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Abstract: This study describes applying the visual target color and spectra of light sources to calculate
the perceived luminance in a tunnel interior lighting environment. The proposed approach aims
to identify the combined effects of the light source, target surface color, and human eye on the
perception of luminance in a tunnel interior lighting environment. The new method was tested in
DIALux software using three light-emitting diodes (LEDs) with correlated color temperatures (CCTs)
of 3000 K, 4000 K, and 6000 K, as well as four observed targets with red, yellow, blue, and green
colors. Overall findings demonstrated that the yellow surface target’s mesopic luminance for the
specified light source is greater than that of the other three-color surface targets. Additionally, it can
be concluded that the mesopic luminance under a low CCT LED is greater than under a high CCT
LED in the case of the specific color surface target.

Keywords: underground space lighting; spectral power distribution (SPD); LEDs; mesopic luminance

1. Introduction

Tunnel construction has been undergoing rapid development as it reduces traffic
transportation time and facilitates rapid economic development [1–3]. By the end of 2020,
China had 21,316 highway tunnels with a combined length of 21,999.3 km [4]. Among these
tunnels, 1394 are extra-long (tunnel length > 3 km) with a combined length of 6235.5 km,
and 5541 are long tunnels (1 km < length < 3 km) with a combined length of 9633.2 km.
Tunnels’ unique characteristics can increase drivers’ psychological load at the tunnel portals
and result in more severe accidents [5,6] compared to other road segments. Thus, tunnels
require an adequate lighting environment to ensure quick response of drivers. Indeed, road
tunnels need adequate illumination to enhance driving safety and the visual perception of
drivers [7] during daytime and nighttime, which, given the continuous working 24 h a day,
365 days a year, results in very high energy consumption [8].

Therefore, to improve operational energy efficiency and thus minimize energy con-
sumption in road tunnels, LEDs are increasingly being used to replace conventional light
sources for tunnel lighting, such as high-pressure sodium (HPS) and fluorescent tubes, due
to their notable advantages of high energy efficiency, wide range spectral, long lifespan,
less maintenance, short start-up time, and high color rendering [9,10], which are making
them preferred lighting option in highway tunnel lighting.
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However, several key factors determine whether the light source is suitable for
tunnel lighting.

• The luminance levels for the tunnel interior zone (the longest part of the tunnel) are
extremely low (between 1 cd/m2 and 5 cd/m2) [11–13], falling within the mesopic
vision range [14]. Spectral luminous efficiency function in the mesopic range Vmes(λ)
is not constant [15–17], which can be expressed as a linear combination of the photopic
V(λ) function and the scotopic V′(λ) function.

• The SPD of light sources needs to be considered. Many studies [18–20] have discov-
ered that SPD affects the perception of the atmosphere and the luminous efficacy of
the light source [19].

• The spectral property of the road targets needs to be considered. Surface color [21]
refers to the spectral properties of the target surfaces, which influences the perception
of luminance.

Several factors significantly influence the perceived luminance of target surfaces and
directly affect drivers’ visual performance, which influences target detection in the tunnel.

1.1. Previous Work on the Effect of SPD on Visibility in Road Tunnels

Many studies [22,23] have investigated the effect of light source SPD on luminance
perception or humans’ ability to detect the target appearing in their visual field under
mesopic conditions. Some focused on general road lighting, while others were specifically
designed to address the tunnel lighting issue.

Zak and Zalesak [21] discussed the impact of the light source spectrum on visual per-
ception. Results showed that a light source’s spectral significantly influences the visibility
of small objects or human adaptation level. Additionally, LEDs have a higher perceived
luminance in a mesopic region compared to other light sources. Additionally, visual percep-
tion varied with the spectral properties of the object surfaces. Preciado and Manzano [24]
considered three different luminaries (an HPS luminaire, a metal halide lamp, and an
LED device) in their work. The calculation results inferred that metal halide (MH) and
LED luminaries would always create a mesopic luminance greater than that produced
by an HPS luminaire at the same photopic luminance over the road surface. In a field
investigation, Akashi et al. [25] used six types of light sources to compare the reaction
time of 13 individuals in a mesopic lighting situation: a ceramic metal halide (CMH) lamp
and five 60W-HPS lamps). The experiment results showed that the response time was
significantly shorter for the CMH than for the HPS at the same photopic luminance level.
Gibbons et al. [26,27] conducted a realistic roadway study to compare the detection dis-
tance of 36 participants under three overhead lighting types (2100 K HPS, 3500 K LED, and
6000 K LED) at five adaptation luminance levels. The findings demonstrated that the mean
detection distance among the overhead lighting types varied depending on offset. The
results also showed that the 6000 K LED lighting’s spectral distribution is more efficient
for the 8.9 m and 21.0 m offsets. Jin et al. [28] examined the lighting performance of LED
luminaires with various color temperatures. Dark adaptation time data of fifty subjects
were gathered under various lighting conditions given by five LEDs with various CCTs
(1870 K, 2490 K, 3007 K, 4075 K, and 5020 K). The results indicated that five LEDs exhibit
various mesopic vision luminances and dark adaptation times at the same photopic illu-
minance condition. Additionally, the dark adaptation time increased with the increase
of CCT. Jin et al. [29] studied three kinds of white LEDs (cold white LEDs with 8000 K,
neutral white LEDs with 4500 K, and warm white LEDs with 3500 K) to estimate the
variation in luminous efficiency in the mesopic condition. The results demonstrated that
the luminous efficiency of an 8000 K LED is 53% higher than that of a 3500 K LED in the
mesopic vision state at 0.1 cd/m2. Bandopadhyay et al. [30] studied the effect of LED’s
spectral power distribution on mesopic lighting design and found that LED luminaires
with longer wavelength components produce a lower mesopic luminance than those with
shorter wavelength components.
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Yang et al. [31] utilized five kinds of spectra light sources (1958 K HPS, 5537 K flu-
orescent lamp, 3177 K LED, 4054 K LED, and 4765 K LED) to examine the reaction time
of various lamps under the mesopic condition. It is concluded that the reaction times
were shorter for the fluorescent lamp and LEDs than for the HPS at the same background
luminance level. Liu et al. [32] used five LEDs with CCTs of 2500 K, 3800 K, 4500 K, 4800 K,
and 5100 K together with two conventional light sources (an HPS lamp in 1900 K and an
MH lamp in 2700 K) to study the influence of light source SPD on driving safety in long
tunnel lighting. Experiment results showed that driving safety relates to light sources’
CCT and shortwave composition. Additionally, LED lighting with a CCT of 5100 K is
more conducive to driving safety. Liang et al. [33] investigated the spectrum impact on
drivers’ visual performance using a 10:1 scale model of road tunnel lighting. Three different
spectral light sources (3000 K LEDs, 4000 K LEDs, and 5000 K LEDs) were adopted in the
study. The experiment results concluded that the reaction time decreases with the increased
LED CCT under the same background luminance, which indicates that the driver’s visual
performance can be improved by increasing light source CCT. Dong et al. [34] assessed the
visual performance of several LED CCTs under mesopic lighting conditions. Ten subjects’
reaction times were measured under one hundred forty-four lighting conditions, including
six CCTs, four background luminances, three CRIs, two target contrasts, and two horizontal
eccentricities. Experiment results showed that the mesopic luminance of different LEDs
differed at the same photopic luminance level, and the calculated mesopic luminance
increased with the LED CCT. Moreover, the reaction time for a high CCT lamp is shorter
than a low CCT lamp, which means that a higher light source CCT can make humans easy
to identify the obstacle. Zhang et al. [35] studied the visual performance of 12 test drivers
under 15 different LED lighting combinations (5 CCTs, 4 CRIs, and 8 lighting levels). An
enclosed environment with a length of 60 m, a width of 3.8 m, and a height of 3.8 m were
established in the study. The calculating and analyzing results indicated that the visual
recognition time was shortened with an increase in brightness and color rendering index.

1.2. Goals and Hypothesis

All these studies showed that different light sources could result in different visual
perceptions and performances for the same photopic luminance levels. However, three
factors- the light source and its SPDs, targets’ surface color and its spectral reflectance
properties, and the human eye photoreceptor with its spectral sensitivity- influence drivers’
perceived luminance and visual performance in tunnel lighting applications. Additional
evidence shows that an object’s property directly impacts luminance perception. Luminance
is an essential factor related to traffic safety in tunnels, which is a fundamental visual
perception and is related to how well we can see what is happening around us. Additionally,
an area that is brightly lit after dark is perceived to provide good visibility and that, in the
public mind, is likely to be more interesting and safer [36].

The scope of this work is first to present a calculation model to examine how the
visual performance of the driver is affected by the spectra of light sources and the spectra
reflectance of object surfaces at mesopic levels. Then, a tunnel’s interior environment is
simulated based on DIALux software. Finally, the calculation model was validated using
lightness channel L photographs of four-color targets in three lighting scenarios.

Figure 1 plots the flowchart of the study. The proposed method’s calculation proce-
dure is depicted graphically in the left portion of the figure; Section 2 gives a thorough
description. The experimental study and data processing techniques are shown in the right
portion; Sections 3 and 4 provide a full explanation.
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Figure 1. The workflow of the study. 
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Figure 1. The workflow of the study.

2. Perception Luminance Calculation Method
2.1. Mesopic Luminance Calculation Model

Tunnel interior lighting belongs to the mesopic region; thus, the human perception
luminance calculation should adopt the mesopic spectral luminous efficiency function Vmes(λ).
Moreover, Vmes(λ) is a linear combination of the photopic spectral luminous efficiency function
V(λ), and the scotopic spectral luminous efficiency function V’(λ). MES-2 model [37], with
an upper luminance limit of 5 cd/m2 and lower luminance limit of 0.005 cd/m2, was recom-
mended system for mesopic photometry based on visual performance by CIE (Commission
Internationale de L’Eclairage), is used to calculate Vmes (λ), as follows,

M(m)Vmes(λ) = mV(λ) + (1−m)V′(λ) (1)

Lmes =
683

Vmes(λ0)

∫
Vmes(λ)Le(λ)dλ (2)

where M(m) is a normalizing function such that Vmes(λ) attains a maximum value of 1, m is
a coefficient dependent on the visual adaptation conditions, Vmes(λ0) is the value of Vmes(λ)
at 555 nm, Lmes is the mesopic luminance, Le(λ) is the spectral power distribution of the
light source (W/m2·sr), when Lmes ≥ 5 cd/m2, m = 1, when Lmes ≤ 0.005 cd/m2, m = 0. Lmes
and m are calculated iteratively:

Lmes,n =
mn−1 + (1−mn−1)V′(λ0)RSP

mn−1 + (1−mn−1)V′(λ0)
Lp, m0 = 0.5 (3)

mn = 0.3334 log10 Lmes,n + 0.767, 0 ≤ mn ≤ 1 (4)

RSP =
1700

∫
V′(λ)Le(λ)dλ

684
∫

V(λ)Le(λ)dλ
(5)
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where Lp is the photopic luminance, Ls is the scotopic luminance, and V′(λ0) = 683/1700 is
the value of scotopic spectral function V’(λ) at 555 nm, RSP is the ratio between radiation’s
scotopic and photopic spectral power distributions, and n is an iteration step.

Three LED light sources with different color temperatures were considered to compare
scotopic, mesopic, and photopic spectral luminous efficiency. Table 1 shows the characteris-
tics of light sources, and the calculation of CCT and duv can be found in refs. [38,39].

Table 1. Characteristics of light sources.

No. 1 2 3

Luminous 2100 lm 2100 lm 2100 lm
Electric power 30 W 30 W 30 W

CCT 3000 K 4000 K 6000 K
Duv −0.0006 −0.0012 0.0044

It can be found in Table 1 that all the luminaries have the same luminous efficiency
(70 lm/W). This value was taken by investigating the NVC database (https://www.nvc-
lighting.com.cn/ (accessed on 15 December 2020)). Figure 2 shows the radiation character-
istic of luminaries.
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Figure 3 gives the relative SPD of three light sources. It can be shown that lower CCT
LEDs have more long waves at the red end of the spectrum and higher CCT LEDs have
more short waves at the blue end of the spectrum.
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Figure 4 indicates scotopic and photopic spectral luminous efficiency and the mesopic
spectral luminous efficiency functions (calculated based on Equation (1)) for three LEDs
with luminance at 2.5 cd/m2(tunnel interior luminance). As shown in Figure 4, the differ-
ence between mesopic spectral luminous efficiency functions is slight for different CCTs.
Moreover, these mesopic spectral luminous efficiency functions (background luminance at
2.5 cd/m2) are closer to the photopic spectral luminous efficiency function.
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Figure 5 plots the percentage difference value curves between mesopic luminance and
photopic luminance against the photopic luminance with three LED light sources. It can
be found that the difference is a positive value, which indicates that mesopic luminance
obtained with LED luminaires is considerably higher than photopic luminance, especially
for low photopic luminance. For example, for an Lp = 0.1 cd/m2, Lmes would be for 3000 K
LED 19.94% higher (Lmes = 0.12 cd/m2); for 4000 K LED 26.5% higher (Lmes = 0.1265 cd/m2)
and 6000 K LED 37.17% higher (Lmes = 0.1372 cd/m2).
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2.2. New Mesopic Luminance Calculation

However, perceived luminance not only depends on human vision and the SPD of
light sources but is also influenced by the target’s light spectrum. Study shows that the
surfaces’ colors also influence the reflected light spectrum [40]. Additionally, the reflecting
surfaces of obstacles in tunnels are often not neutral in terms of color.
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The new proposed mesopic luminance calculation model in tunnels should be
as follows:

Lmes_new =
683

Vmes(λ0)

∫
Vmes(λ)Le(λ)St(λ)dλ (6)

where St(λ) indicates the spectral reflectance distribution of the target surface.
Three LED CCTs (SPDs are given in Figure 3) and four-colored targets (SPDs are

shown in Figure 6) are selected to compare the perceived luminance.
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Lmes_new is calculated according to the spectral data of light sources, target surface, and
luminous efficiency functions of the human eye using Equation (6). The calculation results
are shown in Figure 7.
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Figure 7. Lmes_new value of four-colored targets under three lighting conditions.

It can be observed that the Lmes_new of the yellow surface target is the largest, followed
by the green surface target. Conversely, the luminance of the blue surface target is the
smallest. Furthermore, the Lmes_new value of the yellow and red surface targets increases
with a decrease in LED CCTs, but the Lmes_new value of the blue and green surface targets
increases with the increase of LED CCTs.
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3. Simulation Experiments
3.1. Case Study

According to JTG-2014 [41], road tunnels are divided into five main zones according
to their lighting requirements, as shown in Figure 8.
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The length and required luminance of the tunnel’s interior zone can be calculated
using Equations (7) and (8) [41], respectively,

Din = L− 1.539Ds + 7.561h− 1.667vt − 71.34 (7)

Lin =


0.0007vt

2 − 0.0693vt + 2.6 N ≤ 350

0.0005vt
2 − 0.0207vt + 0.9 350 <N < 1200

0.0012vt
2 − 0.0732vt + 2.1 N ≥ 1200

(8)

where Din is the distance of tunnel interior zone (m); L is the tunnel length (m); Ds is the
stopping sign distance (m); h is tunnel clearance height (m); vt is the design speed (km/h);
Lin is the interior zone luminance (cd/m2), and N is the traffic volume (Veh/h·ln).

It can be seen from Equation (8) that the luminance in the tunnel interior depends on
traffic volume and the design speed.

The Xiaogou tunnel at Heda expressway, Jilin Province, China, was selected as the
study model. The tunnel is doubled-arched, having an overall road width of 10.5 m, a
lane width of 3.75 m, a left shoulder width of 1.5 m, and a right shoulder width of 1.5 m.
Xiaogou tunnel’s parameters, used in the present study, are presented in Table 2. Once the
parameters are known, the calculation method is the same for other tunnels.

Table 2. Parameters of Xiaogou tunnel.

Parameter Value

L 1140 m
Ds 100 m
h 6 m

Vt 80 km/h
N 704 Veh/(h0ln)

Din 826 m
Lin 2.5 cd/m2
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The distribution of the luminance L on the roadways illuminated by stationary lighting
systems can be calculated using the following equation [42]:

L =
I × r× φ×MF× 10−4

H2 (9)

where L is the maintained luminance on the road surface (cd/m2), I is the luminous
intensity in the direction, r is the reduced luminance coefficient for a light path, φ is the
initial luminous flux of the sources in each luminaire, MF is the luminaire maintenance
factor, and H is the mounting height of luminaire above the road surface (m).

3.2. Simulation Software

The software DIALux (DIAL, GmbH, Germany) was used to establish the geometry of
the interior zone of the Xiaogou tunnel, as well as to calculate artificial lighting. DIALux is
a comprehensive software that can provide accurate analysis and evaluation of artificial
lighting [43], which is intuitive and straightforward to simulate, calculate, analyze, and
optimize the lighting environment. DIALux also has access to databases of the major
lighting companies. Many pieces of research have repeatedly proved the reliability of
simulating and calculating artificial road lighting [44,45].

The Xiaogou tunnel interior is cemented concrete pavement with a 24% reflection
coefficient. The tunnel wall for heights within 2 m contains high reflection materials having
a 70% reflection coefficient. Low-reflection materials were used for heights higher than 2 m,
with a 27% reflection coefficient (see Figure 9b). Xiaogou tunnel lighting system is provided
with 30 W LED luminaries at a mounting height of 5.5 m, placed approximately 1.5 m from
the edge of the sidewalk with a spacing between luminaries of about 9 m. Figure 9 shows
the cross-section of the test tunnel and the render by DIALux.
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3.3. Target Object

The ANSI/IES RP-8-18 roadway lighting guidance [46] recommends that the target is an
0.18 m × 0.18 m × 0.18 m cube having a 50% reflectance. The Japanese national standard [47]
recommends that the target be a 0.2 m× 0.2 m× 0.2 m cube with a 30% reflectance. However,
tunnels are tubular and enclosed except for the entrance and exit. The objects on the tunnel
pavement are cartons, foam, and other items, whose reflectance is between 20% and 35%. Thus,
considering the target object recommendation for tunnel lighting, a 0.2 m × 0.2 m × 0.2 m
cube with 30% reflectance was selected as the target object.

Small target visibility (STV) is an effective metric to relate the physics of roadway
lighting performance to the biology of the human eye [37]. Visibility is a function of contrast
from the physics perspective. Weber-contrast can be defined by Equation (10), which is
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the relationship between the amount of light reflected off a target and the amount of light
reflected off its background.

C =
∆L
Lb

=
Lt − Lb

Lb
(10)

where C indicates contrast, Lt indicates the target’s luminance, Lb indicates the target’s
adjacent background luminance. The target can have a higher luminance than the back-
ground (positive contrast) or appear darker than Lb (negative contrast). Furthermore, the
absolute value of contrast represents the difference between the luminance of the target
and its background. Thus, a higher absolute contrast value makes distinguishing between
the target and background easier.

4. Analysis and Results
4.1. Simulation of Tunnel Model

The study used the virtual model of a portion (300 m long) of the Xiaogou tunnel
interior zone. The computational grid for the pavement illumination simulation is presented
in Figure 10. The length and width of the computational grid are approximately 100 m and
7 m, respectively. Additionally, the tunnel interior simulation result and its rendering effect
are shown in Figure 11.
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Calculation results showed that the minimum luminance is 1.63 cd/m2, and the
average luminance is 2.50 cd/m2. Thus, the overall uniformity of road surface lumi-
nance is the ratio of the minimum luminance to the average luminance on the road
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(U1 = Minimum/Average cd/m2 = 1.63/2.50 = 0.65), which meets the requirement of
the lighting standard.

4.2. Contrast Calculation

A standard small target visibility (STV) target was placed on the road, and the video
camera was placed at 100 m [41] (the stopping recognition distance) and 1.5 m above the
pavement. This height corresponds to the visual cognition height of a typical passenger car.
The target was placed at the center of the camera frame to obtain a one-degree down angle.
Figure 12 gives the simulation results of the lighting environments provided by 3000 K,
4000 K, and 6000 K LED luminaries.
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Figure 12. Different lighting environments.

It can be observed from Figure 12 that the lighting environment produced by 3000 K
LED is between soft white and warm white. Likewise, the lighting environment created by
4000 K and 6000 K LEDs is cool white or blue-white.

Images of the target under different lighting environments were collected to analyze the
influence of LED luminaire CCT and target surface reflection properties on the target contrast,
and the image contrast was calculated to evaluate the target contrast. Figure 13 shows photos
of the four-color target for 3000 K, 4000 K, and 6000 K LED lighting environments.
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The RGB photo was converted to CIE Lab color space [48,49] (Equations (11) and (12)),
which aims to calculate the contrast value. X

Y
Z

 =

 2.7689 1.7517 1.1302
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L∗ = 116 f
(

Y
Y0

)
− 16,

a∗ = 500
[

f
(

X
X0

)
− f

(
Y
Y0

)]
,

b∗ = 200
[

f
(

Y
Y0

)
− f

(
Z
Z0

)]
,

(12)

where X0, Y0, and Z0 are the tristimulus values corresponding to “the illuminant”, which
the eye is assumed to reference as “white.”

Lightness channel L images of Figure 13 are shown in Figure 14. Again, it can be found
that the green and yellow targets are brighter than the red and blue targets.
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The C values of the target for each lighting environment according to Equation (10)
are presented in Table 3.

Table 3. Contrast value of target object.

LED CCT
Target Surface Color

B G R Y

3000 K 0.0064 0.6579 0.3467 1.0309
4000 K 0.0080 0.6773 0.2744 1.0265
6000 K 0.0246 0.6791 0.2529 1.0196

Notes: B is blue, G is green, R is red, and Y is yellow.

5. Discussion

It can be seen from Section 2.1 that the mesopic luminance of the tunnel interior
zone is greater than the photopic luminance, which means that it needs less luminance
level to create the same values of standardized luminance value in practice. For example,
for the normative requirement of average pavement luminance (2.5 cd/m2, calculated in
Section 4.1), the pavement luminance level created by 3000 K LEDs would be 2.435 cd/m2

(2.6% lower); for 4000 K LEDs would be 2.415 cd/m2 (3.4% lower) and 6000 K LEDs would
be 2.375 cd/m2 (5.0% lower). It can save more energy once used mesopic theory in a tunnel
interior lighting environment.

In the tunnel interior zone, the relationship between target contrast and surface color in
the case of different light sources is shown in Figure 15. The target contrast depends on the
target surface color and the CCT of the light source (SPD of the light source). Furthermore,
it can be inferred from Figure 15 that the contrast of the yellow surface target is the largest,
followed by the green surface target. Conversely, the contrast of the blue surface target is
the smallest, which agrees with the calculation results in Section 2.2.
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The contrast value of the blue/green surface target for 3000 K LED luminaries is smaller
than 4000 K and 6000 K LED luminaires. On the contrary, the contrast value of the red/yellow
surface target for 3000 K LED luminaires is higher than 4000 K and 6000 K LED luminaries.
Therefore, the results agree with the calculation results in Section 2.2. Moreover, the contrast
absolute value of the blue surface target is the largest, which means that the blue surface target
is the easiest to distinguish than the other three-color surface targets.

6. Conclusions

A new luminance calculation model was proposed considering the light distribution,
color of the small target, and human eye sensitivity in a tunnel lighting environment. The
tunnel interior zone’s lighting environment was modeled using the simulation software
DIALux. Four colored surface targets (red, yellow, blue, and green) and three LEDs (3000 K,
4000 K, and 6000 K) were used to evaluate visual luminance. The influence of light sources’
characteristics, mesopic vision, and target surface colors on perceived luminance was analyzed.

• Lmes_new is proposed as a factor to analyze the perceived luminance after the combined
effect of light source SPDs, small target reflection properties, and human visual
characteristics. The results showed that the amount of reflected light or the luminance
value varies depending on the surface colors. Thus, surface color may significantly
influence small targets’ identification under the same light distribution environment.

• The simulation results showed that in the case of specific light distribution, the Lmes_new
value of the yellow surface target is higher than that of the other three-color surface
targets. In contrast, the blue surface target has the lowest Lmes_new value.

• In the case of the yellow/red color surface target, the Lmes_new value under a low CCT
LED is higher than that under a high CCT LED. On the contrary, for the blue/green
color surface target, the Lmes_new value under a low CCT LED is smaller than that
under a high CCT LED.

• The main limitation is that the work is a simulation-based study. Future studies
should be conducted in an actual tunnel to confirm the results. Future studies should
also consider the effects of vehicle headlamps with different SPDs. In other words,
additional research is needed to distinguish between novice and experienced drivers,
male and female drivers, and younger and older drivers.
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