spectrum of the fluorescent tubes was meas-
ured with a spectroradiometer for luminance calibration. 

If necessary, in both calibration methods, deviation can be corrected by 
changing the luminance calibration factor (Section 3.3.3). 
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3.1.2 Field measurements 

In publications 1 and 4, a road section 150 m long and 6 m wide was used 
as a study area for field measurements (Figure 11). The section consisted 
of five 100 W high-pressure sodium lamps mounted at a height of 10 me-
ters. Image and TLS data were collected from the study area and com-
bined in a luminance point cloud. 

In publications 1 and 5, combining luminance images with mobile laser 
scanning data was studied under night illumination on an 800-metre-
long dual-lane road section. The trees in the street section shaded the 
road surface. The 8450-lumen AEC Illuminazione LED luminaires were 
installed at a height of 8 metres, and the distance between the luminaires 
was 33 metres.  

 

   
(a)                                                          (b) 

Figure 11. (a) Study areas in the road environment utilizing TLS (publications 1 and 4) and (b) 
MLS (Publication 5). 

In Publication 2 (Figure 12), a lecture hall with an area of 493 m2 called 
Aalto Hall (designed by the architect Alvar Aalto) was measured by ap-
plying photogrammetry. In Publication 3, the slightly smaller lecture hall 
next to Aalto Hall was measured with a TLS instrument. In both halls, 
natural light was prevented from entering by curtains, leaving the halls 
illuminated only by artificial lights. 

 

   
                                      (a)                                                                     (b) 

Figure 12. (a) Aalto Hall (Publication 2); (b) B-Hall (Publication 3). 
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3.2 Selected cameras 

3.2.1 External cameras 

Publications 1, 2 and 4 used a 36.6-megapixel Nikon D800E digital sin-
gle-lens reflex (DSLR) camera with a Nikkor AF-S 14–24mm f/2.8G lens 
with zoom and focus locked at 14mm (Figure 13a). On mobile platforms, 
in publications 1, 4 and 5, a 360° Ladybug3 panoramic camera system 
with six 2.0-megapixel 1/1.8-inch CCD sensors was used (Figure 13b). 
The focal length of the individual lenses was 3.3 mm, covering 80% of the 
full sphere. The Ladybug3 camera was geometrically calibrated by the 
manufacturer. 

 

   
                                 (a)                                                                       (b) 

Figure 13. (a) Nikon D800E DSLR camera; (b) Ladybug3 panoramic camera system used as an 
external camera in publications 1, 2, 4 and 5. 

3.2.2 Internal cameras 

A Leica RTC360 (Leica Geosystems, 2021a; Biasion et al., 2019) time-of-
flight scanner with a 360° horizontal and 300° vertical field of view was 
used to create luminance point clouds (Figure 14). The scanner was 
equipped with three 4,000 × 3,000 pixel internal image sensors, which 
were utilized to create a panoramic image of 20,480 × 10,240 pixels with 
5-bracket HDR imaging. HDR imaging was performed with a fixed expo-
sure (as described in Julin et al., 2020), and the panoramic image was 
exported as an EXR file for editing. 
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Figure 14. Leica RTC360° terrestrial laser scanner (Publication 3). 

3.3 Camera calibration methods 

3.3.1 Calibration workflows and data integration 

Publication 1 introduced the workflow of the methods used to calibrate 
the cameras and data integration (Figure 15). Publication 1 focused on 
the calibration processes above the dashed line in Figure 15: luminance 
calibration, vignetting calibration and geometric calibration. Luminance 
images were created utilizing luminance and vignetting calibrations, 
while geometric calibration allowed luminance data to be registered to 
point clouds. Publications 2–5 emphasized the luminance point cloud 
creation process below the dashed line in Figure 15 using photogramme-
try, terrestrial laser scanning and mobile laser scanning. 
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Figure 15. Calibration workflow for reconstructing luminance point clouds in publications 1, 2, 4 

and 5. The luminance calibration of Publication 3 is shown in Section 3.3.4 – Luminance 
calibration of internal cameras. 

3.3.2 Geometric camera calibration 

In publications 1 and 4, the most common lens aberrations such as geo-
metric distortion and lateral chromatic aberration were solved in camera 
calibration (Brown, 1971; Fryer & Brown, 1986; Zhang, 2000) applying 
Jean-Yves Bouguet’s Matlab® Camera Calibration for the Nikon D800E 
(Bouguet, 2017). In Publication 2, the interior orientation of the camera 
was solved as self-calibration. The Ladybug3 and terrestrial laser scanner 
cameras were calibrated by the manufacturer. 

3.3.3 Luminance calibration of external cameras 

To determine the relationship between the digital values of the camera 
and the absolute luminance values of the reference source, several images 
with known luminance were captured at certain exposure settings. For 
luminance calibration of external cameras, image sequences were cap-
tured from the Optronic Laboratories, Inc., Model 455–6–1 reference lu-
minance source. The luminance values of the reference source were 
measured with a Konica Minolta CS-2000 spectroradiometer. 

In publications 1, 2, 4 and 5, luminance calibration was performed with 
the same settings used in the field measurements. Zoom, focus, aperture, 
shutter speed and ISO were locked on the Nikon DSLR. ISO 100 was pos-
sible when a tripod was used, and ISO 3200 was set for handheld and 
mobile measurements to keep the shutter speed fast enough. Images 
were saved as NEF files. The Ladybug3 camera was set to the highest gain 
value (18 dB). 

NEF images were converted to linear 16-bit TIF format for post-pro-
cessing with dcraw decoding software with the camera’s own colour space 
settings (DCRaw, 2017). The uncompressed files in the Ladybug3 were 
converted to a linear 8-bit TIF format. 
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In the centre of the image on the principal point, a 100 × 100 area pixel 
for the Nikon D800E and a 10 × 10 pixel area for the Ladybug3 were 
cropped for luminance calibration. The selected areas covered the output 
port of the reference luminance source. The median values of the RGB 
channels were saved together with the value of the reference luminance 
source. Vignetting is described in more detail in Publication 1, Section 
2.5. 

The relative luminance values were calculated for each RGB pixel by 
applying Equation 11. The linear ratio between the relative and absolute 
luminance values of the image was obtained. The ratio and Equation 11 
were applied to the conversion of the field measurement images into lu-
minance maps. 

To measure low luminance values, luminance calibration for stationary 
measurements was used with a neutral density (ND) filter. With the Ni-
kon D800E, 44 images were captured from an ND-filtered reference lu-
minance source adjusted to a brightness level of 0.003 to 2.88 cd·m-². 
When calibrating the Nikon D800E for handheld shooting, ten images 
were taken from the reference luminance source, and the luminance 
source was adjusted to 0.06–27.97 cd·m-². The luminance source of the 
Ladybug3 was adjusted to 0.06–8.63 cd·m-². 

Vignetting can cause a 2–3 aperture f-stop reduction when using 
a wide-angle lens (Hiscocks & Eng, 2017). A vignetting correction matrix 
can be performed using a nearly uniform, near-Lambertian surface 
(Kelcey & Lucieer, 2012). For the Nikon D800E, a near-uniform, near-
Lambert luminous surface was created from an acrylic diffuser placed 
5 cm from the lens. To solve the vignetting correction model, a series of 
43 images were taken by simultaneously rotating the camera 360° radi-
ally, and a vignetting matrix was calculated for each pixel of the camera 
sensor. The quality of the vignetting model was verified by comparing it 
to the values of the reference luminance source. The Ladybug3 was cali-
brated by the manufacturer, hence vignetting calibration was only per-
formed on the Nikon D800E. 

3.3.4 Luminance calibration of internal cameras 

In Publication 3, for the luminance calibration of the internal camera of 
the TLS device, the indoor environment was illuminated with D65 stand-
ard fluorescent tubes with a colour rendering value of Ra > 93. TLS was 
calibrated by scanning a standardized colour target, the X-Rite Col-
orChecker chart (X-Rite, 2016) (Figure 16).  
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Figure 16. Cropped panoramic image captured with TLS. The greyscale patches of the colour 

target were used for luminance calibration (Publication 3). 

With the spikes visible in the spectrum, the colour target was measured 
with a spectroradiometer for luminance calibration (Figure 17). The CIE 
colour-matching functions �̅�(λ), 𝑦_(λ), 𝑧̅(λ) can be found in Publication 3 
and Smith & Guild (1931). 

 

 
Figure 17. The normalized spectral power function (Publication 3). 

The spectral power distribution P (λ) was transformed to X, Y and Z col-
our values by using the CIE colour-matching functions (Smith & Guild, 
1931) �̅�(𝜆), 𝑦_(𝜆), 𝑧̅(𝜆) (equations 14–16): 

 

𝑋 = b𝑃(𝜆)�̅�(𝜆)𝑑𝜆, (14) 

 

𝑌 = b𝑃(𝜆)𝑦_(𝜆)𝑑𝜆, (15) 

 

𝑍 = b𝑃(𝜆)𝑧̅(𝜆)𝑑𝜆, (15) 
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After normalization, the X, Y and Z values were converted to linear R, G 
and B values in the sRGB (IEC, 1999) colour space, using Equation 17: 

 

4
𝑅86+7"!
𝐺86+7"!
𝐵86+7"!

8 = 4
				3.2406 −1.5372 −0.4986
−0.9689 			1.8758 			0.0415
				0.0557 −0.2040 			1.0570

8 4
𝑋9(:
𝑌9(:
𝑍9(:

8 (17) 

The linear R, G and B values were scaled to be comparable to the refer-
ence values and applied to solve the relative luminance values from Equa-
tion 11 of the sRGB standard (IEC, 1999). To characterize the colour and 
luminance capturing of the TLS, 32-bit HDR EXR files captured with TLS 
were converted to linear 16-bit TIF format. For linear images, R, G and B 
values were generated as median pixel values for each colour target patch. 
Each measured value was scaled to a 16-bit maximum value of sRGB, and 
the 16-bit R, G and B values were converted to relative luminances using 
Equation 11. Comparing the relative luminance with the absolute lumi-
nance measured with the spectroradiometer, a luminance calibration fac-
tor was solved. 

The image files were coded into linear high dynamic range 8-bit RGB 
image files. The coded 8-bit 360° images were registered as R, G and B 
values into point clouds. The R, G and B values of each point were con-
verted back to relative luminance values, and the luminance values were 
calculated using a calibration factor (Figure 18). 

 

 
Figure 18. Calibration processing workflow for the internal camera of the terrestrial laser scanner 

(Publication 3). 

3.4 3D luminance reconstruction methods 

3.4.1 Combing luminance values with 3D point clouds 

3D point clouds and luminance images were registered in a common co-
ordinate frame. The 3D point clouds were coloured with RGB values ob-
tained from the external or internal camera of the measuring device. 
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When the RGB values were converted to luminance values, luminance 
images were integrated into the 3D point cloud. 

In the luminance photogrammetry presented in Publication 2, images 
captured by the camera were applied to both 3D measurement and col-
ouring of the reconstructed object. In publications 1 and 4, TLS point 
cloud data were coloured with images from an external DSLR camera, 
while Publication 3 utilized an internal scanner camera. Images were ob-
tained from the same locations on individual scan stations. The MLS 
point cloud produced with the Trimble MX2 mobile mapping system 
(Trimble, 2022) used a Ladybug3 panoramic camera rigidly integrated 
into the system. 

In the RGB image to luminance image conversion, 16-bit single-channel 
luminance image data contained more dynamic information than a sin-
gle-channel 8-bit image. Dynamics were increased by converting single-
channel 16-bit images to a three-channel 8-bit pseudo-colour image. In 
this case, one pixel had 256 * 3 = 768 level dynamics, and the method was 
used in publications 1 and 4. 

Since the above-mentioned conversion reduced the information of the 
16-bit image, a lossless compression method was also utilized, in which 
almost a dynamic range of one-channel 16-bit images can be stored in 
three-channel 8-bit images. This method was applied in publications 2, 3 
and 5. A more detailed description of the method is provided in Publica-
tion 2. 

3.4.2 Luminance photogrammetry 

In Publication 2, the objective was to introduce luminance photogram-
metry, i.e., to apply simultaneous luminance mapping and 3D recon-
struction using the same image set. Thus, the practical requirements of 
both methods had to be considered in the data acquisition. The complex 
environment of Aalto Hall was photographed with a handheld camera. 
The measurement data set consisted of 453 16-bit images that were pre-
processed to preserve the bit depth using 8-bit images. 

As a result of the method (Figure 19), the locations and orientations of 
the luminance images as well as the 3D surface model and the luminance 
point cloud were solved simultaneously. Point clouds were evaluated by 
comparing the luminance values of luminance point clouds and individ-
ual luminance images. 

In the workflow, linear 16-bit TIFF images were developed from the raw 
images of the DSLR camera. After vignetting correction, the image pro-
cessing branched into two parts: photogrammetry and luminance pho-
tometry. In photogrammetric conversion, the corresponding points in 
RGB images were emphasized in image processing. In the luminance 
photometry part, the 16-bit RGB images were converted into relative lu-
minance images by applying Equation 11. 16-bit luminance data was 
coded into an 8-bit image to achieve extended bit depth. 
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In the 3D reconstruction process, the internal and external orientations 
of the images were solved, and a 3D surface model was created by apply-
ing the mesh reconstruction method based on depth maps (Agisoft 
Metashape User Manual, 2020). For visual assessment, a dense mesh 
model textured with RGB images was exported but not applied to calcu-
late the luminance point cloud. 

The RGB images selected for the 3D reconstruction to create a lumi-
nance point cloud were replaced with luminance images. The textured 
surface model with luminance images was sampled into a point cloud. 
A 16-bit relative luminance value of the R, G and B values was calculated 
for each point of the cloud, from which an absolute luminance value was 
calculated by applying the luminance calibration factor. For 3D point 
clouds, the luminance values were stored as a scalar. 

 

 
Figure 19. The luminance photogrammetry workflow includes a) image locations and orienta-

tions, b) the 3D surface model and c) the luminance point cloud (Publication 2). 
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3.4.3 Terrestrial laser scanning with internal cameras  

In Publication 3, the seven scans of the hall were registered with Leica 
Cyclone REGISTER 360 software (Leica Geosystems, 2021b). Linear 
EXR images were converted to TIF format for colouring scanned point 
clouds. The colour values of the points were converted to luminance val-
ues, and the lighting analysis was performed using CloudCompare 2.10.2 
tools, e.g. plane fitting, octree subsampling, and distribution fitting. 

Point clouds from single scanning stations were sampled using octree-
based subsampling because the point densities of the scanned surfaces 
vary, depending on the measuring angle and the distance of the point. 
The subsampled point clouds were combined into a single point cloud 
and further re-sampled to reduce the file size. 

Two sample areas (horizontal and vertical) were selected for detailed 
analysis and seven sample areas for concise analysis. Sample areas of 
0.5 m × 0.5 m were measured using a plane fitting tool to solve the angles 
between the scan stations and surface normal. Detailed information on 
the samples can be found in Publication 3. 

3.4.4 Terrestrial laser scanning with external cameras   

In Publication 4, the lighting conditions in the road environment were 
analysed using a 3D luminance point cloud created by combining TLS 
measurements and luminance images from an external camera. 
A 905 nm, phase-based, continuous-wave Faro terrestrial laser scanner 
was used for 3D measurements. The distance accuracy of the Faro at 25 m 
is ±2 mm (Chow et al., 2012). Laser scans and images were converted in 
the same coordinate system by calculating the orientation of the un-
distorted RGB images relative to the scanner intensity images. We iden-
tified the corresponding points for each RGB intensity image pair by 
manually pointing to the road features. After orientation, RGB images 
were replaced with luminance images to colour 3D luminance point 
clouds. 

3.4.5 Mobile laser scanning with external cameras 

In the Trimble MX2 mobile mapping system, laser-scanned point clouds 
were coloured with images from a panoramic camera (Publication 5). The 
point cloud was measured with two SLM–250 Class 1 laser heads, and the 
Trimble AP20 GNSS–Inertia System was used to perform the geoposi-
tioning (Figure 20). 
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Figure 20. Mobile luminance point cloud measuring system (Publication 5). 

The first measurement in 2015 was performed with a Ladybug3 pano-
ramic camera. In 2019, the newer Ladybug5 model was used. Both cam-
eras were calibrated according to Section 3.3.3 (details in Publication 1). 

Images taken every 2 metres were registered into the laser scanned 
point cloud using an interactive orientation method (Rönnholm et al., 
2007; Abdelhafiz et al., 2005; Rönnholm et al., 2009), where the features 
of the point clouds are visually interpreted. The orientation between the 
panoramic images and the scanned point cloud was applied to the data 
collected during the day. The same orientation settings were used for the 
night-time data, and the RGB values were converted to absolute lumi-
nance values using Equation 11 and the calibration factor. The point cloud 
luminance values were recorded as scalar. Detailed information of the 
first measuring campaign in 2015 can be found in Vaaja et al. (2018). 
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4. Results 

4.1 Camera calibration 

4.1.1 Luminance calibration of external cameras 

The repeatability of the luminance photometry measurement results is 
affected by both the ambient lighting and the stability of the aperture and 
shutter. In addition, the measurement result of a single pixel varies, and 
the phenomenon intensifies as the ISO value increases. For luminance 
calibration (Publication 1), a series of ten images were taken with a Nikon 
D800E camera to measure shutter-speed uncertainty and single-pixel 
noise. 

The range of the single pixel value was almost ten times the median rel-
ative luminance values of the 100 × 100 pixel range. A 100 × 100 pixel 
median filter would filter out the sensor noise. Still, a series of ten images 
has a relative variance range of 0.07% and a relative standard deviation 
(RSD) of 0.03% for the relative luminances. The sources of error were 
inconsistencies in shutter speed and a slight flicker in the reference lumi-
nance source. 

Using a tripod allows for long shutter speeds (Publication 1). Thus, with 
the Nikon D800E, ISO 100 can be set for an optimized signal-to-noise 
ratio. In addition, multiple luminance measurements can be combined 
into a single high dynamic range luminance map. Our road lighting  
measurements focused on the lowest end of the luminance range (0.1–
3.0 cd·m-²). 

The calibration factor was determined by comparing the reference lu-
minance values to the corresponding linear 16-bit relative luminance val-
ues ranging from 29.99 to 32,253.80. Figure 21 shows the luminance cal-
ibration standard for the Nikon D800E – 8.96 × 10-5. 

When the 16-bit values of the relative luminance of the Nikon D800E 
were multiplied by the calibration factor, the absolute luminance values 
measured were obtained. The relative differences between the reference 
luminance values and the corresponding absolute luminance values 
ranged from 0.23% to 13.63%, with an average relative difference of 
1.91%. The relative difference was greatest for the lowest luminances 
measured due to the weak signal-to-noise ratio. The luminance range 
used for stationary measurements ranged from 0.01 to 2.88 cd·m-². If 
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necessary, HDR measurements allow the luminance range to be ex-
panded. 

 

 
Figure 21. The reference luminance values as a function of the respective relative luminance 

values (Publication 1). 

The Nikon D800E with the Nikkor AF-S 14–24mm f/2.8G lens was used 
with the aperture at f/2.8 and the focal length locked at 14mm. A series 
of images were taken from the near-uniform luminance surface, and 
a correction matrix was calculated from the images to correct the vignet-
ting. As a result of the vignetting, the amount of light entering the sensor 
drops by a maximum of 19.4% (Figure 22). Compared to the luminance 
reference value of the same pixel, the vignetting was corrected with 
a maximum error of 3.8%. 

 

 
Figure 22. Light falloff of the Nikon D800E with the Nikkor AF-S 14–24mm lens (Publication 1). 

Geometric calibration was performed with a Nikon D800E 14–24mm 
lens locked to a 14mm focal length with a fixed aperture of f/2.8. Calibra-
tion was performed with the Camera Calibration Toolbox for Matlab®, 
and the calibration results were sufficient to integrate the camera into the 
laser scanning system. 
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In mobile measurements, a long exposure time causes motion blur. The 
short exposure time requires a high ISO value or gain and a wide aperture 
to allow measurements to be made at the same low luminance levels as 
stationary measurements (Publication 1). However, these actions lower 
the signal-to-noise ratio and increase the vignetting of the image. 

The results in Figure 23 show the linear ratio between the pixel value 
and the absolute luminance values of the Nikon D800E and the Lady-
bug3 panoramic camera system in 16-bit. 

The ISO 3200 value in the Nikon 800E and the 18 dB Ladybug3 gain 
setting reduced the signal-to-noise ratio in low light, and these settings 
reduced the effective dynamic range. The low signal-to-noise ratio also 
reduced the reliability of luminance measurements below 0.45 cd·m-². 
The usable luminance range was 0.44–27.97 cd·m-² for the Nikon D800E 
and 0.99–8.63 cd·m-² for the Ladybug3.  
 

 
Figure 23. Luminance calibration for the mobile system. Linear ratios between 16-bit pixel and 

absolute luminance values (Publication 1). 

4.1.2 Luminance calibration of internal cameras  

Calibration began with repeat experiments of five 16-bit panoramic im-
ages to determine the consistency of the scanner (Table 3). RSD ranged 
from 0.91% to 1.25%. The reference sRGB values of the X-Rite Col-
orChecker Classic were captured with a spectroradiometer (Publication 
3). The measured spectral power distributions were calculated to sRGB 
values, and the greyscale patches were selected for luminance calibration. 
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Table 3. 16-bit image values captured with a TLS instrument. 

Patch No. #1 #2 #3 #4 #5 Avg STD RSD 

1 48,403 48,073 48,437 49,867 48,988 48,753.6 703.7 1.44% 
2 32,658 32,384 32,803 33,317 32,759 32,784.2 339.5 1.04% 
3 20,718 20,572 20,987 21,028 20,626 20,786.2 209.2 1.01% 
4 11,396 11,394 11,512 11,601 11,345 11,449.6 104.5 0.91% 
5 6144 6112 6180 6292 6100 6165.6 77.2 1.25% 
6 2638 2636 2680 2712 2660 2665.2 31.7 1.19% 

 
Linear regression with the spectroradiometer values was used to obtain 
the luminance values. Table 4 shows the differences between the refer-
ence luminance measured with a spectroradiometer and the luminance 
measured with TLS. Luminance from TLS was calculated by linear re-
gression as well as linear regression and noise reduction. Absolute lumi-
nance values were improved by subtracting from the original 16-bit value 
the difference of the smallest comparable luminance values (18.2 cd·m-² 
– 13.9 cd·m-² = 4.3 cd·m-²) and multiplying the result by the calibration 
factor (146.3) (Figure 24). 

Table 4. The scanner and the spectroradiometer measurements. A: Spectroradiometer value in 
cd·m-². B: Laser scanner 16-bit value, average of five scans. C: Laser scanner luminance value 
in cd·m-², obtained by linear regression. D: Laser scanner luminance value in cd·m-², obtained by 
linear regression and noise removal. 

Patch 
No. 

A B C Diff. 
(A,C) 

Relative Diff. 
(A,C) 

D Diff. 
(A,D) 

Relative Diff. 
(A,D) 

1 329.8 48,753.6 333.2 3.4 1.0% 330.8 1.0 0.3% 
2 219.6 32,784.2 224.1 4.4 2.0% 221.0 1.4 0.6% 
3 135.8 20,786.2 142.1 6.3 4.7% 138.5 2.8 2.0% 
4 70.9 11,449.6 78.3 7.4 10.4% 74.4 3.5 4.9% 
5 35.0 6165.6 42.1 7.1 20.4% 38.1 3.0 8.7% 
6 13.9 2665.2 18.2 4.3 31.1% 14.0 0.1 0.7% 

 

 
Figure 24. The luminance measurement of the TLS (y) and the reference luminance measure-

ment of the spectroradiometer (x) (Publication 3). 

After the linear regression and the noise removal, the measurable lumi-
nance values ranged between 4.3 cd·m-² and 443.6 cd·m-². Figure 25 
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shows the 3D luminance point cloud of the reference colour target, X-Rite 
ColorChecker Classic. The noise in the patches is clearly visible. 

 

 
Figure 25. 3D luminance point cloud of the colour target. The lowest row of greyscale patches 

was used for luminance calibration (Publication 3). 

Table 5 shows the adjusted absolute luminance values for each colour tar-
get patch. The values have been measured with both a TLS and a spectro-
radiometer. In addition, an absolute relative difference has been calcu-
lated from the differences. 

Table 5. The adjusted scanner and spectroradiometer luminance. The values are arranged ac-
cording to the reference colour target (Figure 25). 

 



Results 

36 

4.2 Reconstructed luminance point cloud analysis 

4.2.1 Luminance photogrammetry 

A reconstructed luminance point cloud (Figure 26a) was used to visualize 
and analyse luminance distribution (Publication 2). The absolute lumi-
nance value of the images ranged from 0.0 to 1142.1 cd·m-². The recon-
structed point cloud contained both luminance and RGB values (Figure 
26b), illustrating a visual assessment of indoor lighting. 

 

  
                                    (a)                                                                    (b)   

Figure 26. (a) Luminance point cloud values in cd·m-² and (b) a colour point cloud (Publication 2). 

In the 3D reconstruction, both geometry and radiometry were approxi-
mated. Seven areas were selected to assess the correspondence between 
luminance images and the luminance point cloud. Table 6 shows the lu-
minance values from single measurements, from the luminance point 
cloud, and the relative differences between the average luminance in 
three single images and the point cloud. 

Using a photogrammetric 3D reconstruction workflow, the location and 
orientation of the images were stored as metadata. Internal and external 
orientations from RGB images taken for 3D reconstruction were also ar-
chived in luminance images. The number of features in the surface tex-
ture affected the mesh density in the 3D surface model reconstructed 
from RGB images. 

Table 6. The luminance values from the reference areas. 

Single image median luminance and their aver-
age (cd·m-²) 

Median lumi-
nance in the 
equivalent point 
cloud region 
(cd·m-²) 

Relative difference 
between the aver-
age luminance of 
three single im-
ages and the point 
cloud 

A 72.33 69.10 64.89 68.77 79.80 16.0% 
B 57.99 56.06 55.45 56.50 64.63 14.4% 
C 155.86 158.80 154.55 156.40 148.17 5.3% 
D 135.33 140.07 133.47 136.29 132.97 2.4% 
E 57.81 59.68 53.16 56.88 64.63 13.6% 
F 69.95 71.73 60.90 67.53 72.17 6.9% 
G 203.64 205.06 193.07 200.59 193.79 3.4% 
 Average: 8.9% 
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4.2.2 Terrestrial laser scanning with internal cameras 

Figure 27a presents the luminance point cloud obtained from a single 
scan station, while Figure 27b shows seven merged and subsampled lu-
minance point clouds (Publication 3). The point cloud covered most of 
the surfaces to be measured. The black background colour in Figure 27b 
is visible through the sparse subsampled point cloud, giving the image 
a dark impression. In addition, clouds measured from different scanning 
locations give different values from different directions, thus forming 
a colour-patterned point cloud. 
 

 
                                 (a)                                                                       (b) 

Figure 27. (a) View of the luminance point cloud from scanning station 2. (b) The same view of 
the merged and subsampled luminance point cloud of all scans (Publication 3).  

The sample area analysis shows that some scans are overrepresented, es-
pecially those near the scanner. The point density varies depending on 
the scanning angle and distance, and this phenomenon also affects visual 
perception. When the scans were combined (see sample areas in Figure 
28), the observations measured from different angles appeared as an ex-
panded histogram that was not Gaussian-distributed. 
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Figure 28. The point cloud of the vertical sample area (a) and its histogram (b); the point cloud 

of the horizontal sample area (c) and its histogram (d) (Publication 3). 

4.2.3 Terrestrial laser scanning with external cameras  

In Publication 4, the luminance values obtained from TLS measurements 
and digital images were combined into a 3D luminance point cloud. The 
luminance point cloud was utilized to analyse the lighting conditions in 
the road environment. As presented in Publication 1, the creation of lu-
minance coloured 3D point clouds required the preparation of images in 
order to obtain laser scanning data and images in the same coordinate 
system. Data sources were registered manually by determining the orien-
tation of undistorted RGB images relative to the intensity images of the 
scans (Figure 29). Corresponding points for each image were selected 
manually for the characteristics of the road, such as markings and curbs. 
The registration error between the 3D points and the corresponding 
points selected for RGB images averaged 4.7 pixels for all image pairs. 
The error was mainly due to the low resolution of the TLS intensity im-
ages. 

 
                    (a)                                             (b)                                              (c) 

Figure 29.  (a) Road features in an intensity image and (b) corresponding points in an RGB im-
age; (c) resolved relative orientation (Publication 4). 
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Figure 30 shows a luminance point cloud in which luminance images and 
terrestrial laser scanning data were combined.  

 

 
Figure 30. The 3D luminance point cloud (Publication 1). 

The road 3D luminance data included X, Y and Z coordinates as well as 
a calibrated luminance value. Individual scans were coloured with two 
images covering the road surface in both directions (Figure 31). 

 

 
Figure 31. The 3D luminance point cloud (a) bird’s-eye view and (b) orthographic view, from 

above. The grey points have no luminance value (Publication 4). 

The results of the statistical analysis of the road surface luminance show 
the same luminance values in different imaging directions and confirm 
the diffuse reflection behaviour of the studied road (Figure 32). 
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Figure 32. The luminance values from different imaging directions (position 3, P3; and position 4, 

P4). Blue and red lines show the data selected from the centreline of each lane. (Publica-
tion 4). 

4.2.4 Mobile laser scanning with external cameras 

The combination of luminance imaging with mobile laser scanning (Fig-
ure 33) was studied under night lighting conditions on an 800-metre-
long dual-lane road section (Publication 5). The luminance point cloud 
contained 40 million points. More detailed information on mobile  
measurement visualizations of the results can be found in Publication 5 
and previously published articles (Vaaja et al., 2018; Maksimainen et al., 
2020). 

 

 
Figure 33. Visualization of the luminance point cloud values in cd·m-². Data were captured using 

MLS (Publication 1). 

Point clouds from two different time periods were compared using a mo-
bile mapping system. The light-obstructing effect of roadside vegetation 
was assessed using a change detection of point clouds. The relative 
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luminance distribution on the road surface was measured before (2015) 
and after (2019) roadside vegetation pruning (Figure 34) with a lumi-
nance-calibrated mobile mapping system. The luminance calibration is 
described in Publication 1. 

 

 
Figure 34. The road surface luminance values for the study area in 2015 and 2019, before and 

after tree pruning (Publication 5). 

In 2015, before pruning, the lower branches prevented more laser scans, 
and the canopy was not mapped. In the 2019 measurements after prun-
ing, laser scans penetrate the upper branches (Figure 35). 

 

 
Figure 35. A side view (a) and bird’s eye view (b) for visual assessment of roadside vegetation 

(Publication 3). 
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5. Discussion 

5.1 Camera calibration 

In Publication 1, we introduced the preparation of a camera for use as an 
imaging luminance photometer for mobile and terrestrial laser scanning 
systems. The calibrated cameras were used in a night-time road environ-
ment, but the same principles were used to calibrate the camera for lumi-
nance in publications 2, 4 and 5. In Publication 3, a method for calibrat-
ing the internal camera of a terrestrial laser scanner was developed using 
reference patches as colour targets. 

A system suitable for road lighting measurements should perform with 
luminances of at least 0.10 to 3.0 cd·m-². The international standard for 
road lighting, CEN / TR 13201: 2015 (CEN / TR, 2015), defines the lumi-
nance range for several road categories. 

The target luminance range was achieved for stationary luminance 
measurements using the Nikon D800E at ISO 100 and an aperture of 
f/5.6, with a usable luminance range of 0.01 to 2.88 cd·m-² for a single 
measurement. In HDR imaging, the luminance range can be further ex-
panded by combining several measurements. In contrast, in mobile 
measurements, the achievement of the target luminance range was com-
promised. The luminance range of the Nikon D800E (ISO 3200, f/2.8) 
ranged from 0.44 to 27.97 cd·m-²; and the luminance range of the Lady-
bug3 (50 ms, 18 dB) was 0.99–8.63 cd·m-². 

For mobile measurements, the luminance range was limited because 
the use of a long exposure time was not possible due to an increase in 
motion blur. By increasing the sensor sensitivity, a short exposure time 
can be compensated for. However, for low luminance values, this impairs 
the signal-to-noise ratio, and relative measurement uncertainty can be-
come too high due to noise. An expansion of the luminance range towards 
low values can be accomplished by reducing the speed or accepting more 
motion blur. 

Panoramic imaging systems for surveying are geometrically pre-cali-
brated and much simpler to integrate into an MLS system than DSLR 
cameras, especially if 360° panoramic images are required. However, the 
dynamic range and luminance measuring accuracy of panoramic cameras 
is lower than that of DSLR cameras. On the other hand, at higher speeds, 
the low frame rate of DSLR cameras becomes a limiting factor. 
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Flicker, glare, spectral power distribution (SPD) and mesopic photom-
etry cause uncertainty in field measurements. Flicker, a temporal modu-
lation of the light intensity of a light source, is dependent on the light 
source and differs with modulation depth and frequency (Bodington et 
al., 2016). Luminances of up to 100,000 cd·m-² are measured in glare 
measurements, using HDR imaging for stationary measurements. The 
spectral power distribution (SPD) of a light source affects the luminance 
(Inanici, 2006), which is recorded as RGB values, thus simplifying the 
actual spectrum. Similarly, high colour saturation increases measure-
ment error (Anaokar & Moeck, 2005). For highly accurate measure-
ments, the spectral behaviour of the luminance imaging should be char-
acterized. 

There may be temperature changes between laboratory calibration 
measurements and field measurements that may affect the camera cali-
bration through thermal expansion. In addition, temperature changes 
can increase noise. However, a change in temperature generally does not 
apply to the measurement of indoor spaces, where uncertainty is mainly 
caused by flicker and SPD. 

Publication 3 introduced a workflow where a 360° HDR image captured 
with a terrestrial laser scanner was converted to luminance values. In ad-
dition, the colour and luminance measurement quality of the scanner was 
characterized. 

For greyscale patches, the absolute difference in scanner luminance val-
ues compared to the reference was 2.0 cd·m-², with a mean relative dif-
ference of 2.9%. For all reference colour patches, the average absolute 
difference and average relative difference were 5.7 cd·m-² and 7.5%, re-
spectively. For some colours, such as blue (46.7%) and cyan (22.3%), the 
relative difference between the TLS measurement and the reference 
measurement was significant. The effective dynamic range of the cali-
brated TLS system reached from 4.3 to 443.6 cd·m-². 

Using standard sRGB conversion factors, heavily weighted spectra are 
suboptimally converted to luminance values. Characterized channel-wise 
conversion factors would be more optimal for a TLS camera than sRGB 
conversion factors, reducing the difference between luminance values 
measured by scanner and reference values. 

5.2 Reconstructed luminance point cloud analysis 

5.2.1 Luminance photogrammetry 

Using a case study, Publication 2 introduced simultaneous imaging lumi-
nance photometry and photogrammetry applied to an indoor space. 
A 3D luminance point cloud was created, and the positions and the ori-
entations of the camera were automatically solved in the 3D point cloud. 
The luminance values remained a factor at various stages of the 3D re-
construction process. The average relative difference between the values 
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of the single luminance images and the absolute luminance values of the 
reconstructed 3D point cloud was 8.9%. 

3D luminance mapping utilizing photogrammetry is compatible with 
buildings for which BIMs do not exist and other up-to-date digital 3D 
documentation is not available. Such sites include, for example, old 
buildings and cultural heritage sites. In 3D reconstruction, imaging loca-
tions can also be included in building documentation, which automates 
data management. The workload of photogrammetric measurement 
might not increase even if the images are taken with settings suitable for 
luminance photometry and the luminance calculations do not signifi-
cantly increase computation time. 

Although photogrammetry seems to be a good way to perform 3D lumi-
nance measurements, the method has weaknesses. Photogrammetry 
makes it difficult to accurately reconstruct large, smooth, uniform and 
mono-coloured surfaces because such surfaces lack the unique features 
necessary for photogrammetric reconstruction (Lehtola et al., 2014). Us-
ing a low ISO value would increase the dynamic range of luminance val-
ues. However, this would require the use of a tripod to capture the im-
ages, which would be slow and impractical. 

Weaknesses in photogrammetry can be largely solved by combining 
measurements with laser scanning (Julin et al., 2019). Laser scanning is 
capable of higher measuring accuracy and precision on featureless and 
flat surfaces. In addition, the scale is determined directly during scan-
ning. A controllable and luminance-calibrated camera of a scanner allows 
for the creation of luminance point clouds. The advantages of combining 
photogrammetric reconstruction and laser scanning are the image qual-
ity of photogrammetry and the dimensional accuracy of laser scanning. 

5.2.2 Terrestrial laser scanning with internal cameras 

In Publication 3, we studied the use of simultaneous laser scanning and 
luminance imaging. The level of automation increased usability in 360° 
image colouring and data integrity compared to the luminance data and 
TLS point cloud integration presented in Publication 4. On the other 
hand, the control of image capturing was deficient, making practical data 
collection more difficult. In addition, automatic image processing in-
creased the work involved in controlling luminance imaging. 

Terrestrial laser scanning allows both the location of the measuring de-
vice and the measuring angle for each point to be measured. Thus, for 
a single 3D point, e.g. location, color value, intensity, point normal, lumi-
nance value, and the angle between the point normal and the surface nor-
mal can be specified. The data can also be used to determine the reflec-
tivity and gloss of a scanned object. 

TLS had some limitations as a luminance photometer. Image stitching 
to create a panoramic image from several adjacent images was difficult to 
archive from a quality perspective. The bit depth of the luminance pano-
ramic image also decreased in the registration process of RGB point 
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clouds. Registering the raw image bit depth to the point cloud required 
manual work, and the dynamic range of the HDR image could not be af-
fected. Due to automatic image processing of the EXR file, the luminance 
correction factor must be performed in the field measurements for each 
scan separately, based on a known light source. In addition, octree sam-
pling requires extra attention in the analyses. 

The TLS instrument we used had a point spacing of 3 mm at a distance 
of 10 m and a measuring speed of 2 million points per second (Leica Ge-
osystems, 2021a). With a single scan containing about 200 million points 
(Leica Geosystems, 2021c), the entire measurement campaign can exceed 
one billion points in a complex indoor environment. Large amounts of 
data require the application of appropriate storage systems for pro-
cessing and distribution. 

Twenty-four patch colour charts were used to assess colour measure-
ment. The ANSI/IES Method for Evaluating Light Source Color Rendi-
tion TM-30-20 (David et al., 2015) defines a colour chart of 99 patches, 
which would improve the colour measurement assessment. 

5.2.3 Terrestrial laser scanning with external cameras 

Publication 4 proved that the integration of TLS and luminance imaging 
can be used to create a luminance point cloud and assess night-time road 
lighting conditions. The integration of TLS and luminance imaging re-
quired a manual solution for the relative orientation of the luminance im-
ages and the intensity images in order to integrate the data sets into the 
same coordinate system. Mainly due to the lower resolution of the inten-
sity images, the registration error for all image pairs was 4.7 pixels. The 
Nikon D800E camera was calibrated with a reference luminance source 
as described in Publication 1. 

The transformation function shown in Equation 11 was used to calculate 
the luminance values from the RGB image. Each camera has its own 
slightly different transformation function from the IEC standard (IEC, 
1999). In luminance calibration, this is taken into account, and the dif-
ference between the field measurements and the calibration can be cor-
rected, if necessary, by changing the factor so that the absolute luminance 
values correspond to the reference values. 

The measurement time at one station was about 10 minutes, and traffic 
had to be stopped during the measurements, which limited the size of the 
study area. The measurement can be accelerated by integrating lumi-
nance imaging into mobile laser scanning, which is already used for de-
sign and maintenance. In this case, road luminance measurement could 
be performed with MLS road inventories. The need to measure the illu-
mination of long road segments combined with georeferenced data has 
been highlighted in the research literature (Zhou et al., 2009; Cai & Li, 
2014). In addition, the same set of data allows for other analyses related 
to the road environment. 
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5.2.4 Mobile laser scanning with external cameras 

Publication 5 introduced a workflow for assessing the road lighting oc-
cluding effect of roadside vegetation utilizing mobile laser scanning. Mo-
bile measurement enabled a comprehensive data collection of large road 
and street entities. In the change analysis of road surface luminance 
measurements, overall uniformity and longitudinal uniformity were 
measured before and after pruning of roadside vegetation. The overall 
uniformity and longitudinal luminance uniformity of the road surface im-
proved after pruning the vegetation. The uniformities were analysed us-
ing a voxel grid. 

However, there were some shortcomings in the MMS. Imaging does not 
fully follow the guidelines of the road lighting measurement standard. If 
the MMS were modified to follow the standards, the modification would 
reduce the point density and accuracy of the point cloud. On the other 
hand, the measurement standard could be updated to include 3D mobile 
mapping as a luminance measurement method. The camera dynamics 
and signal-to-noise ratio of MMS are not yet sufficient for all applica-
tions. But in the future, the difference between mobile and static  
measurement quality will narrow in road surface luminance measure-
ments. 

The geometry of the road environment was measured with a laser scan-
ner, and the images were integrated into a point cloud. Although vegeta-
tion has also been mapped by photogrammetry (Seiferling et al., 2017), 
laser scanning has its advantages. The laser scanner measures absolute 
distances and geometry can also be measured in the dark. In addition, 
geometry can be measured with both laser scanners and photogrammetry 
simultaneously, and this hybrid method is suitable for measurement in 
built environments (Julin et al., 2019). 

5.3 Limitations and future applications 

Photogrammetric reconstruction was performed simultaneously with in-
door luminance measurements as described in the CEN or IES measure-
ment standards or guidelines (CEN-EN, 2002; IES, 2014). In the integra-
tion, the 3D model acts as a list of measurement locations and directions. 
A convenient HDR measurement for glare assessment would still require 
software development as current 3D reconstruction software is not de-
signed to measure luminance. To extend the dynamic range, a hybrid 
method should be used, in which luminance and HDR glare measure-
ments would be performed using a tripod according to standardized 
measurement guidelines in a pragmatic time frame.  

TLS detected the amount of light from the reflected surface but still did 
not report surface properties despite several observation angles. In order 
to develop a method for determining the reflectivity of a surface, in addi-
tion to the measurement locations, the locations and luminances of the 
light sources should also be known. In addition, for reliable reflection 
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measurement, the light distribution of the light sources and the integra-
tion of the light into the measurement space should also be determined. 
In this way, a bidirectional reflection distribution function (BRDF) could 
be solved. 

In TLS-based luminance measurement, luminance values are regis-
tered in a scanned point cloud. However, TLS with internal cameras can-
not replace conventional luminance photometry for luminance measure-
ment, but the highest quality is acquired by integrating terrestrial laser 
scanning and photogrammetry. If the measurable luminance range could 
be expanded manually as with DSLR cameras, TLS luminance measure-
ment alone would operate at the same level as imaging luminance pho-
tometry, allowing full control for image acquisition and processing. Indi-
vidual technologies for luminance measurement have already been re-
solved but have not yet been implemented in TLS. 

As point clouds measured indoors capture the environment from all di-
rections, they require interfaces other than 2D images. 3D point clouds 
can be explored – either by navigating freely in a 3D environment or (like 
panoramic images) by freezing a perspective and moving from one  
measurement location to another. Free navigation still requires compu-
ting power, and efficiency should be increased by optimizing point cloud 
visualization. 

Publication 4 introduced the production of a luminance point cloud im-
plemented with TLS and an external camera in a road environment. The 
method was still laborious, as manual and external orientation was re-
quired for each image and the point cloud was not completely coloured. 
However, the method was closest to the standard measurement consid-
ering the imaging position from which the points were coloured with lu-
minance values. As a solution, automated workflows for relative orienta-
tion are now available in photogrammetric software that can combine 
scanning data and images, eliminating the need for manual work. How-
ever, the method includes semi-automatic tasks because the workflow is 
not designed for luminance measurements. 

Although Publication 4 focused on measuring the lighting conditions on 
the road surface, the TLS method could also be used to estimate the glare 
of the surrounding area. In addition, the luminance point cloud could be 
utilized for eye tracking (Cengiz et al., 2013) or monitoring lighting effi-
ciency and variations of visibility on the road (see, e.g. Güler & Onaygil, 
2003). In lighting design and lighting retrofitting, simultaneous geome-
try and luminance measurement could be utilized by converting the 
measured data into a 3D CAD model and used as a design basis in lighting 
design software such as DIALux or Relux. 

In Publication 5, point clouds produced with MLS were cropped manu-
ally and the method was only controllable over a limited area. The dy-
namic range of the images is also relatively limited with current systems, 
especially in dark conditions. Thus far, mobile measurements have been 
relatively expensive. However, the use of MLS systems is increasing in 
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different applications due to the sufficient performance of low-cost sys-
tems (Jaakkola et al., 2010). 

MLS systems do not necessarily need a vehicle as a platform, and pe-
destrians can also take advantage of portable MLS systems (Nocerino et 
al., 2017), which are based on the SLAM principle and can also operate in 
GNSS-occluded areas. New developments in 3D measurement technol-
ogy may also expand the feasibility of MLS-based luminance measure-
ment, depending on the performance of the imaging sensors in the sys-
tems. In the future, luminance mapping may even be part of tandem mo-
bile UAV collaboration systems (Molina et al., 2017) that map the road 
environment from both road and air. The cameras and scanners used as 
autonomous vehicles in the future will enable advanced interpretation 
tasks like luminance analysis to improve the safety of urban environ-
ments by updating high-definition 3D city models. Road inventories en-
hanced with night-time luminance data could be utilized by designers 
and planners of the built environment (Tetri et al., 2017). 

Below is summarized the limitations and development solutions related 
to 3D luminance measurements. In Publication 1, geometric and radio-
metric corrections reduce dynamic range, which can be problematic es-
pecially in mobile measurements. The 8-bit luminance image required by 
3D software reduces the dynamic resolution even further. In publications 
2, 3 and 5, the dynamic range reduction was solved with a developed loss-
less compression method, where a three-channel 8-bit image contained 
almost 16-bit one-channel image information.  

In publications 2 and 3, the creation of luminance point clouds suffered 
from black box software whose workflows contained automatic processes 
that could not be totally controlled. Therefore, 3D luminance measure-
ments should be carefully checked until more flexible software is availa-
ble. In Publication 4, the manual identifying corresponding coordinates 
for every image pair was a slow method that also produced only partially 
luminance-coloured clouds. However, fluency of the luminance colouring 
workflows was improved in publications 2, 3 and 5.  
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6. Conclusions 

The thesis described calibrations suitable for 3D luminance measure-
ments and applications utilizing 3D luminance measurement. The results 
were camera calibration methods related to 3D luminance measurements 
as well as luminance point clouds produced in various case studies. The 
calibration methods included the repeatability of luminance photometry 
and luminance calibration for external and internal cameras used in 
static and mobile measurements. 

Three-dimensionality made luminance analysis more versatile than 2D 
luminance measurements by automatically providing the camera posi-
tions and orientations as well as object geometry. In addition, the method 
we developed allowed the dynamic range contained in a 16-bit luminance 
image to be transmitted to 3D points. 

Therefore, the research hypothesis was validated. Both 3D reconstruc-
tion methods, photogrammetry and laser scanning with imaging ap-
peared to be justifiable methods to measure geometry and luminance 
simultaneously to create 3D luminance point clouds. In the luminance 
calibration of the camera, known radiometric and geometry calibration 
parameters were combined, and the applied calibration methods were 
presented. As a result, the performance of the selected 3D point cloud 
reconstruction methods (photogrammetry, laser scanning, mobile map-
ping) for the created 3D measurements was determined.  

The most important phenomena that emerged were the effects of lumi-
nance image locations and rotations, which were discussed in more detail 
in publications 2 and 3. The measurements in publications 4 and 5 were 
performed in accordance with the road lighting measurement recom-
mendations, which limit measuring location related to the road surface. 
Publication 5 presented a workflow in which a mobile mapping system 
was used to evaluate the impact of light-obstructing roadside vegetation 
in 2015 and 2019. The change detection illustrated the difference be-
tween those two measurements (relative luminance distribution on the 
road surface and obstructing vegetation). 

In static measurements, the combination of photogrammetry and ter-
restrial laser scanning would provide high-quality geometry measure-
ment as well as feasible imaging, image processing, luminance calibra-
tion and 3D reconstruction control. In other words, the geometric 
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accuracy of terrestrial laser scanning would be combined with the dy-
namic range and resolution of photogrammetry. 

In mobile measurements, MMS combined with luminance measure-
ments compromises the dynamic range of the luminance measurement, 
but correspondingly, 3D luminance measurements can be performed 
over large areas. 

In the repeatability study, the images had a relative variance range of 
0.07% and the relative standard deviation of 0.03% for the relative lumi-
nances. In the luminance calibration for external cameras, the target lu-
minance range was achieved for stationary luminance measurements 
with a usable luminance range of 0.01 to 2.88 cd·m-² for single measure-
ment. While in mobile measurements, the target luminance range of the 
DSLR camera ranged from 0.44 to 27.97 cd·m-², and the range of the pan-
oramic camera system was 0.99–8.63 cd·m-². In the luminance calibra-
tion for internal cameras, applying the greyscale patches of the colour 
target, the absolute difference in scanner luminance values compared to 
the reference was 2.0 cd·m-², and the mean relative had a difference of 
2.9%. For all reference colour patches, the average absolute difference 
and average relative differences were 5.7 cd·m-² and 7.5%, respectively. 
For some colours, such as blue (46.7%) and cyan (22.3%), the relative 
difference between the TLS measurement and the reference measure-
ment was significant. The effective dynamic range reached from 4.3 to 
443.6 cd·m-². 

The 3D reconstruction methods for the luminance point clouds were 
photogrammetry, TLS with external and internal cameras, and MLS. In 
luminance photogrammetry, the study presented a workflow that com-
bined photogrammetry and luminance imaging using the same series of 
images. The 3D luminance point cloud was automatically reconstructed 
with camera positions and orientations. The average relative difference 
between the reconstructed luminance point cloud and the single lumi-
nance images was 8.9%. 

3D luminance measuring applying TLS with internal cameras showed 
that the level of automation increased usability in 360° image colouring 
and data integrity. However, automatic image processing increased the 
work involved in controlling luminance imaging. The location of the scan-
ner and for a single 3D point the location, colour, luminance, intensity, 
point normal and the angle between the point normal and the surface 
normal can be specified. The integration of TLS and external luminance 
imaging was used to create a luminance point cloud and assess lighting 
conditions. However, the process required a manual solution for the rel-
ative orientation of the luminance images and the intensity images. 

Luminance imaging was integrated with MLS in Publication 5, and 
a measurement system and workflow for assessing the road lighting-oc-
cluding effect of roadside vegetation was introduced. Mobile measure-
ment enabled the data collection of large road and street entities. In the 
change analysis of road surface luminance measurements, overall 
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uniformity and longitudinal uniformity were measured before and after 
the pruning of roadside vegetation. The uniformities were analysed using 
a voxel grid.  

3D luminance measurements expanded the range of possible applica-
tions. In the indoor environment, 3D luminance measurement helps to 
assess the ergonomics of the space, energy consumption and changes in 
current lighting. When assessing the effectiveness of road and street 
lighting conditions, 3D luminance point clouds on road surfaces, mark-
ings and furniture can be viewed, and thus safety and comfort can be 
maintained. At the same time, examining the performance of current lu-
minaire installations in 3D helps meet energy efficiency requirements 
and limit unnecessary light pollution, as the uneven uniformity of the lu-
minance distribution of the road surface can indicate, for example, 
changed vegetation. 

3D luminance measurements bring a new perspective to the develop-
ment of 3D reconstruction: both for 3D colour quality measurements and 
for detecting changes in mobile measurements. By measuring the lumi-
nance, the reflective properties of the measured object and the intensity 
of the lighting in different directions could also be evaluated automati-
cally. The minimum and maximum values of 3D luminance measure-
ments could be deduced from surface glossiness, eye strain and its effect 
on human physiology and ergonomics. Machine and deep learning could 
be applied as methods, and the results could be used for photorealistic 
visualization of 3D models, digital twins and lighting analyses.  

The transition from 2D measurements to 3D measurements enables the 
examination of the lighting conditions of larger indoor and outdoor 
spaces. The change detection acquired with mobile measurements is suit-
able for a city-wide night-time lighting evaluation because the changes 
are not only affected by the luminaires but also by changes in object ge-
ometry. In further studies, the effect of measurement angles could be 
evaluated more deeply with degree accuracy. This study could be per-
formed at a high frame rate by applying a mobile measuring method, and 
the image sequences would be captured under different lighting condi-
tions. In this way, more extensive data for statistical analysis would be 
obtained.  

In lighting design, architects and engineers could use luminance-based 
statistical methods for photorealistic visualization of 3D models and 
lighting analyses in both indoor and outdoor spaces, taking into account 
the measurement of energy consumption and light pollution. The ad-
vanced lighting models described above would lay the foundation for the 
management and use of carbon-neutral buildings. 3D luminance point 
clouds connected to smart lighting, where the lighting is adjusted accord-
ing to the amount of sunlight, would also bring ergonomic and comfort-
related advantages. In outdoor conditions, the luminance 3D models 
would benefit not only autonomous-driving cars but also drivers. 
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However, the presented development of 3D luminance point cloud 
measuring methods extends the traditional method of luminance meas-
urements with a digital camera. It can be equated to the similar step as 
the extension of spot luminance method to imaging luminance photom-
etry. At the same time, individual luminance images receive a third di-
mension as well as the location and orientation of the images. Thus, the 
new purposes for luminance measurements described above have been 
achieved. The development from 2D to 3D increases the popularity and 
applicability of luminance measurements and the need for wider utiliza-
tion, especially in the built environment. 
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