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The long reaction time of human eyes will increase the probability of traﬃc accidents in tunnels which can be reduced by improving
lighting conditions. In recent years, light-emitting diodes (LEDs) have replaced the traditional lighting source in a tunnel. Colour
rendering index 2012 (CRI2012, a colour rendering evaluation index) is the most suitable evaluation method for colour rendering of
LEDs. In order to study the impact of colour rendering of LEDs on the reaction time of human eyes, a driving simulation environment was designed. First, three CCTs (correlated colour temperatures), four CRI2012s, and eight colours of targets were assessed
using mesopic photometry model MES-2. The calculation results indicated that the contrast of targets had a positive correlation with
CRI2012 and had a negative correlation with CCT. Then, reaction time experiment was conducted in simulated tunnel environments.
There are 30 observers who participated. The results show that the LEDs with higher CRI2012 and lower CCT in tunnel is conducive
to reducing the reaction time of human eyes. High CRI2012 enables drivers to accurately and quickly identify colours. This paper
provides a reference for the design of light source parameters, roads, walls, and warning signs in the tunnel.

1. Introduction
The chance of traﬃc accidents at the tunnel interior zone is
less than open roads [1]; because of the special structure of
the tunnel, the accidents will be more serious than the open
road such as large number of casualties and property losses
[2, 3]. So, it is signiﬁcant to analyse the causes of accidents,
improve the traﬃc conditions, and reduce the probability of
accidents in the tunnel interior zone.
Traﬃc accidents in the tunnel interior zone include rearend collision and collision wall [1]. The main reason for
traﬃc accidents in the tunnel is that the driver has a longer
reaction time to the vehicle or wall [4]. Reaction time is the
time required from seeing the target unclearly to clearly [2].
The possibility of traﬃc accidents in the tunnel is positively
correlated with the reaction time [5]; the longer reaction
time will lead to further braking distance, so it is more likely
to cause traﬃc accidents [6–8]. If the reaction time can be
shortened, the safety of driving in a tunnel can be improved.
Reaction time is mainly aﬀected by tunnel lighting environment [2]. For a long time, CCT and colour rendering of

lighting sources at tunnels are ﬁxed by the limitation of
lighting lamps. So, the setting of tunnel lighting is only based
on the luminance in China [9, 10].
Recently, the LEDs are replacing the traditional light
source in the tunnel [11–14] because characteristics of high
luminous eﬃciency and long life of LEDs [15, 16]. Consider
the inﬂuence of the colour rendering and CCT of the LEDs
on driving in the tunnel because the colour rendering and
the CCT of the LED are not ﬁxed.
Compared with colour rendering, CCTon tunnel driving
safety-related research is relatively comprehensive [17–20].
In 2007 [21], Yamamoto et al. conducted experiments in a
tunnel using high-frequency ﬂuorescent lamps and lowpressure sodium lamps. The experimental results show that
the use of light source of high colour rendering can more
accurately show the colour of the equipment and the car
ahead in the tunnel. In 2016 [22], Deng et al. used two light
sources with diﬀerent colour rendering properties to observe
small targets in tunnels. They found that the better the colour
rendering of tunnel light sources is, the stronger the driver’s
recognition ability of obstacles is, which is more conducive
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to driving safety and lighting energy saving. In 2017 [23],
Zhang et al. used 15 lighting combinations with a diﬀerent
luminance and CCT in the tunnel. Experiments show that
the appropriate combination of CCT and colour rendering
of LED can improve the lighting eﬃciency of the light source
in the tunnel and show better visual performance.
Although there are few studies on the application of colour
rendering in tunnel lighting, more in indoor scenarios [24–28],
the LEDs with high colour rendering are positive for indoor
lighting. However, the results of these studies are basically
based on the subjective feelings of the observer, and the impact
of CCT on vision is not considered. Most of the experimental
objectives are set to single colour; in real tunnels, the colour of
targets cannot be single. The luminance in the tunnel is in
mesopic vision luminance. In this luminance range, the human
eye can perceive the colour of the object [29].
According to the aforementioned studies, the colour
rendering has a signiﬁcant impact on human eyes, but few
studies have linked colour rendering to tunnel traﬃc safety.
Therefore, this paper studies the impact of LED colour
rendering on the safety of the tunnel interior zone and
mainly the impact of diﬀerent colour rendering of LEDs on
reaction time of human eyes, considering the impact of
diﬀerent colours of target and CCTs on the reaction time.
The research results will provide some suggestions for the
formulation of tunnel lighting rules.

2. The Evaluation Method for Colour
Rendering of LED
Colour rendering is generally expressed by CRI in the range
of 0–100, and the CRI of sunlight is 100 [30]. CRI has some
problems in evaluating LEDs. So, two new evaluation
methods appear, Colour Quality Scale (CQS) and CRI2012
(based on CRI) [31, 32]. Therefore, in order to study the
impact of LED colour rendering on reaction time of human
eyes, ﬁrstly, a most suitable evaluation index to evaluate the
colour rendering of the LED needs to be selected.
In 2005, Yoshi and Wendy, scholars of the National
Institute of Standards and Technology (NIST), presented a
new objective evaluation method CQS. CQS uses the CAT02
chromatic adaptation formula to improve the accuracy of
the chromatic adaptation formula and replaces the mean
value with the root mean square error to improve the statistical rationality. Comparing with CRI, CQS is more exact
in evaluating the colour rendering of LEDs. However, Nicola
Pousset et al. [33] validated the colour preference degree of
the CQS and found that the true colour quality of the LEDs
diﬀered greatly from the CQS value. CQS could not accurately represent the colour quality of the light source.
Based on the previous problems in colour rendering
evaluation, CIE established TCI-90 technical committee,
which proposed CRI2012. The improvement of the CRI2012
evaluation system includes use of CAM02-UCS colour space
and CAT02 chromatic adaptation formula, use of new 17
colour samples H17 with uniform spectral distribution,
which can help to correctly evaluate the colour rendering of
spectral discontinuous light sources, and use of new calculation formulas to enhance the inﬂuence of extreme values
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of special colour rendering index on general colour rendering index. These improvements make CRI2012’s evaluation of the colour rendering of LEDs more consistent with
the results of visual experiments.
Therefore, CRI2012 will be more suitable for the evaluation
of colour rendering of LED. Therefore, in this paper, CRI2012 is
selected as the evaluation index of colour rendering.

3. Impact of CRI2012 on Contrast of the Target
Driving safety is closely related to reaction time of human
eyes. The reaction time is directly aﬀected by the contrast of
the target. The higher the contrast, the shorter the reaction
time [34–36]. In order to study the inﬂuence of CRI2012 on
driving safety in the tunnel, it is necessary to study the eﬀect
of CRI2012 on the contrast of targets. In order to study the
impact of CRI2012 on the contrast of targets, it is necessary
to give the contrast calculation formula:


L − Lb 
,
C �  t
(1)
 Lb 
where C is the contrast, Lt is the luminance of the target, and
Lb is the luminance of the background. Contrast is only
aﬀected by target luminance and background luminance.
Contrast represents the diﬀerence between the target luminance and the background luminance. The larger the
diﬀerence is, the higher the contrast is and the better to
reduce the reaction time of human eyes.
According to the research, the luminance measured by
the instrument is not consistent with the actual perception
luminance by the human eyes (perception luminance for
short) at the mesopic vision luminance [20, 37]. So, the
perceived luminance under the mesopic vision luminance
needs to be calculated. The calculation method of the perceptual luminance to the targets and background (Lt and Lb )
is shown in formulas (2) and (3):


Lt �  km Vmes (λ)LTSPD (λ)dλ,

(2)



Lb �  km Vmes (λ)LBSPD (λ)dλ,

(3)

where km refers to maximum spectral light performance
corresponding to mesopic vision luminance, Vmes (λ) is the
mesopic spectral luminous eﬃciency function, and LTSPD (λ)
and LBSPD (λ) refer to the spectral power distribution (SPD)
of the target and the background measured by the spectral
radiance meter.
3.1. LTSPD (λ) and LBSPD (λ). LTSPD (λ) and LBSPD (λ) refer to
the SPDs of the target and the background measured by the
spectral radiance meter. Before measuring LTSPD (λ) and
LBSPD (λ), we need to set up the LED used in the experiment.
Four CRI2012s and three CCTs are selected in this experiment, four CRI2012s are 55, 65, 75, and 85 and three CCTs
are 2800k, 4500k, and 6400k, and there are 12 lighting
conditions. The SPDs of LEDs are shown in Figure 1. Table 1
shows the comparison of theoretical and practical
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parameters of the LED. In order to not only meet the tunnel
lighting rules but also make the experimental conclusion
more universal, we set the ambient luminance of the experiment as 1 cd/m2.
The SPD of 9 colours under 12 lighting conditions was
tested, as shown in Figure 2. The background colour is similar
to asphalt. All the SPDs measured by spectrophotometer
Konica-Minolta CS-2000 and cs-s10w are shown in Figure 3.
3.2. kVmes (λ). kVmes (λ) refers to the mesopic spectral luminous eﬃciency function. The luminance of tunnel lighting
is 1–10 cd/m2. And, the luminance environment is 1 cd/m2
in this experiment. This luminance is at the mesopic vision
luminance, and we choose the MES-2 [38–42] model to
calculate Vmes (λ). The calculation of Vmes (λ) formula is as
follows; then, km can be calculated by 5. The whole
km Vmes (λ) calculation process is shown in Figure 4:


Lp �  683V(λ)LSPD (λ)dλ,

km �

(4)

683lm · W−1
,
Vmes λ0 

Vmes (λ) � 683

(5)

m2 V(λ) + 1 − m2 V′ (λ)
0 ≤ m2 ≤ 1, (6)
m2 + 1 − m2 V′ λ0 

m2,n � 0.3334 log Lmes,n + 0.7670 ≤ m2,n ≤ 1,

Lmes,n �

m2,n−1 + 1 − m2,n−1 (S/P)V′ λ0 
m2,n−1 + 1 − m2,n−1 V′ λ0 

Lp ,

(7)

(8)

730

S 1700 380 V′ (λ)LSPD (λ)dλ
.
�
730
P
683  V(λ)L (λ)dλ
380

(9)

SPD

Vmes (λ0 � 555nm) is the value of Vmes (λ) when
λ � 555 nm. Lp refers to the luminance of targets and background in the photopic vision, whose units of measurement is
cd/m2. m2 refers to the luminance adaptation factor. V(λ)
refers to the value of scotopic spectral sensitivity function.
Figure 5 shows V(λ) and V′ (λ), V′ (λ) is the curve of scotopic, and V(λ) is the curve of photopic. V′ (λ0 ) � 683/1700.
Lmes,n refers to the mesopic luminance. LSPD (λ) refers to
LTSPD (λ) and LBSPD (λ), respectively. The value of S/P refers to
scotopic to photopic luminous ﬂux ratios of targets.
3.3. C. C is calculated by (1). The calculation process of C is
shown in Figure 6. C of diﬀerent colours of targets is shown
in Figure 7. We assume that the probability of each colour of
targets appearing in the tunnel is the same. We assume that

the probability of each colour of targets appearing in the
tunnel is the same. In order to discuss the relationship
between CRI2012 and contrast, Figure 8 shows the average C
of eight colours which are normalized.
As shown in Figure 7, C is aﬀected by the CRI2012 and
CCT. Under a certain CCT, C and CRI2012 show a positive
correlation trend in most cases. Under a certain CRI2012, C
and CCT show a negative correlation trend in most cases.
When the colour is considered, except for black and blue, the
law between the change of CRI2012 and CCT and the change
of contrast is basically the same as the above law. Some
colours at high CCT do not show law. This may involve indepth optical problems. This paper mainly discusses driving
safety in the tunnel, and the complex optical problems are
not considered. However, the calculation results are not
completely consistent with the actual condition, and it still
needs experimental veriﬁcation.

4. Experiment
In order to test the real impact of diﬀerent CRI2012s on
human vision, we designed an experiment to measure the
reaction time of human eyes. Three CCTs (2800K, 4500K,
6400K), four CRI2012s (55, 65, 75, 85), and eight colours
were selected. 30 observers participated in the experiment.
4.1. Experimenter. In this experiment, there were 30 observers, 19 males, and 11 females. They are all qualiﬁed to
drive cars, and Shintaro Ishihara’s colour vision is normal.
4.2. Experimental Parameters. Three CCTs (2800k, 4500k,
and 6400k), four CRI2012 (55, 65, 75, and 85), and eight
targets of diﬀerent colours are selected in the experiment.
LED cube is used as the light source. The SPD of LED cube
and ambient luminance settings are the same as in Section
3.1.
Landolt chart is selected in the experiment as the observation target, also named “C” visual chart. Eight targets of
diﬀerent colours, which are the same as those in Section 3.1,
are selected. As shown in Figure 8, the orientation of “C” is
random to prevent the subjects from remembering the
object orientation and aﬀect the experimental results. The
outer diameter of the target ‘C’ was 20 mm. Preliminary
experiments prove that 20 mm is the most suitable.
4.3. Experimental Device. Figure 9 shows the schematic
diagram of the experimental device. The experiment was
carried out in a simulated tunnel. The simulated tunnel is the
same proportion as the real tunnel. The material of the inner
wall is the same as that of the real tunnel. The LED cube is 1m
higher than the experimental platform, and the horizontal
distance between the two LED cube is 0.5 m. The horizontal
distance between the blackboard and observation window is
3m. As a simulated pavement surface, the experimental
platform is painted with asphalt colour similar to the asphalt
pavement, to restore the internal environment of the tunnel
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Figure 1: Relative SPDs of LEDs with diﬀerent CRI2012s and CCTs, measured by Spectrometer I1-pro.
Table 1: Simulated real parameters of 12 lighting conditions in the
tunnel.

as much as possible. Figure 10 shows a panoramic view of the
simulated tunnel.

Experiment parameter
CCT
CRI2012
55
65
2800K
75
85
55
65
4500K
75
85
55
65
6400K
75
85

4.4. Procedure Speciﬁcation. Firstly, the observer held the
timer and sat in front of the observation window. Before
hearing the begin timing, the observer was asked not to
look directly at the blackboard, but to saccade the
pavement.
Secondly, the observers got orders began to search for
the target on the blackboard and pressed the timer. When
the observer ﬁnds the target and fully sees the direction of
the “C,” the timer is pressed again to stop timing, and the
time obtained is the reaction time. And, the observers
were asked to identify the colour of target in ﬁrst
experiment.

CCT
2782
2894
2760
2743
4485
4653
4518
4536
6482
6413
6479
6408

Actual value
CRI2012
57
65
76
86
55
66
75
85
55
64
76
84
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Figure 2: Eight colours.
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Figure 3: Continued.
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Figure 3: Continued.
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Figure 3: Absolute SPD of targets with diﬀerent CRI2012s and CCT.

Thirdly, the experimenter changed the CCT and
CRI2012 of LED cube, colour, position, and direction of
the targets, and repeat the above steps again until each
kind of light environment and colours have completed the
experiment. Figure 9 shows the real perspective of the
observers.
The colour of the indicator will carry useful information
in the real tunnel, so it is fast and accurate to discriminate
the colour is conducive to the driver to quickly understand

the road information. So, we designed a colour discrimination experiment based on the reaction time experiment.
Considering majority of observers cannot accurately
identify the colour when the CRI2012 of the LED is 55, so in
the colour discrimination experiment, the CRI2012 of the
LED is set to 3 CRI2012s (65, 75, and 85) and 3 CCTs
(2800K, 4500K, and 6400K). The time required for the
observer to discriminate colours under diﬀerent CRI2012s
and CCTs was measured.
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Figure 7: The calculation results of C.

In order to reduce the experimental error, the observers
are required to perform the experiment three times to familiarize with the process, and recording of the results is not
needed. After each experiment, the observer is required to
rest for 3 minutes to prevent the interference of visual fatigue
on the experimental results. And, the observers can also
select and play music or radio during the experiment
according to their usual driving habits.

4.5. Experimental Feasibility Analysis. Although there are
some diﬀerences between the laboratory and the real tunnel
environment, such as the luminance in the tunnel, the reﬂection spectrum of obstacles, and the distance of observing
obstacles, however, this paper studies the law between
CRI2012 and reaction time; the diﬀerences will not aﬀect the
intrinsic law between CRI2012 and reaction time, so the
results in the laboratory will still contribute to the tunnel
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Figure 8: Targets used in the experiment with diﬀerent colours.

Tunnel of
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LED Light

Black Board

Target C and
Background

Observation
window
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Figure 9: Real scene of the simulated tunnel in the laboratory.

LED cube

Blackboard

LED cube

Target C

Pavement

Figure 10: Schematic diagram of the simulated tunnel.

lighting. In addition, changing the light conditions is easy in
the laboratory, which helps to reduce the error. In a real
highway tunnel, it is almost impossible to change the
lighting conditions. Figure 11 shows the visual of the actual

tunnel interior zone and the visual of the observers in the
experiment to illustrate the feasibility of the experiment. This
method can accurately measure the reaction time of human
eyes in the tunnel.
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Figure 12: Ten repetitions’ reaction time of ten observers.

5. Results and Discussion
To measure the error of the experiment, ten of thirty observers were asked to perform the preliminary experiment 10
times using the black target and LED cubes with CRI2012 of
75 and CCT of 4500K. The reaction time of the ten observers
is shown in Figure 12. There was no correlation between the
number of experiments and the reaction time.
Figures 13 and 14 show the average reaction time of all
observers under diﬀerent CRI2012s and CCTs. Figure 13

shows the average reaction time of observers to the eight
colours of the target. The reaction time decreases with the
increase of CRI2012, which agrees with the theoretical
results in Section 3. In Figure 14, the experimental data of
most colours showed that the reaction time decreased
with the increase of CRI2012. The reaction time of yellow,
white, and silver is too short due to the high contrast;
therefore, the error is large. However, it is easy to see that
high CRI2012 have a positive eﬀect on shortening the
reaction time.

12

Advances in Civil Engineering
Average reaction time of all targets

5

Reaction Time (s)

4

3

2

1

0

2800

4500
CCT (K)

6400

CRI2012–55

CRI2012–75

CRI2012–65

CRI2012–85

Figure 13: All colour’s average reaction time under 12 lighting conditions.

8

8
CCT 4500 K

7

7

6

6
Reaction Time (s)

Reaction Time (s)

CCT 2800 K

5
4
3

5
4
3

2

2

1

1

0

0
Silvery

Red

White

Blue Green
Target Color

Black

Brown Yellow

Silvery

Red

White

Blue Green
Target Color

Black

Brown Yellow

CRI2012–55

CRI2012–55

CRI2012–75

CRI2012–65

CRI2012–65

CRI2012–85

CRI2012–75
CRI2012–85

(a)

(b)

Figure 14: Continued.

Advances in Civil Engineering

13
8
CCT 6400 K
7

Reaction Time (s)

6
5
4
3
2
1
0
Silvery

Red

White

Blue Green
Target Color

CRI2012–55

Black

Brown Yellow

CRI2012–75

CRI2012–65

CRI2012–85

(c)

Figure 14: The reaction time of all observers under diﬀerent CRI2012s and CCTs.
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Although this paper mainly studies the impact of
CRI2012 on reaction time, the inﬂuence of CCT on reaction
time is also considered. Figures 15 and 16 show the impact of
CCT on the reaction time. Figure 15 shows the average
reaction time of observers to the eight colours of the target.
From the calculation results of the average value shown in
Figure 17, the reaction time increases with the increase of
CCT. In Figure 16, the experimental data of most colours
showed that the reaction time decreased with the decrease of
CCT.

The diﬀuse reﬂectance will have a greater impact on
the contrast resolution of the human eyes, thereby affecting the reaction speed. Figure 18 shows the SPDs of
eight targets with diﬀerent colours in sunlight, the SPD of
the background in sunlight, and the SPD of the sunlight
measured by a Konica-Minolta CS2000. The results of the
experiment showed that the diﬀuse reﬂectance of white,
yellow, and silver was relatively high, and the reaction time
of human eyes to these three colours was the least. Although
the diﬀuse reﬂectance of red is higher than that of blue and
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Figure 16: The reaction time of all observers under diﬀerent CRI2012s and CCTs.

green and close to silver, it can be seen that the red target
reﬂects red ray, and the silver reﬂects more evenly. The blue,
green reﬂection spectrum components are mainly blue ray,
while human eyes are more sensitive to blue light. Therefore,
red, blue, and green had no diﬀerence in reaction time.
Although the reﬂectance of black is lower than brown, it is
far from the luminance of background, and the brown and
background are too close, so it is diﬃcult to be recognized.
Table 2 shows the signiﬁcance analysis with reaction
time as the dependent variable; the independent variable

is CRI2012, CCT, and colour of targets. When the signiﬁcance p value of some independent variable and the
dependent variable is less than 0.05, it indicates that there
is a signiﬁcant correlation between the two variables. The
smaller the value of p, the stronger the correlation between the two variables.
In Table 2, the correlation between colour of targets
and reaction time is the strongest, followed by CRI2012,
and ﬁnally CCT. The p values of colour of targets, CCT,
and CRI2012 were all less than 0.05, so the signiﬁcant
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Figure 18: The reaction time of all observers under diﬀerent CRI2012s and CCTs.

Table 2: Correlation analysis of all experimental data.
Signiﬁcance (p)
CRI2012
CCT
Colour of target

Reaction time
p � 0.005
p � 0.011
p < 0.001
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Figure 19: The reaction time of all observers under diﬀerent CRI2012s and CCTs.

correlation between the reaction time and the three factors is strong. However, only considering the impact of
LEDs on reaction time, the impact of CRI2012 is greater
than that of CCT.
In Figure 17, the experimental data of most colours showed
that the colour discrimination time decreased with the increase
of CRI2012. Especially, CRI2012 on reducing colour discrimination time has a signiﬁcant eﬀect when CCT is 2800K and
4500k. In Figure 19, the experimental data of most colours
showed that there are no rules with colour discrimination time
and CCT. The colour discrimination time with diﬀerent CCTs
is almost the same when CRI 2012 is 85.
Table 3 shows the signiﬁcance analysis with colour discrimination time as the dependent variable, and the independent variable is CRI2012, CCT, and colour of targets. From the
table where the p values of colour of targets, CCT, and CRI2012
were all less than 0.05 and close to 0, the signiﬁcant correlation
between the reaction time and the three factors is strong.
Because changing both CRI2012s and CCTs will aﬀect
the reaction time, which means only consider the impact of
CCT or CRI2012 is imcomprehensive. The experimental
results show that using LEDs of low CCT and high CRI2012
in the tunnel can help to reduce the reaction time of drivers.
The results agree with the results in Section 3 too. The results
of colour discrimination experiments show that high
CRI2012 can improve the speed of colour recognition, which
is very beneﬁcial for drivers to observe the indicator and
understand the road. Comprehensive experimental results
show that the LED with CRI2012 and low CCT is conducive
to the driver’s rapid and accurate recognition of target and
colour of targets. Yellow, white, and silver can be used on the
walls, traﬃc signs, and working clothes of the staﬀ in the
tunnel, which are conducive to the driver to ﬁnd target
quickly and clearly.

Table 3: Correlation analysis of all experimental data.
Signiﬁcance (p)
CRI2012
CCT
Colour of targets

Colour discrimination time
p < 0.001
p < 0.001
p < 0.001

6. Conclusions
In this paper, a theoretical analysis and experiment were
carried out to investigate the impact of LED colour rendering on reaction time of human eyes in the tunnel interior
zone. Firstly, the impact of accidents in the tunnel interior
zone is expounded, the types and causes of accidents in the
tunnel interior zone and the signiﬁcance of shortening the
reaction time of human eyes were analysed.
Next, several commonly used colour rendering evaluation indexes were also discussed, and CRI2012 was
more suitable for evaluating the colour rendering of LEDs
in the tunnel. The impact of CRI2012 on contrast is
analysed based on the mesopic model MES-2. Low CCT
and high CRI2012 can eﬀectively improve the contrast of
the target.
Next, a reaction time experiment and a colour discrimination time were designed; one investigates the
relationship between CRI2012 and reaction time; another
investigates the relationship between CRI2012 and
colour discrimination time. Thirty observers attended the
experiment.
Then, an experiment was used to measure the reaction
time and colour discrimination time of the human eye under
diﬀerent lighting conditions. The results of comprehensive
experiments show that the LEDs with low CCT and high
CRI2012 have a positive eﬀect on shortening the reaction
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time and colour discrimination time of human eyes. This is
conducive to reduce the probability of accidents at the
tunnel. The experimental results agree with the results
calculation in Section 3. High CRI2012 enables drivers to
quickly and accurately identify colours. The experimental
results also provide suggestions for the colour of warning
signs or facilities at the tunnel.
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