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Abstract: Sustainable road lighting aims to minimize energy consumption and reduce carbon emis-
sions. Road lighting assessment helps evaluate the energy efficiency of lighting systems, including
the selection of appropriate lighting fixtures, efficient lamp technologies (such as LED), and lighting
control strategies. Assessments can identify areas for improvement and guide the implementation of
energy-saving measures. This study introduces a new technology that utilizes a specially equipped
vehicle to efficiently and quickly measure photometric quantities on long, illuminated roads. The
measurement ranges for illuminance and luminance are (0.1 to 1000) lx and (0.1 to 100) cd/m2,
respectively. The equipped vehicle has a positioning resolution of less than 1 cm. A sampling
distance of less than 2 m while traveling at a speed of approximately 20 km/h and a sampling rate of
3 samples/s. To test the system’s applicability, the road used in this study was slightly sloped and
curved. The results indicate a strong correlation between the illuminance distributions measured by
the new method and those measured by traditional methods, thereby confirming the effectiveness of
this innovative approach.

Keywords: equipped vehicle; road lighting; ILMD; illuminance; luminance; measurement

1. Introduction

Sustainability is a critical consideration for all industries, including the lighting in-
dustry. LED and smart lighting technologies have been proposed as potential solutions to
improve energy efficiency, reduce carbon emissions, and achieve sustainability goals [1–3].
Smart lighting technology takes LED lighting a step further by incorporating sensors,
controls, and connectivity to create a more efficient and sustainable lighting system. A
study by the European Commission found that smart lighting systems could reduce energy
consumption by up to 70% compared to traditional lighting systems [4,5]. The study also
found that the implementation of smart lighting systems could lead to a reduction in carbon
emissions of up to 500 million tons per year by 2030 [6,7]. LED and the Internet of Things
have become essential solutions for the smart city. The development of dynamic lighting as
the solution for intelligent cities automatically dims lighting under the right conditions [8,9].
Keeping the balance between energy savings and a safe lighting environment is the aim of
intelligent lighting. The dynamic LED road lighting with a dimming controller can control
the lighting levels according to traffic flow and weather conditions [10–12]. Increasing the
lighting level helps car drivers have better visibility during rainy or foggy weather [13,14].
Decreasing the lighting level achieves energy savings during low traffic flow conditions.
The high-efficiency road-lighting measurement system and the compatible standards help
achieve a high-quality lighting environment for a smart city [15,16]. Road lighting assess-
ments assist in evaluating the durability, reliability, and lifespan of lighting systems. By
considering factors such as maintenance requirements, lamp longevity, and operational
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performance, sustainable lighting solutions can be selected that minimize waste generation,
promote longevity, and reduce the need for frequent replacements.

The LED road lighting environment and luminaire specifications have to conform to
international standards, and the safety of LED road lighting can be expected. The typical
specifications of the LED luminaire include the luminance intensity distribution, correlated
color temperature, spectrum, and luminance [17]. The optical parameters of the LED
luminaire can be measured in an accredited laboratory. The specifications of the LED
road-lighting environment include the illuminance distribution, luminance distribution,
color distribution, uniformity, and Threshold Increment (TI) [18]. The supervision unit for
road lighting has to do a random check to evaluate the initially established road lighting
according to national or international standards. After the road lighting has been installed
for a period of time, regular measurements are needed to assess the light decay and
formulate the maintenance strategy for the new type of LED road lighting. In recent times,
there has been an increasing interest in the development of new measurement systems
to precisely assess the effectiveness of roadway lighting systems. These systems typically
use objective measures, such as illuminance, luminance, or uniformity, to quantify the
performance of the lighting system. Several road lighting evaluation systems have been
widely accepted by lighting experts and have been utilized to assess the efficacy of roadway
lighting systems across various environments [19–22].

The on-site evaluation of the LED road lighting environment is according to CIE
140:2019, CIE 194:2011, and EN 13201-2:2015 [23–25]. The quality characteristics of road
lights are measured by illuminance and luminance, obtained in the field of calculation on
the road. The positions of the field of calculation are according to CIE 140:2019. There
are more than 60 points on a 60 m road, which is the spacing between two luminaires. It
would take more than 30 min to obtain effectiveness by point-measurement in a 60 m road
lighting environment. The Imaging Luminance Measurement Device (ILMD) and array-
type illuminance measurement system were developed for measuring the road lighting
environment. Although these systems reduce the measurement time by a few minutes,
they need to block the road and implement traffic control during measurement. The
vehicle-type road lighting measurement system, which mounts an illuminance meter on
the back and front, is a highly efficient solution. The height of the vehicle caused the
shadow. The illuminance on the road surface cannot be obtained with this system. We
propose a new vehicle-type road lighting measurement system for high-efficiency road
lighting evaluation [26,27]. The illuminance meters are mounted on the top of the vehicle to
calculate the illuminance distribution on the road. An ILMD is placed on the car to measure
the luminance distribution.

The Point Measurement method involves using a single illuminance meter and lu-
minance to measure the characteristics of road lighting. According to the CIE 140:2019
standard, measurements can be taken at grid points between road lights. However, the
main issue is that it takes at least 2 h to complete a 60 m road lighting measurement, as
Table 1.

Table 1. The typical methods for road lighting measurement.

Measurement Type Point Measurement Array-Type
Measurement

Equipped Vehicle
(Illuminance at the

Vehicle Top)

Equipped Vehicle
(Illuminance Calculated

on the Road)

Methods of illuminance
measurement

Point to point by an
illuminance meter 3 illuminance meters 3 illuminance meters at

the vehicle’s top
3 illuminance modules at

the vehicle’s top
Measurement time 1 120 min 3 min 10 s 10 s

Position of illuminance
distribution Road surface Road surface Vehicle’s top Road surface

Luminance distribution Luminance meter None None Calibrated ILMD 2

Field of view of luminance
measurement

0.1◦ to 2◦ (overlapping
issue) None None

Up to 0.01◦ (more than
100 pixels, no overlapping

issue)

1 The spacing between road lights set as 60 m. 2 Image Luminance Measurement Device (ILMD).
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The array-type measurement method utilizes three installed illuminance meters di-
rectly near the road surface to measure the road illuminance distribution automatically,
complying with the CIE standards. The characteristics of array-type measurement method
shown as Table 1.

The Equipped Vehicle measurement method can be divided into two categories. The
first category involves directly measuring illuminance on the vehicle’s top. The second
category involves analyzing the light intensity distribution of the road lights and calculating
the road illuminance distribution based on that. The former method obtains the road
illuminance distribution at the height of the vehicle’s roof or estimates the illuminance
distribution on the road. However, under complex road lighting conditions, it is not
possible to accurately calculate the road illuminance distribution as Table 1.

The latter method, which is the approach of this paper, involves analyzing the light
intensity distribution of each road light using three sets of illuminance modules and
calculating the road illuminance based on grid points, as Table 1.

2. The Illuminance Measurement and Calculation for LED Road Lighting

The on-site illuminance meter obtains the illuminance distribution according to CIE
140:2019. The suitable specification of the illuminance meter is 0.1 lx to 100 lx, which is
applied for measuring the illuminance of the road surface. The position of calculation
points along the longitudinal and transverse directions is relative to the lane width and the
spacing of luminaires. The obtained illuminance distribution can be analyzed as the average
illuminance, maximum and minimum illuminance, overall uniformity, and longitudinal
uniformity. We established a road lighting experiment field to simulate highway conditions
and evaluate the illuminance of various heights of luminaires. LED luminaires were
mounted on the adjustable light poles, and the height, the light incident angle, and the
length of the setting arm can be changed on the experiment field. The electrical power
is 120 W, the luminous flux is 12,746 lm, and the luminous distribution type is semi-cut-
off A. The spacing between these two luminaires is 41.8 m, and the lane width is 7 m.
The luminaires were set at 0 m and 41.8 m, as shown in Figure 1. We set the height
of the luminaires at 8 m, 10 m, and 12 m. We used the in-field array-type illuminance
measurement system to measure the illuminance distribution according to CIE 140:2019,
shown in Figure 2. The illuminance distribution for luminaires set at 8 m, 10 m, and 12 m
heights was measured. We calculated the illuminance distribution at 10 m and 12 m by
the Inverse Square Law of Illuminance based on the measurement result at 8 m height.
The measurement and calculation results are shown in Figure 3. The maximum deviations
between measurement and calculation at 10 m and 12 m are 45% and 62%, respectively.
A significant variation happened in the two luminaires’ cross-field of light. If we directly
measure the illuminance by the illuminance meter on the vehicle’s top and then calculate
the illuminance by the Inverse Square Law of Illuminance, it would cause significant
error results.
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Figure 1. The illustration of the road lighting in the experiment field.
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Figure 2. The in-field array-type illuminance measurement system: (a) the practical measurement in
the experiment field; (b) the illustration of an array-type illuminance measurement system.
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Figure 3. The illustration of the road lighting on the experiment field: (a) the luminaires were set at
10 m height; (b) the luminaires were set at 12 m height.

3. The Equipped Vehicle for Road Lighting Measurements
3.1. The Design of an Automatic Illuminance Measurement System for the Equipped Vehicle

The equipped vehicle was developed for in situ measurement of road lighting. An
illustration of the equipped vehicle is shown in Figure 4. The equipped vehicle comprises
three illuminance-meter modules, an Image Luminance Measurement Device (ILMD), and
position measurement modules. The three illuminance-meter modules were set on the
cross frame on the vehicle’s top. Each illuminance-meter module has four illuminance
meters facing different directions: forward, backward, left, and up directions along the
moving path, as shown in Figure 5. The illuminance-meter modules were set at 2 m in
height. The distance between the center and edge illuminance-meter modules was 1.5 m.
The encoder is mounted on the rear axle shaft. The gyro sensor is mounted in the middle of
the frame on the vehicle’s top. The Inertial Measurement Unit (IMU) is integrated with the
gyro sensor and encoder and calculates the accurate position when the equipped vehicle
moves on the road. The connections between the above modules are shown in Figure 6. The
combination of the resolution of the encoder per rotation and the perimeter of the tire will
give a positioning resolution of less than 1 cm. The relative positions between the target
luminaire and these illuminance meters are captured by the IMU. The captured irradiance
and relative coordination analyze the luminance intensity of road lighting. The illuminance
on the road’s surface can be used to calculate the luminance intensity distribution of road
lighting. The uniformity of illuminance, the particular height of vertical illuminance, and
horizontal illuminance can also be calculated.
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The illuminance data are measured by the illuminance meters mounted on the
equipped vehicle. The schematic diagram of the equipped vehicle for measuring road
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lighting is shown in Figure 7. The vectors of the illuminance meters
⇀
Si and road lights

⇀
Rj

were obtained by the IMU. The equation of illuminance can be expressed as follows:

Eai =
I1·max

[
n̂a_i ·

(
⇀
R1−

⇀
S a_i

)
,0
]

∣∣∣∣⇀R1−
⇀
S a_i

∣∣∣∣3 +
I2·max

[
n̂a_i ·

(
⇀
R2−

⇀
S a_i

)
,0
]

∣∣∣∣⇀R2−
⇀
S a_i

∣∣∣∣3 +
I3·max

[
n̂a_i·

(
⇀
R3−

⇀
S a_i

)
,0
]

∣∣∣∣⇀R3−
⇀
S a_i

∣∣∣∣3

+
I4·max

[
n̂a_i ·

(
⇀
R4−

⇀
S a_i

)
,0
]

∣∣∣∣⇀R4−
⇀
S a_i

∣∣∣∣3
(1)

Ebi =

I2·max
[

n̂b_i·
(
⇀
R2 −

⇀
S b_i

)
, 0
]

∣∣∣∣⇀R2 −
⇀
S b_i

∣∣∣∣3
+

I4·max
[

n̂b_i·
(
⇀
R4 −

⇀
S b_i

)
, 0
]

∣∣∣∣⇀R4 −
⇀
S b_i

∣∣∣∣3
(2)

Eci =

I3·max
[

n̂c_i·
(
⇀
R3 −

⇀
S c_i

)
, 0
]

∣∣∣∣⇀R3 −
⇀
S c_i

∣∣∣∣3
+

I4·max
[

n̂c_i·
(
⇀
R4 −

⇀
S c_i

)
, 0
]

∣∣∣∣⇀R4 −
⇀
S c_i

∣∣∣∣3
(3)

Edi =

I1·max
[

n̂d_i·
(
⇀
R1 −

⇀
S d_i

)
, 0
]

∣∣∣∣⇀R1 −
⇀
S d_i

∣∣∣∣3
+

I3·max
[

n̂d_i·
(
⇀
R3 −

⇀
S d_i

)
, 0
]

∣∣∣∣⇀R3 −
⇀
S d_i

∣∣∣∣3
(4)

where
⇀
R1 ≈

(
0 a H

)
,
⇀
R2 ≈

(
WT a H

)
,
⇀
R3 ≈

(
d Wn·WT + p − a H

)
,
⇀
R4 ≈(

d + WT Wn·WL + p − a H
)
, WT is the spacing between road lights (m), Wn is the num-

ber of the traffic lanes, N is the number of points in the longitudinal direction, H is the
height of a road lighting (m), I is the luminous intensity (cd), a is the distance between the
road edge and center of road lighting (m), p is the length of the road divider, WL is the lane
width (m), and d is the spacing between points in the longitudinal direction.
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regression according to Equations (1)–(4). In this study, LabVIEW-based software was
utilized to automate the measurement and analysis of various parameters, including
the horizontal and vertical illuminance distributions and the flicker resulting from non-
uniformity. The luminous intensity distributions of road lighting were used to compute
these parameters. Notably, the aforementioned theories are applicable in the case of curved
or sloped roads, as well as irregularly arranged road lighting.
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3.2. The Design of an ILMD for Automatic Luminance Measurement for the Equipped Vehicle

The calibrated ILMD is mounted on the frame of the equipped vehicle, as shown in
Figure 1. The specifications of the ILMD are as follows: the pixel number is 2488 × 2048
pixels, the dynamic range is 12 bits, the frame rate is 38 fps, and the 1.25 cm color CMOS
image sensor. The high resolution and high dynamic range of the ILMD can provide a high
sampling rate and in situ road lighting measurements. The ILMD was set up to measure
the luminance distribution of the road. The LED was set at 1.5 m height according to CIE
140:2019. The equipped vehicle’s ILMD measurement system is composed of a calibrated
camera and position measurement module. The camera captures the images when the
car is moving. The calibration and correction files are applied to calculate the luminance
and color distribution of each image. The software automatically provides the field of
calibration positions from position data according to CIE 140:2019. Each region of interest
is analyzed for luminance relative to road parameters. The measurement and analysis
flow are shown in Figure 8. The camera has to correct the image sensor’s flat field for all
focal lengths. The camera’s shutter speed, iris, and gain have to be calibrated and traced
to the luminance standard. The color calibration of the camera is performed through the
GretagMacbeth 24 ColorChecker in a light booth. The color standards are traced to the
calibrated spectroradiometer. The calibration process and software of the ILMD are shown
in Figure 9. Figure 9a was the setup of the calibration process for ILMD. Figure 9b shows
that the ILMD was calibrated in various setting conditions, such as gain, exposure time,
and aperture. The calibrated ILMD can provide accurate luminance and color distribution.

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 17 
 

3.2. The Design of an ILMD for Automatic Luminance Measurement for the Equipped Vehicle 
The calibrated ILMD is mounted on the frame of the equipped vehicle, as shown in 

Figure 1. The specifications of the ILMD are as follows: the pixel number is 2488 × 2048 
pixels, the dynamic range is 12 bits, the frame rate is 38 fps, and the 1.25 cm color CMOS 
image sensor. The high resolution and high dynamic range of the ILMD can provide a 
high sampling rate and in situ road lighting measurements. The ILMD was set up to meas-
ure the luminance distribution of the road. The LED was set at 1.5 m height according to 
CIE 140:2019. The equipped vehicle’s ILMD measurement system is composed of a cali-
brated camera and position measurement module. The camera captures the images when 
the car is moving. The calibration and correction files are applied to calculate the lumi-
nance and color distribution of each image. The software automatically provides the field 
of calibration positions from position data according to CIE 140:2019. Each region of in-
terest is analyzed for luminance relative to road parameters. The measurement and anal-
ysis flow are shown in Figure 8. The camera has to correct the image sensor’s flat field for 
all focal lengths. The camera’s shutter speed, iris, and gain have to be calibrated and traced 
to the luminance standard. The color calibration of the camera is performed through the 
GretagMacbeth 24 ColorChecker in a light booth. The color standards are traced to the 
calibrated spectroradiometer. The calibration process and software of the ILMD are 
shown in Figure 9. Figure 9a was the setup of the calibration process for ILMD. Figure 9b 
shows that the ILMD was calibrated in various setting conditions, such as gain, exposure 
time, and aperture. The calibrated ILMD can provide accurate luminance and color distri-
bution. 

 
Figure 8. The measurement flow of the equipped ILMD on the equipped vehicle for measuring lu-
minance and color distribution of road lighting. 

  
(a) (b) 

Figure 9. The calibration process and software for the camera: (a) the color calibration process; (b) 
the software applied for the calibration and correction files during the measuring. 

According to CIE 140:2019, the position of calculation points has to be set by the range 
finder. It would take about 30 min to measure the luminance distribution for a 50 m field 
of calculation. In general, the field of view of the luminance meter needs to be larger to 

Figure 8. The measurement flow of the equipped ILMD on the equipped vehicle for measuring
luminance and color distribution of road lighting.

Sustainability 2023, 15, x FOR PEER REVIEW 7 of 17 
 

3.2. The Design of an ILMD for Automatic Luminance Measurement for the Equipped Vehicle 
The calibrated ILMD is mounted on the frame of the equipped vehicle, as shown in 

Figure 1. The specifications of the ILMD are as follows: the pixel number is 2488 × 2048 
pixels, the dynamic range is 12 bits, the frame rate is 38 fps, and the 1.25 cm color CMOS 
image sensor. The high resolution and high dynamic range of the ILMD can provide a 
high sampling rate and in situ road lighting measurements. The ILMD was set up to meas-
ure the luminance distribution of the road. The LED was set at 1.5 m height according to 
CIE 140:2019. The equipped vehicle’s ILMD measurement system is composed of a cali-
brated camera and position measurement module. The camera captures the images when 
the car is moving. The calibration and correction files are applied to calculate the lumi-
nance and color distribution of each image. The software automatically provides the field 
of calibration positions from position data according to CIE 140:2019. Each region of in-
terest is analyzed for luminance relative to road parameters. The measurement and anal-
ysis flow are shown in Figure 8. The camera has to correct the image sensor’s flat field for 
all focal lengths. The camera’s shutter speed, iris, and gain have to be calibrated and traced 
to the luminance standard. The color calibration of the camera is performed through the 
GretagMacbeth 24 ColorChecker in a light booth. The color standards are traced to the 
calibrated spectroradiometer. The calibration process and software of the ILMD are 
shown in Figure 9. Figure 9a was the setup of the calibration process for ILMD. Figure 9b 
shows that the ILMD was calibrated in various setting conditions, such as gain, exposure 
time, and aperture. The calibrated ILMD can provide accurate luminance and color distri-
bution. 

 
Figure 8. The measurement flow of the equipped ILMD on the equipped vehicle for measuring lu-
minance and color distribution of road lighting. 

  
(a) (b) 

Figure 9. The calibration process and software for the camera: (a) the color calibration process; (b) 
the software applied for the calibration and correction files during the measuring. 

According to CIE 140:2019, the position of calculation points has to be set by the range 
finder. It would take about 30 min to measure the luminance distribution for a 50 m field 
of calculation. In general, the field of view of the luminance meter needs to be larger to 

Figure 9. The calibration process and software for the camera: (a) the color calibration process; (b) the
software applied for the calibration and correction files during the measuring.

According to CIE 140:2019, the position of calculation points has to be set by the range
finder. It would take about 30 min to measure the luminance distribution for a 50 m field
of calculation. In general, the field of view of the luminance meter needs to be larger to
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distinguish each point in the field. We developed a road edge algorithm to automatically
detect the relevant area’s edge, either the curve or the straight road, as shown in Figure 10.
Compared to the typical luminance meter, the field of view is set at a specific angle, such
as 0.1◦, 1◦, and 2◦. It would cause an overlap area when using the typical luminance
meter, according to CIE 140:2019. We can use the high-pixel number camera to measure the
luminance distribution, and each position of the calibration point has more than 100 pixels,
which is enough to calculate the luminance.
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4. Measurement Results by the Equipped Vehicle
4.1. Measurement Results of Illuminance Distribution by the Equipped Vehicle

To verify the on-road measurement system, a road on campus was selected for mea-
surement. The height of the light pole is 7.2 m, the distance between the light poles is
30 m, the width of the road is 3.5 m, the light pole is set on one roadside, there is no
separation island on the road, and there is a shoulder width of 0.2 m, as shown in Figure 11.
The experimental field has uphill and downhill sections and slight bends to verify the
adaptability of the technology in various road environments. A mobile multi-channel
automatic illuminance measurement system was used to compare the equipped vehicle.
The experimental analysis has two parts: horizontal illuminance measurement at 2 m and
horizontal illuminance on the road surface.
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Figure 11 

Figure 11. The equipped vehicle was used to conduct experiments on a road.
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In Figures 12 and 13, we can observe the horizontal illuminances that were measured
and converted at a height of 2 m on the downhill and uphill sections. The figures also
provide information about the crosswise distances from the lane edge, denoted as Line 3
(0.6 m), Line 2 (1.8 m), and Line 3 (3.0 m). To derive the luminous intensity distributions
of the road lighting, we used the recorded illuminance distributions (Eai, Ebi, Eci, and Edi)
along the road, which were described in the previous section. Based on our analysis, we
found that the horizontal illuminances calculated from the luminous intensity distributions
were consistent with the values obtained from measurements.
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Figure 12. The horizontal illuminances at 2 m height measured by illuminance meters and converted
by the equipped vehicle for a downhill lane: (a) line 1; (b) line 2; (c) line 3.
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Figure 13. The horizontal illuminances at 2 m height measured by illuminance meters and converted
by the equipped vehicle for an uphill lane: (a) line 1; (b) line 2; (c) line 3.

Figures 14 and 15 show the experimental results of ground horizontal illuminance
on the uphill and downhill sections. An array-type illuminance measurement system
measured the illuminance distribution. The calculated illuminance distribution is based on
the light intensity distribution of each road lighting, which is calculated by the equipped
vehicle. The average and uniformity of the measured horizontal illuminance by an array-
type illuminance measurement system on the uphill section are 24.8 lx and 0.39, respectively.
The converted results are 24.7 lx and 0.39, respectively. For the downhill case, the average
illuminance and uniformity were converted to 19.6 lx and 0.70, respectively. These values
were found to be similar to the measured values of 19.9 lx and 0.72 obtained from the array-
type illuminance measurement system. Furthermore, this method enables the calculation of
other useful variables, such as the distribution of vertical illuminance at specific elevations
and the flicker resulting from non-uniformity.
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Figure 14. The horizontal illuminances near ground measured by near-ground illuminance meters
and converted by the equipped vehicle for a downhill lane: (a) line 1; (b) line 2; (c) line 3.
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4.2. Measurement Results of Luminance Distribution by the Equipped Vehicle

The present study involved the simultaneous capture of luminance images and
recorded illuminances. The sampling distance (m/sample) can be calculated from the
speed of the vehicle (m/s) divided by the sampling rate (samples/s) of the measurement
equipment. For example, an equipped vehicle with a speed of 20 km/h (or 5.6 m/s) will
have a sampling distance of less than 2 m at a sampling rate of 3 samples/s of the equipment.
The equipped-vehicle method for measuring road lighting can be significantly reduced
compared to the traditional single-point measurement method. With a vehicle speed of
20 km/h, it is already safe to drive on regular roads. If a higher-speed measurement device
is chosen, with a sampling rate of 10 samples/s and a sampling distance of 1.6 m/s, the
speed of the equipped vehicle can be further increased to 60 km/h. Figure 16 illustrates a
typical uphill image obtained using the ILMD. For each of the four measurements taken,
with an average vehicle speed of approximately 11 km/h, images were captured at dis-
tances of 0 m, 7.4 m, 16.6 m, and 23.9 m from the starting point. A specific section of about
30 m (green trapezoidal box) is shown in Figure 16c. The yellow circles indicate that point
sampling was performed automatically using the method described in the previous section,
with an acceptance angle of 0.1◦, as shown in Figure 17a. The distance from the closest
position to the ILMD was 20.6 m, as shown in Figure 17a. The resulting luminance values
were then plotted against the sampling position in Figure 17b. At a measurement distance
of 20.6 m, the average luminance (Lave) and uniformity (U0) were found to be 1.14 cd/m2

and 0.85, respectively.
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Similarly, images were captured and processed for measuring distances between 27.9 m
and 44.5 m, and the luminance values were obtained for the same sampling positions. The
average luminance and uniformity were then plotted as a function of observation distance
in Figure 18a,b, respectively. The results indicate that Lave ranges from 1.12 to 1.23 cd/m2,
and U0 ranges from 0.76 to 0.86. The variation in the average value was found to be 9.7%,
independent of the observation distance. Therefore, the reflected luminance variation is
small for this illuminated road.
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5. Discussion

For the equipped vehicle for illuminance distribution measurement, 9 illuminance
meters were another option. Each illuminance meter module has 3 illuminance meters
that have been set in the upward, forward, and left directions. The schematic diagram
for a 9-illuminance-meter type of equipped vehicle is shown in Figure 7. The equation of
illuminance can be expressed as follows:
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where
⇀
R1 ≈

(
0 a H

)
,
⇀
R2 ≈

(
WT a H

)
,
⇀
R3 ≈

(
d Wn·WT + p − a H

)
, WT is the

spacing between road lights (m), Wn is the number of the traffic lanes, N is the number of
points in the longitudinal direction, H is the height of a road lighting (m), I is the luminous
intensity (cd), a is the distance between the road edge and center of road lighting (m), p is
the length of the road divider (m), WL is the lane width (m), and d is the spacing between
points in the longitudinal direction (m).

The luminance intensity distribution Ii

 ⇀
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⇀
S i∣∣∣∣⇀R j−
⇀
S i

∣∣∣∣
 of road lights is calculated by linear

regression according to Equations (5)–(7).
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The recorded illuminance distribution in the upward and left directions can be used
to calculate the spacing between road lights. The backward and forward directions can
be used to calculate the spacing between road lights of opposite roads. We can use the
equipped vehicle to measure the ground illuminance distribution automatically.

It is important to highlight the significance of the findings and the implications of the
use of mobile systems for road lighting evaluation. The use of the equipped vehicle for
road lighting measurement systems offers several advantages over traditional evaluation
methods, such as a more comprehensive evaluation that can cover a larger area quickly
and efficiently. This can lead to improved safety for drivers and pedestrians by identifying
areas where the lighting is inadequate or uneven.

Another significant advantage of the equipped vehicle is its ability to monitor the
performance of the outdoor lighting environment and individual lighting fixtures. This can
help identify malfunctioning fixtures more quickly, reducing maintenance costs, improving
the overall performance of the road lighting system, and reaching a sustainable city. In
addition, the equipped vehicle can provide more accurate and consistent data by using
calibrated measurement systems and ILMDs, which can help inform decision-making in
the maintenance and upgrading of roadway lighting infrastructure.

However, there are also challenges associated with using the equipped vehicle, such
as ensuring the accuracy and consistency of the collected data. It is essential to ensure that
the measurement systems and ILMDs are calibrated correctly and that the data collected is
reliable and consistent across different locations and times. Data processing and analysis can
also be time-consuming and require specialized expertise, which may limit the widespread
adoption of mobile systems for road lighting evaluation.

It is important to address these challenges and continue to develop and refine the use
of the equipped vehicle for road lighting evaluation. The benefits of this approach can
have a significant impact on transportation safety and infrastructure maintenance, and
continued improvements in technology and data analysis can help overcome the challenges
associated with this approach.

6. Conclusions

A vehicle equipped with a system for efficient and rapid measurements of illuminance
and luminance along a lighted road was developed and evaluated. The measurement
ranges for illuminance and luminance were (0.1 to 1000) lx and (0.1 to 100) cd/m2, respec-
tively, with a resolution of 0.3 m and a sampling distance of less than 2 m. The validity of
the method was confirmed by comparing the illuminance distributions obtained by this
method with those obtained by conventional methods. The equipped vehicle is suitable for
evaluating long, well-lit roads, and the method can provide accurate and reliable results.

Road lighting assessment is an essential component of sustainable lighting practices.
It helps align road lighting systems with environmental, economic, and social sustainability
goals by optimizing energy efficiency, reducing environmental impact, ensuring safety, and
supporting long-term planning. By incorporating sustainability principles into road lighting
assessments, we can create more sustainable and resilient transportation infrastructure.

The use of the equipped vehicle for road lighting evaluation represents an important
development in the field of transportation safety and infrastructure maintenance. Despite
the challenges, the benefits of this approach can lead to a safer and more reliable trans-
portation system, highlighting the importance of continued research and development in
this area.
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