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 12 

Abstract: The design of the lighting environment inside the tunnel has a profound 13 

impact on the long-term operation of the tunnel. The existing field studies, full-scale 14 

experiments and simulation methods, mostly focus on the luminance level inside the 15 

tunnel, ignoring the effect of the luminaires and decorations from the visual perspective. 16 

This paper proposed a novel digital-twin-based integral method, including virtual world 17 

design (the virtual reality (VR) experiment and the numerical simulation) and real-18 

world validation (the tunnel mock-up experiment and the field experiment), to improve 19 

the design of the luminaires and decorations in the interior zone of the tunnel. The VR 20 

experiment and the numerical simulation in lighting software were firstly conducted to 21 

determine the lighting parameters. Then the obtained lighting scheme was tested and 22 

validated in the real scenarios, where tunnel mock-up experiments and field 23 

experiments were conducted respectively. According to the results from the numerical 24 

simulations and the virtual reality experiments, the double-side luminance scheme is 25 

more conducive to driving safety and once the power of the luminaires is excessive low, 26 

the driver attention variation rate is also unsatisfied. Moreover, the use of the anti-27 

collision lower-side luminaires enhances the luminance level of the road surface and 28 

the sidewall to a certain level. The obtained lighting scheme was applied in a newly 29 

built tunnel in Hangzhou. The statistics of accidents data indicate that the installed 30 

luminaires and decorations, which are obtained from virtual simulation, can provide a 31 

considerably safe lighting environment. Ten months of accident statistics show that the 32 

breakdown rate in this tunnel was only 10% of the similar tunnels, and the accident rate 33 

was only 3%, thus the safety and environmental performance have been proved to be 34 

significantly improved.  35 

Keywords: Tunnel lighting environment; Virtual reality (VR); Digital twin; Numerical 36 

simulation; Experimental validation 37 
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1 Introduction 39 

The design of the lighting environment inside the tunnel has a profound impact on 40 

the long-term operation of the tunnel, especially ensuring safety (Ministry of Transport 41 

of the People’s Republic of China, 2014). According to the study carried out by Pena-42 

Garcia (2018), there are three fundamental groups of problems that affect driving safety 43 

inside the tunnel, i.e., psychological factors mainly impairing a safe driving, visual 44 

factors directly related with the human visual system and psychophysiological factors 45 

linking hormones secretion with drivers’ behavior and performance. All these 46 

hindrances are not independent but closely related, creating a negative synergy that 47 

imposes risk on driving safety in tunnels. The solutions to the abovementioned 48 

singularities include a suitable level of the luminance (the luminous flux emitted per 49 

unit of solid angle and surface in one given direction) or the illuminance (the received 50 

flux per unit of surface) as these problems have a common connection that they are 51 

closely related to tunnel lighting (Pena-Garcia, 2018, 2022). 52 

Generally, three types of luminaires exist in the interior zone of the tunnel, as 53 

shown in Fig.1. The luminaires on the tunnel roof provide the main luminance inside 54 

the tunnel and can be arranged as single-side or double-side. The light-emitting diode 55 

(LED) lighting system has been spreading fast as the main light choice due to its low 56 

energy consumption and the high durability combined with the low maintenance 57 

requirement (Domenichini et al., 2017; Moretti et al., 2016). In general, lower-side 58 

luminaires are adopted to provide visual reference for drivers to prevent collisions. 59 

Moreover, the installation of lower-side luminaires can also increase the luminance and 60 

illuminance level of the road surface. Another important type of luminaire inside the 61 

tunnel is the auxiliary luminaires such as the marking lines or warning signs. 62 

 63 



 

 

Fig.1 Luminaires in the middle section of the tunnel 64 

Many research endeavors have been allocated to investigate the lighting 65 

environment and optimize the lighting scheme. Some researches adopt pre-tunnels as a 66 

strategy to reduce lighting consumption, which have been proven to be effective 67 

(Cantisani et al., 2018a, b; Gil-Martin et al., 2015). However, the focus of this study is 68 

to investigate lighting scheme in the interior zone of the tunnel, so solutions such as 69 

pre-tunnels are not considered in this study. Currently,, as suggested by some standards 70 

and specifications (Ministry of Transport of the People’s Republic of China, 2014), the 71 

scale of tunnel lighting facilities is related to the tunnel length, the horizontal curve, the 72 

vertical curve and the designed traffic volume. However, such design procedure is a 73 

trial-and-error process and the calculated luminance level may be too high with respect 74 

to the current designed value (Zhao et al., 2021). Hence, some researchers turn to other 75 

methods to obtain a more suitable lighting design method. Generally, field studies, full-76 

scale mock-up (i.e., the prefabricated tunnel used in the model test) experiments and 77 

simulation methods are commonly employed in the design of tunnel lighting 78 

environment (Bellazzi et al., 2022). However, as a significant amount of experimental 79 

input of time and resources is required in the built tunnels, and some specific variables 80 

are sometimes impossible to manipulate with the stakeholders’ consent, field studies 81 

are used relatively infrequently (Heydarian and Becerik-Gerber, 2017). Instead, full-82 

scale mock-up experiments are used as an alternative to field experiments as they allow 83 

better control of the lighting scenarios during the experiment (Bellazzi et al., 2022). For 84 

instance, Shen et al. (2022) employed the PSO (Particle Swarm Optimization) 85 

algorithm to determine the best luminance design scheme and the proposed method was 86 

validated by lighting simulation in 1:1 tunnel mock-ups. Though tunnel mock-up 87 

experiments can simulate more variables compared with field studies, only limited 88 

configurations can be tested, which reduced the complexity of real spaces where 89 

multiple stimuli can occur in combination (Bellazzi et al., 2022; Heydarian and 90 

Becerik-Gerber, 2017). Therefore, the simulation methods are widely employed in the 91 

design of the lighting environment for less cost and a better control of experimental 92 

variables. Konstantzos et al. (2015) conducted full-scale experiments in the working 93 

place with two glazing systems and an integrated daylighting and glare model. Leitao 94 

et al. (2009) and Zhao et al. (2021) used genetic algorithms and deep learning-based 95 

approach to calculate luminance level of each lighting section respectively. Cantisani 96 

et al. (2018c) used the life cycle assessment method to analyze four scenarios composed 97 

of two types of road pavements and two types of lighting systems to be built in a road 98 

tunnel and found that the construction and installation of LED lamps imply more 99 

consequences than that of HPS lamps. 100 

With the advancement of the VR technology, the immersive VR environment of 101 

tunnel lighting environment is used by more and more researchers to determine the 102 

lighting scheme. Hong et al. (2019) conducted experiments in the physical and virtual 103 

environments to investigate occupant responses with window size. Abd-Alhamid et al. 104 

(2020) used a physically-based 360° virtual environment to evaluate the view 105 



 

 

perception at three different viewing locations. Rodriguez et al. (2021) conducted a VR 106 

experiment to analyze subjective responses to lightness changes in outdoor views with 107 

respect to three view constructs. Heydarian et al. (2015) implemented available lighting 108 

control options in an immersive virtual environment. Mahmoudzadeh et al. (2021) 109 

analyzed the impact of having personal control over lighting system on occupants' 110 

lighting choices in an immersive virtual environment.  Li et al. (2021) proposed a VR-111 

based framework to assess the influence of the color temperature on the visual and non-112 

visual performance of the drivers in both normal driving situation and accident situation. 113 

The validation indicates that VR can be used to simulate lighting environment inside 114 

the tunnel. Although, there is a growing body of literature that recognizes the 115 

importance of VR in lighting design, it should be noted that the abovementioned studies 116 

mainly focus on the overall luminance or illuminance level produced by the main 117 

luminaires or overall lighting of the building. Thus, the holistic design of tunnel lighting 118 

environment cannot be fully considered, e.g. the decorated sidewall, the roof, and the 119 

anti-collision luminaires of the tunnel etc. In fact, anti-collision luminaires on the lower 120 

side of the tunnel can influence road luminance level and thus influencing driving safety 121 

(Lu et al., 2021). 122 

It can also be seen from above that most of the studies on the optimization of the 123 

lighting scheme focus on the calculation of the luminance or illuminance level produced 124 

by the luminaires. However, the drivers’ physiological reaction should be taken into 125 

account as the criteria for the selection of the lighting scheme because the lighting 126 

inside the tunnel can influence the visual and non-visual performance of the driver (Hu 127 

et al., 2013; O'Donell et al., 2011). To investigate the drivers’ visual and non-visual 128 

performance under different lighting schemes, some researches were conducted using 129 

simulated tunnel environment (usually in the form of an observation box) to measure 130 

the reaction time of the drivers (He et al., 2020; He et al., 2017; Liang et al., 2012). 131 

Such simulation method obviously caused high loss in terms of ecological validation, 132 

which referred to the extent to which the simulated environment corresponds to its 133 

operational equivalent in the real world (Loomis et al., 1999). However, to the authors’ 134 

best knowledge, few literatures adopt VR, which can reduce the high loss of ecological 135 

validation, to investigate the optimization of the luminaires from the perspective of 136 

luminance level and the drivers’ physiological reaction. 137 

Hence, to fill these knowledge gaps, this paper proposed a novel digital-twin-138 

based integral method, including virtual world design (the numerical simulation and the 139 

VR experiment) and real world validation (tunnel mock-up experiment and field 140 

experiment), to improve the design of the luminaires in the interior zone of the tunnel. 141 

The lower-side anti-collision luminaires were modelled and simulated in the numerical 142 

software, then the immersive virtual tunnel lighting environment was created 143 

accordingly, and the virtual experiments were conducted. Moreover, the tunnel mock-144 

ups experiments and field experiments were also carried out to further verify the 145 

lighting schemes obtained by numerical simulation and VR experiments. The detailed 146 

methodology, the experimental setup, the research findings and validation are given in 147 



 

 

the remainder of the paper. These findings are expected to provide practical 148 

recommendations for the design of the lighting scheme in the interior zone of the tunnel 149 

and advance the existing knowledge about the tunnel lighting design from a holistic 150 

perspective. 151 

2 Research methodology 152 

The impact of tunnel lighting is especially remarkable in terms of driving safety 153 

and energy consumption. According to the statistics carried out by Pervez et al. (2020), 154 

crashes are the main accidents in tunnels. The reasons for the high proportion of crashes 155 

are the mental and visual impairment induced by some common disturbing effects in 156 

tunnels such as slow visual adaptation and flicker effect (Pena-Garcia, 2022). An 157 

effective measure to solve this problem is to increase the luminance and illuminance 158 

level in the tunnel, however this will simultaneously increase energy consumption. 159 

Therefore, how to set the layout of luminaires to ensure the sufficient luminance of the 160 

road surface and reduce certain energy consumption was always mentioned in the above 161 

research.  162 

Generally, geometrical optics and photobiological effects are usually used in the 163 

abovementioned field studies, full-scale mock-up experiments and simulation methods. 164 

Geometrical optics method focuses on the geometrical layout of the luminaires and 165 

calculates the luminance or illuminance level of road surface or sidewall. For instance, 166 

Leitao et al. (2009) and Shen et al. (2022) both used optimization algorithms to optimize 167 

the layout of the luminaires with the luminance level as the optimization object. 168 

However, geometrical optics method fails to take into account the physiological 169 

reactions of drivers as excessive luminance will also have an adverse impact on driving 170 

safety and energy consumption. Hence, photobiological effect method is used by 171 

different researchers to optimize the design of the tunnel interior lighting environment. 172 

The pros and cons of two methods are listed in Table 1. Taken these into account, our 173 

method considers both the quantification of the luminaire layout parameters and drivers’ 174 

physiological reactions, and the photobiological effect method is employed in the 175 

tunnel mock-up experiments and field experiments to validate the simulation results. 176 

On the other hand, the geometrical optics method and photobiological effect method 177 

(i.e. VR) are comprehensively employed in simulation to determine the luminaire 178 

parameters. 179 

Table1 Pros and cons of geometrical optics method and photobiological effect 180 

method. 181 

 Geometrical optics method Photobiological effect method 

Aims Calculate 
luminance/illuminance level to 
optimize luminaires layout 

Use drivers’ physiological 
reactions to optimize luminaires 
layout 

Examples Shen et al. (2022), Leitao et al. 
(2009) 

Li et al. (2021), Dong et al. 
(2020), Liang et al. (2020) 



 

 

Applications Usually in simulation and 
verified by tunnel mock-up 
experiments and field 
experiments 

Simulation, tunnel mock-up 
experiments and field 
experiments 

Advantages Luminaire parameters are 
quantified theoretically 

Closer to the actual driving 
conditions 

Disadvantages Fail to consider drivers 
reactions; 

May result in energy waste 

Difficult to quantify the 
luminaire layout; 

Multiple experiments to 
determine luminaire layout 

Specifically, the overall research methodology of this study is presented in Fig.2. 182 

Firstly, the research objects of this study were determined as the main luminaires on the 183 

tunnel roof and the anti-collision luminaires on the lower side of the tunnel. Then, based 184 

on the digital twin concept, both numerical simulation and VR experiments were 185 

applied in the virtual world to investigate the layout scheme of the luminaires. 186 

Specifically, the VR experiments were used to compare the pros and cons of double-187 

side and single-side main luminaires on the tunnel roof. What’s more, VR experiments 188 

were also conducted to study the impact of the lamp power of the anti-collision lower-189 

side luminaires on driving safety. The DIAlux software, which is a professional lighting 190 

software, was also used in this study to calculate the luminance level inside the tunnel 191 

created by the luminaires. Thirdly, in the real world, the experiments in tunnel mock-192 

up were performed to evaluate the visual performance (visual distance of small object) 193 

of the drivers and validate the lighting parameters from the lighting schemes obtained 194 

by the simulation methods. Finally, the obtained lighting scheme was validated in a 195 

practical engineering project, of which the accident rate was counted and compared 196 

with other counterpart in the same type of the tunnel. 197 

 198 
Fig.2 Research methodology of this study. 199 

3 Experimental setup 200 

In this section, the VR experiment approach, the numerical simulation methods 201 



 

 

and the real-car experiment in tunnel mock-up are discussed in detail. 202 

3.1 VR experiment 203 

3.1.1 Experimental setup 204 

To investigate the physiological reaction of the drivers under different lighting 205 

schemes, an immersive virtual tunnel environment was firstly modelled to simulate the 206 

lighting in the interior zone of the tunnel. Then, the established model was put into 207 

Unity for lighting creation and interaction. As for the hardware of the VR experiment, 208 

HTC Vive Pro was used to display VR environment and Logitech Momo Driving Force 209 

was used to restore the real driving experience and steer the simulated car in the virtual 210 

environment (see Fig.3). To measure the physiological reaction of the participants, a 211 

brainwave collector was worn by the participants and the collected brainwave signals 212 

were transformed to attention data using embedded artificial intelligence (AI) 213 

algorithms of the brainwave collector (Kosmyna and Maes, 2019). 214 

 215 

Fig.3 Hardware of the VR experiment. 216 

3.1.2 Virtual environment 217 

The immersive virtual environment was built according to the design drawings of 218 

one practical engineering projects. As shown in Fig.4, the basic modelling included 219 

lane marking, enamel steel plate, markers, the waistline and essential ventilation 220 

equipment. The main luminaires on the tunnel roof and the lower side were added in 221 

the Unity where the lighting parameters, such as the luminance level, was comparably 222 

modulated. 223 



 

 

 224 

Fig.4 Established virtual tunnel environment in Unity. 225 

3.1.3 Visual tasks and participants  226 

In order to optimize the layouts of the luminaires, as shown in Table 2, three 227 

different layouts of luminaires were set in the virtual environment: i) main luminaires 228 

on the tunnel roof were set as double side or single side; ii) the powers of the main 229 

luminaires on the tunnel roof were set as 6W, 12W, 18W, 24W and 30W; iii) the powers 230 

of the luminaires on the lower side of the tunnel were set as 4W, 6W, 8W, 10W and 231 

12W. 232 

In the experiment, the requirements of the subjects included: i) normal hearing and 233 

vision; ii) no nausea and dizziness problems, iii) no wrist and hand injuries; iv) 234 

obtaining a motor vehicle driver’s license and more than one year driving experience; 235 

v) no uncomfortable VR experiences. All the subjects should meet the requirement and 236 

consent the test procedure before the VR simulation. A total of 30 subjects from 237 

universities and related social groups were recruited in Shanghai, China. 60% were 238 

males and 40% were females, and the mean age of them was 28.67 ± 4.47 years, 239 

ranging from 23 to 40. It should be noted that before the VR experiment, the participants 240 

were asked not to exercise within 1h before the test or drink alcoholic/caffeinated drinks 241 

within 12h before the test to ensure the objectivity of the data (Li et al., 2021). 242 

Table 2 Working conditions of the study. 243 

 Variables Values 

Lighting parameters 

Layouts of main 
luminaires 

Double-side 

Single-side 

Power of main 
luminaires 

6W 

12W 

18W 

24W 

30W 

Power of lower-side 
luminaires 

4W 

6W 

8W 



 

 

10W 

12W 

3.1.4 Procedure 244 

As shown in Fig.5, the procedures of the VR experiments were as follows: 245 

(1) After arriving at the VR laboratory, the participants were requested to read and 246 

sign a form to give consent to take part in the experiments. After signing the consent 247 

form, the participants were asked to complete a questionnaire, which contained 248 

questions about demographic information, driving years and experience, diseases 249 

history and careers. 250 

(2) Before the formal experiment, the participants were firstly given a brief 251 

introduction of the VR system and the driving simulator. Then, the participants were 252 

suggested to put on the necessary equipment and perform a 3-minute pre-experiment to 253 

be familiar with the equipment and ensure that the hardware are in good condition. 254 

(3) After the pre-experiment, the participants were asked to perform the formal 255 

experiment. Each participant drove through the tunnel model under different lighting 256 

schemes in the virtual environment at the designed speed of 60 km/h. Since there were 257 

three different lighting variables to be investigated, the participant took a 10-min break 258 

after each experiment. 259 

(4) After all the experiments done, the participants were also asked to fill in a post-260 

experiment questionnaire, which contained questions about to what extent the VR 261 

environment corresponded to the real world counterpart, whether the differences in the 262 

lighting schemes can be experienced and whether simulation sickness appeared. 263 

 264 

Fig.5 Procedures of the experiments. 265 

3.2 Numerical simulation 266 

The aim of numerical simulation is to investigate the impact of the power of the 267 

anti-collision lower-side luminaires on the distribution of the luminance/illuminance 268 

inside the tunnel, hence providing evidence for the design of the lighting scheme. 269 

3.2.1 Model design 270 

The length of the numerical model in DIAlux (DIAL, 2020) was set to 120m to 271 

fully simulate the lighting environment in the interior zone of the tunnel, which is 272 

shown in Fig.6. As show in Fig.6 (a), the model was modelled after the practical 273 

engineering project which is shield tunnel (Shen et al., 2022). The rendering of the 274 

interior environment and the details are shown in Fig.6 (b) and (c). 275 



 

 

 

 

(c) 

(a) 

 

(b)  

Fig.6 Numerical model in DIAlux: (a) Tunnel cross-sectional view; (b) Interior 276 

environment rendering; (c) Model details. 277 

3.2.2 Reflection parameters 278 

Referring to the existing tunnel lighting schemes, the main luminaires on the 279 

tunnel roof were set as double-side and arranged as a discontinuous lamp strip to 280 

correspond to the lighting effects in the VR scenario. It should be noted that the main 281 

aim of the numerical simulation was to compare the impact of luminaires with different 282 

power on the luminance level to determine a more suitable lighting scheme from the 283 

safe-driving perspective (rather than the energy-saving perspective). Hence, the 284 

luminaires were set as double-side discontinuous lamp strip, creating the similar 285 

lighting environment to that in the VR environment. 286 

As for the internal surface reflection coefficient of the objects in the interior zone, 287 

the test model pavement was set as asphalt pavement, and the reflection coefficient of 288 

newly built asphalt pavement was 0.14 according to relevant specifications (Ministry 289 

of Transport of the People’s Republic of China, 2014). In the tunnels in operation, the 290 

roof is generally sprayed with black paint and paint treatment, combined with the tunnel 291 

smoke and oil pollution. As a result, the reflection coefficient of the roof is quite low 292 

(generally 0.05 or even lower). Hence, the luminaire distributes little lighting to the 293 

roof. In this case, the reflection effect of the roof on the light was quite limited, and its 294 

reflection coefficient was taken as 0.05. The surface reflectivity of the enamel steel 295 

plate was set as 0.7. For anti-collision side stones with concrete surfaces, the surface 296 

reflection coefficient was set as 0.31 according to relevant specifications (Ministry of 297 

Transport of the People’s Republic of China, 2014). 298 



 

 

3.2.3 Simulated conditions  299 

The numerical simulation was composed of four different working conditions, i.e., 300 

without lower-side anti-collision luminaires and with lower-side anti-collision 301 

luminaires (the power of the lower-side anti-collision luminaires are 4W, 6W and 8W, 302 

respectively). For the main luminaires, the size of the shell was 1.2m*0.3m*0.16m and 303 

the size of the luminous surface was 1.16m*0.21m. For the lower-side anti-collision 304 

luminaires, the size of the shell was 1m*0.023m*0.024m and the size of the luminous 305 

surface was 0.998m*0.020m. 306 

3.2.4 Analysis indicators 307 

The evaluation of the impact of the lower-side anti-collision can be divided into 308 

three types: i) luminance/illuminance level of the surface of the anti-collision side stone, 309 

which directly reflected the brightness perception ability of the driver to the anti-310 

collision side stone; ii) luminance/illuminance level of the road surface, which reflected 311 

the gain effect of anti-collision lower-side luminaires on the road illumination; iii) 312 

luminance/illuminance level of the sidewall, which reflected the gain effect of anti-313 

collision lower-side luminaires on the sidewall illumination. 314 

The calculation areas of the above three types of surfaces are presented in Fig.7. 315 

In the simulation model, since the wall surface of the anti-collision side was a curved 316 

surface, it was divided into three computed surfaces for brightness/illuminance analysis, 317 

as shown in Fig.7 (a). The direction of surface 1 was at a certain angle to the direction 318 

of the lower-side luminaire light line, which can accept more light flux of lower-side 319 

luminaire light. The directions of surface 2 and 3 were approximately parallel to the 320 

direction of light, which can accept limited light flux of the lower-side luminaire light. 321 

Similar work on illuminance was undertaken by Shen et al. (2022). As for the 322 

calculation area of the road surface, in order to eliminate the boundary effect of the 323 

model, the calculation area was a rectangle with a length of 12m and a width of 8.75m 324 

located in the middle of the tunnel, as shown in Fig.7 (b). Similarly, for the calculation 325 

area of the sidewall, the calculation area was also a rectangle with a length of 12m and 326 

a width of 2.7m located in the middle of the tunnel, as shown in Fig.7 (c). The length 327 

of the calculation area was set as 12m referred to the longitudinal distance between the 328 

luminaires in the numerical simulation. 329 

 

(a) 



 

 

 
 

(b) (c) 
Fig.7 Calculation areas of different positions in the interior zone of the tunnel: (a) 330 

Anti-collision side stones; (b) Road surface; (c) Sidewall. 331 

3.3 Real world validation 332 

To investigate the impact of luminance level which was obtained by the simulation 333 

methods on the drivers, the real-car experiments were performed to measure the non-334 

visual performance of the drivers under different luminance level. 335 

3.3.1 Setup 336 

The real-car experiment was carried out in a 1:1 ratio tunnel mock-up whose length 337 

is 105m, as shown in Fig.8. The mock-up is the prefabricated prototypical tunnel model 338 

which is used in the model test. Generally, the installation, control and replacement of 339 

the luminaires in the mock-up are easier to implement than that in the real tunnel. For 340 

various design schemes, the researchers just need to install the luminaires in the mock-341 

up according to the design scheme and then conduct corresponding experiments. As the 342 

interior environment of the mock-up is similar to that of the real tunnel, the results 343 

obtained in the mock-up can provide almost identical directions and be an important 344 

reference to the design of lighting in the tunnel (Gil-Martin et al., 2015). To simulate 345 

the lighting environment in the interior zone of the tunnel, the real-car experiments were 346 

all carried out in the night to eliminate the effect of the natural light during the day. 347 

The setup of the luminaires was scattered LED lamps, which corresponded to that 348 

in the numerical simulation (see Fig.6 (a)). One point to clarify is that the luminaires in 349 

the VR environment were linear (see Fig.4), which was different from that in numerical 350 

simulation and in tunnel mock-up experiments. In fact, due to the lighting 351 

characteristics in Unity, the linear lighting sources can create a more similar lighting 352 

environment to that in the physical tunnel (see Fig.8 (b)) than the scattered lighting 353 

sources. Hence, the luminaires in numerical simulation and tunnel mock-up 354 

experiments were set as scattered and the luminaires in VR were set as linear to create 355 

a similar lighting environment. 356 



 

 

 357 

(a) 358 

 359 

(b) 360 

 361 

(c) 362 

Fig.8 Mock-up test: (a) Schematic diagram of the tunnel mock-up and the luminaire 363 

layout; (b) The tunnel mock-up in the night with luminaires on; (c) Visual range test 364 

of the small object in tunnel mock-up. 365 

3.3.2 Evaluation indicator 366 

The visual task for the drivers was to recognize the grey cube (size: 367 

20cm×20cm×20cm, reflection coefficient: 0.2) from a distance (CIE, 2004), and the 368 
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farthest distance that the experimenter can recognize the object is called the visual 369 

distance, which is used as the evaluation indicator of the lighting environment (see 370 

Fig.8 (c)). During the experimental process, the illuminance level of the sidewall, the 371 

illuminance level of the road surface and the visual distance under each lighting scheme 372 

were recorded during each experiment to i) compare the obtained visual distance with 373 

the counterpart regulated by the standard and ii) investigate the relationship between 374 

luminance level of sidewall and road surface and the visual distance. 375 

Specifically, when testing the visual distance under different lighting schemes, the 376 

observer without any eye diseases and with normal sight sit inside the car in the tunnel. 377 

With luminaires on, firstly, a black cloth was placed in front of the observer and the 378 

aforementioned grey cube was randomly placed on the pavement of the tunnel. Then, 379 

the cloth was removed and the observer was asked to recognize the small object for 1 380 

s. After that, three questions were posed to the observer: i) Was there any object 381 

recognized? ii) What was the position of the object on the pavement? iii) What was the 382 

color and the shape of the object? If the three questions were answered correctly, it was 383 

considered that the observer could recognize the object. The distance between the object 384 

and the observer was changed every experiment and the experiment was conducted 385 

repeatedly until the observer could not recognize the small object anymore. The 386 

maximum distance with which the observer could recognize the small object was 387 

recorded as the visual distance. 388 

4 Results 389 

4.1 Real world validation results 390 

As shown in Fig.9, based on the 105m-long tunnel mock-up, the illuminance level 391 

of the road surface, the illuminance level of the sidewall and the visual distance were 392 

recorded during each experiment. It is worth noting that the abnormal data (e.g., the 393 

visual distance is smaller than the standard-regulated one) is excluded in the analysis. 394 

The fitted formula is given in Eq.(1): 395 
2

50.84 54.10 21.53d x x= + −                 (1) 396 

where d denotes the visual distance and x denotes the ratio of the sidewall illuminance 397 

and the road surface illuminance. When the ratio of sidewall illuminance and road 398 

surface illuminance increases to 1.256, the visual distance also increases to about 85m. 399 

However, when the ratio is further increased, the visual distance is decreasing. Hence, 400 

according with the luminance and uniformity requirement of the existing tunnel lighting 401 

standards and specifications, the ratio of the illuminance of the sidewall to the road 402 

surface illuminance should be between 1 and 1.5, which effectively improves the visual 403 

distance of small objects and the driving safety. 404 



 

 

 405 
Fig.9 The relationship between the visual distance and the ratio of sidewall 406 

illuminance and road surface illuminance 407 

4.2 VR results 408 

4.2.1 Data preprocessing 409 

As mentioned above, the physiological signals collected during the VR experiment 410 

are the attention data which are transformed by the embedded AI algorithms in the 411 

brainwave collector. As the attention data value of different experimenters differ a lot, 412 

to reduce the impact of the individual different, attention change rate p is used in this 413 

study to represent attention changes, which is given in Eq.(2): 414 

2 1

1

n n
p

n

−
=                            (2) 415 

where 1n   denotes the attention value of the driver under the calm state and 2n  416 

denotes the attention value during the driving process. The attention change rate p is a 417 

value between -1 and 1, and the higher the value, the more focused the driver, the safer 418 

driving can be guaranteed, and vice versa. 419 

4.2.2 Layout of main luminaires 420 

According to the previous study (CIE, 2004), the layout of the main luminaires 421 

can be divided into two categories: double side or single side. Hence, the two types of 422 

layouts of main luminaires were compared in the VR experiment. The data of all 423 

subjects were processed to obtain the mean value of the subjects' attention variation rate 424 

and the mean square error of the attention rate under the two schemes. For the double-425 

side layout, the mean value of drivers’ attention change rate was 8.21% and the mean 426 

square error was 39.55%. In comparison, the mean value and mean square error for the 427 

single-side layout were 3.11% and 79.30%, respectively. Compared with the single-side 428 

layout, the mean value of the drivers’ attention change rate under the double-side layout 429 

was higher, indicating the drivers’ attention was more concentrated. In addition, the 430 



 

 

mean square error of the attention change rate under the double-side layout was lower, 431 

which further verified that the double-side layout was more conducive to driving safety. 432 

By evaluating the subjects' intuitive feelings, this may be attributed to that the road 433 

surface brightness was uneven under the single-side luminance scheme, which 434 

influenced the driving comfort. These findings raise the possibility of intriguing 435 

implement regarding the combination of main luminaires. 436 

4.2.3 Power of luminaires 437 

To compare the effects of different powers of the luminaires, a series of cases were 438 

designed as arithmetic progression of wattages. The power of the main luminaires was 439 

set as 6W, 12W, 18W, 24W and 30W. Under each experiment, the other lighting 440 

parameters inside the tunnel were the same such as the lighting parameters of the lower-441 

side anti-collision luminaires. The data of the drivers’ attention rate versus the power 442 

of luminaries were averaged and the curve of the drivers' attention change rate under 443 

different powers is shown in Fig.10. When the power increased from 6W to 12W, 444 

driving attention was significantly improved. It is probable that unclear lines of the light 445 

belt are a result of the low illuminance from the main luminaires. When the power 446 

increased further from 12W to 30W, the attention change rate fluctuated and the 447 

increase in attention was not significant. 448 

The fitting curve of the drivers’ attention change rate and power of main luminaires 449 

is given in Eq. (3) where p denotes the attention change rate of the drivers and x1 denotes 450 

the power of main luminaires. The fitting curve shows that the attention change rate 451 

rises with the increase of the luminaire power if the luminaire power is less than 22W. 452 

However, the attention change rate will decrease if the power of the main luminaires 453 

exceeds 22W. 454 

2

1 1
0.017 0.761 3.318p x x= − + −                (3) 455 

 456 

 457 



 

 

Fig.10 The relationship between the attention change rate of the drivers and the power 458 

of the luminaires 459 

The power of lower-side anti-collision luminaires was also investigated in the VR 460 

experiment, which was set as 4W, 6W, 8W, 10W and 12W. Similar to that of the main 461 

luminaires, under each experiment, the other lighting parameters inside the tunnel were 462 

the same such as the lighting parameters of the main luminaires. The data of the drivers 463 

under each power were averaged and the curve of the drivers' attention change rate 464 

under different powers is also shown in Fig. 10. When the power of the lower-side anti-465 

collision luminaire increased from 4W to 8W, driving attention was significantly 466 

improved. The reason may be that the low power of the lower-side anti-collision 467 

luminaire will lead to unclear lines of the lamp belt. When the power increased further 468 

from 8W to 12W, the attention change rate fluctuated but the increase was not obvious. 469 

The fitting curve of the drivers’ attention change rate and power of lower-side 470 

luminaires is given in Eq. (4) where p denotes the attention change rate of the drivers 471 

and x2 denotes the power of lower-side luminaires. The trend shows similarity to that 472 

of the main luminaire. If the power of the luminaires is too low, the driver attention 473 

change rate will also be low, indicating that insufficient lighting information is provided. 474 

2

2 2
0.062 1.265 4.198p x x= − + −                (4) 475 

4.3 Numerical simulation results 476 

According to the VR results, the double-side main luminaires outperforms the 477 

single-side main luminaires, so in the DIAlux simulation, the layout of the main 478 

luminaires was set as double-side. The luminance levels of the calculation area of the 479 

anti-collision side stone, the road surface and the sidewall were simulated respectively. 480 

4.3.1 Luminance level of the anti-collision side stone 481 

The luminance and illuminance level and their corresponding uniformity of the 482 

anti-collision side stone under different powers of the lower-side luminaires are given 483 

in Table 3. A one-way analysis of variance (ANOVA) was conducted to test the impact 484 

of the luminaire power on the luminance uniformity and illuminance uniformity. 485 

Results show that the power of the lower-side luminaires has no significant impact on 486 

the luminance uniformity (p = 0.84) and the illuminance uniformity (p = 0.77) in the 487 

three calculation areas. However, the increase of the power of lower-side luminaires 488 

can increase the luminance and illuminance levels. With the power increases from 0 W 489 

(i.e., without lower-side luminaires) to 8 W, the luminance level increases by 47.84% 490 

and the illuminance level increases by 47.92% in Calculation area 1. 491 

The luminance increments of the three calculation areas under different powers of 492 

the lower-side luminaires are shown in Fig.11 (a). As regards the luminance increment 493 

of the calculation area 1, as the power increases, the luminance increases significantly 494 

in all three types. The luminance increases by 12.9% when 4W luminaires are used, 495 

while the increasing rate reaches 47.8% when 8W luminaires are used. Similar trends 496 

are also found in the luminance increments of the calculation area 2 and 3 that the 497 

luminance increases with power. However, it can also be seen that the luminance 498 



 

 

increment of the calculation area 2 and 3 by applying different luminaires is quite 499 

limited. The luminance increment of calculation area 2 is between 2.7% and 6.2%, 500 

which is much lower than that of calculation area 1.  501 

Table 3 Luminance and illuminance level of the three calculation areas 502 

  

Without 
lower-side 
luminaires 

4W 6W 8W 

Calculation 
area 1 

Luminance(cd/m2) 9.74 11 12.5 14.4 

Luminance 
uniformity 

0.99 0.95 0.94 0.92 

Illuminance(lx) 98.7 112 126 146 

Illuminance 
uniformity 

0.99 0.95 0.95 0.92 

Calculation 
area 2 

Luminance(cd/m2) 8.19 8.41 8.52 8.66 

Luminance 
uniformity 

0.99 0.99 0.99 0.99 

Illuminance(lx) 83 85.3 86.4 87.8 

Illuminance 
uniformity 

0.99 0.99 0.99 0.99 

Calculation 
area 3 

Luminance(cd/m2) 7.10 7.31 7.37 7.55 

Luminance 
uniformity 

0.99 0.99 0.99 1 

Illuminance(lx) 71.9 74 74.7 76.6 

Illuminance 
uniformity 

0.99 1 0.99 0.99 

 503 
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(a) 505 
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 506 

(b) 507 

Fig.11 Luminance increments (a) of the three calculation areas under different lower-508 

side luminaire powers; (b) of the road surface and sidewall under different lower-side 509 

luminaire powers 510 

4.3.2 Luminance level of the road surface and sidewall 511 

The luminance and illuminance level and their corresponding uniformity of the 512 

road surface and sidewall under different powers of the lower-side luminaires are given 513 

in Table 4. Analysis of the data shows that after the lower-side luminaires were applied, 514 

the luminance of the road surface was enhanced to a certain extent, the uniformity of 515 

the road surface was also improved to a certain extent, and the improvement of the 516 

uniformity of the road surface by different luminaires is similar. ANOVA test was also 517 

conducted and the results show that the power of the lower-side luminaires has no 518 

significant impact on the luminance uniformity (p = 0.99) and illuminance uniformity 519 

(p = 0.98). However, the ANOVA test also indicates that the power of the lower-side 520 

luminaires does not have a significant impact on the luminance (p = 0.99) and 521 

illuminance level (p = 0.99), though after the lower-side luminaires were applied, the 522 

luminance and illuminance level of both the road surface and sidewall have been 523 

enhanced to a certain extent. 524 

As for the luminance increments, similar trends of the change of the luminance 525 

increments can be seen in both road surface and sidewall that the luminance increments 526 

increase as the power of the luminaires increases (see Fig.11 (b)). However, it should 527 

also be noted that the luminance increment under different lower-side luminaire power 528 

is all below 10%, indicating that the luminance gain of road surface and sidewall by 529 

applying different luminaires is not large. 530 

Table 4 Luminance and illuminance level of the three calculation areas 531 

  

Without 
lower-side 
luminaires 

4W 6W 8W 

Road Luminance(cd/m2) 5.91 6.17 6.26 6.45 

0.00% 2.00% 4.00% 6.00% 8.00% 10.00% 12.00% 14.00% 16.00%

4W

6W

8W

Road surface Sidewall



 

 

surface Luminance 
uniformity 

0.72 0.78 0.79 0.78 

Illuminance(lx) 133 138 141 145 

Illuminance 
uniformity 

0.71 0.78 0.79 0.79 

Sidewall 

Luminance(cd/m2) 14.7 15.1 15.2 15.4 

Luminance 
uniformity 

0.95 0.95 0.95 0.95 

Illuminance(lx) 66.2 67.7 68.1 69 

Illuminance 
uniformity 

0.95 0.95 0.95 0.95 

5 Case study 532 

5.1 Project background 533 

The obtained results of the VR experiment and numerical simulation were applied 534 

in a practical tunnel engineering project, Boao Tunnel, which is located in Hangzhou 535 

city, Zhejiang Province, China. Boao Tunnel is an important river-crossing tunnel and 536 

the total length is more than 2.7 km. The designed speed of the two-way four-lane urban 537 

tunnel is 60 km/h. According to the holistic digital-twin-based framework, the lighting 538 

environment design of the Boao Tunnel corresponds with the established tunnel model 539 

in the virtual environment. 540 

5.2 Lighting arrangement scheme 541 

After the construction of the main structure, the luminaires were installed inside 542 

of the tunnel and the lighting scheme took into consideration the simulation results. The 543 

final lighting scheme was set as the 12W main luminaires on the tunnel roof which 544 

acted as the main light and the 8W luminaires on the lower-side of the tunnel which 545 

were used for anti-collision purpose. From Fig.12, it can be seen on the construction 546 

site, main luminaires and anti-collision lower-side luminaires were all installed in the 547 

same way as they were in the virtual world (see Fig.4). Moreover, the waistline and the 548 

enamel steel plate and other facilities in the tunnel were also constructed in line with 549 

what they were in the virtual model. 550 



 

 

 551 

Fig.12 Installed luminaires and other facilities during construction 552 

Field measurements were conducted after the installation of the luminaires, as 553 

shown in Fig.13. The illuminance level of the road surface and the sidewall were 554 

measured using the illuminometer. According to a large number of published studies 555 

(Gil-Martin et al., 2015; Cantisani et al., 2018a;b; Liang et al., 2020), due to the 556 

inappropriate luminance distribution of the light environment, it may induce discomfort 557 

to the human eye and consequently reduce the ability to observe important objects. In 558 

urban tunnel lighting, the angle between the position of the luminaires and the 559 

viewpoint can induce the light source with extremely high luminance to be reflected to 560 

produce extremely bright light or a strong contrast of luminance, resulting in glare. 561 

Therefore, the glare phenomena were also measured to ensure that the installed 562 

luminaires can improve driving safety (see Fig.13 (a)). 563 

 

(a) 

 

(b) 

 

(c) 
 564 

Fig.13 Field measurement of the lighting distribution in the tunnel: (a) Measurement 565 



 

 

of glare phenomena; (b) Measurement of sidewall illuminance; (c) Measurement of 566 

road surface illuminance 567 

The measured lighting parameters are presented in Table 5. The longitudinal and 568 

horizontal uniformity and the overall uniformity all meet the requirement of the relevant 569 

standard (Ministry of Transport of the People’s Republic of China, 2014). The ratio of 570 

sidewall illuminance and the road illuminance was 1.36 (between 1 and 1.5), thus is 571 

conducive to the visual distance. Moreover, according to the measurement results, glare 572 

phenomena did not exist in the tunnel. Hence, it can be concluded that the lighting 573 

scheme obtained by the VR and numerical simulation is effective and safety-conducive. 574 

Table 5 Measured lighting parameters in Boao Tunnel 575 

Road overall 
uniformity 

Longitudinal 
uniformity of 

midline 

Horizontal 
uniformity of 

midline 

Sidewall 
illuminance/road 

illumination 

0.75 0.95 0.80 1.36 

Based on the results of the measurement and the calculation, the installed 576 

luminaires can meet the requirement of safety and the proposed lighting scheme, 577 

including the decoration scheme, was adopted and installed in the Boao Tunnel. 578 

Corresponding with the VR model, the final interior environment is shown in Fig.14. 579 

The luminaires, the enamel steel plate, the waste line, the indicator lights and other 580 

facilities in the tunnel were all set in the same or similar way as they were in the VR 581 

model. 582 

 583 

Fig.14 The view of the interior environment in Boao Tunnel under operation 584 

 585 



 

 

5.3 Accident rate analysis 586 

The Boao Tunnel was open to traffic on September 2021. To further validate the 587 

effectiveness of the obtained lighting scheme by the simulation methods, the statistical 588 

analysis of accidents occurred in this tunnel and other same type tunnels during the 589 

concurrent time period from September 2021 to July 2022 was performed. According 590 

to the data obtained from the local road management department, there were 75 vehicle 591 

breakdowns and 28 accidents in the Qingchun Tunnel; 27 vehicles breakdowns and 73 592 

accidents in the Wangjiang Tunnel. In the Boao Tunnel, there were only 10 vehicle 593 

breakdowns and 3 accidents. As shown in Fig.15, breakdown rate was merely 10% of 594 

the similar tunnels, and the accident rate was only 3%, which indicates that the lighting 595 

environment has greatly improved the safety performance. 596 

 597 

Fig.15 Counts of breakdowns and accidents in Boao Tunnel and other tunnels of the 598 

same type 599 

Although there is no exclusion in overall accident rate analysis, these results 600 

should also be interpreted with caution as the evaluation of the correlation between the 601 

real statistics and the proposed method based on the mock-ups and VR environments. 602 

Increased activation of drivers in the lighting environment in this study corroborates 603 

these earlier findings. According to the study conducted by Du et al. (2018) and Zhao 604 

et al. (2022), the improvement of all the drivers’ accurate perception of the speed, the 605 

distance, the direction and position, as well as the improvement of visual distance, 606 

reduce the accidents and ensure driving safety. The obtained lighting scheme was 607 

proved to increase the small object visual distance in the tunnel mock-up experiment as 608 

aforementioned analysis in Section 4. Moreover, with the adoption of anti-collision 609 

lower-side luminaires, the driving safety was effectively improved from the perspective 610 

of driving guidance and side wall spatial recognition. Consistent with the literatures, 611 

this research finds that the spatial lighting in tunnel maximizes the visual distance in 612 

accordance with the present results.  613 



 

 

6 Conclusions 614 

The present study proposed a novel digital-twin-based integral method, including 615 

virtual world design and real-world validation in the tunnel lighting environment. The 616 

aim of this study was to investigate the effects of the luminaires and decorations in the 617 

interior zone of the tunnel. The results showed that this method was effective and 618 

considerably aided the design of the city tunnel lighting environment. The main 619 

conclusions can be drawn as follows: 620 

(1) As far as the digital twin view was concerned, the numerical simulation and 621 

VR experiments were firstly conducted to determine the lighting parameters. Then, the 622 

obtained lighting scheme was tested and validated in the real world, where tunnel mock-623 

up experiments and field experiments were conducted respectively. This method 624 

provides the first comprehensive investigation of holistic digital-twin-based framework 625 

on the tunnel lighting environment. The investigation of the tunnel lighting 626 

environment has shown that the layout of luminaires and decorations in the real tunnel 627 

can be simulated and designed in the virtual environment to realize more elaborated 628 

schemes with the reduction of costs required by real settings.  629 

(2) According to the results from numerical simulation and VR experiments, the 630 

double-side luminance layout is more conducive to driving safety. As regards the 631 

driver’s response, once the power of the luminaires is relatively low, the attention 632 

change rate will also be not satisfied. With respect to the identified visual concentration, 633 

the power of the lower-side luminaires and main luminaires was selected at least 8W 634 

and 12W, respectively. Moreover, the use of the anti-collision lower-side luminaires 635 

effectively enhance the luminance level of the road surface and the sidewall to a certain 636 

level. This finding suggests a role for aided lower position lighting in promoting the 637 

entire tunnel lighting effect. 638 

(3) The tunnel mock-up experiments show that the ratio of the sidewall 639 

illuminance to the road surface illuminance needs to be between 1 and 1.5 to meet the 640 

requirement of the small objects visual distance. Based the framework of the research 641 

methodology, the lighting schemes were implemented in the field experiments in the 642 

Boao Tunnel to compare and confirm the installed plan of luminaires and decorations 643 

in the tunnel lighting environment. Thus far, ten months of accident statistics show that 644 

the breakdown rate in Boao Tunnel was only 10% of the similar tunnels, and the 645 

accident rate was only 3%. The safety and environmental performance have been 646 

observably improved. Regarding the holistic digital-twin-based framework, this new 647 

understanding should help to improve predictions of the impact of the tunnel lighting 648 

condition on the road tunnel safety. 649 

Notwithstanding the relatively limited experiment conditions and costs, this work 650 

offers valuable insights into the tunnel lighting and photobiological effect. The most 651 

important limitation lies in the fact that the evaluation method of the study is based on 652 

the attention data of the subjects. For instance, other types of physiological data can 653 

also be used to evaluate the lighting schemes more comprehensively such as the heart 654 

rate (Muhlberger et al., 2007) and the eye movement data (Wang et al., 2016). Further 655 



 

 

research could be conducted to determine the coupled effects of the illuminance, the 656 

light source typology and correlate color temperature in the virtual environments 657 

established by more detailed users’ perception. 658 
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