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Abstract

New luminescent coatings are increasingly being used in highway tunnels to address inade-
quate internal lighting conditions. However, there is currently a lack of scientifically reliable
methods to evaluate the effectiveness of these paints in improving lighting conditions,
reducing driver psychological stress, and quantifying these impacts. This study utilized
new luminescent coatings to improve tunnel lighting conditions, conducting real-vehicle
tests to measure drivers’ physiological parameters including pupil diameter and heart rate.
It examined the mechanisms through which variations in lighting conditions within high-
way tunnels affect the psychological workload of drivers. A hierarchical analysis—fuzzy
comprehensive evaluation (AHP-FCE) method was adopted to develop a quantitative
evaluation system for highway tunnel driving psychological load. The results indicate that
variations in tunnel lighting substantially influence the psychological workload experi-
enced by drivers during operation. The new luminescent coatings effectively enhanced
tunnel lighting conditions, increasing average brightness and illuminance by 37.71% and
40.95%, respectively. Following lighting improvements, pupil diameter variation rates
during tunnel entry and exit phases decreased by 35.37% and 10.06%, respectively, while
heart rate variation rates decreased by 12.50% and 4.36%. Quantitative analysis of driver
mental load revealed a comprehensive score of 0.6230 before lighting enhancement, which
decreased to 0.2702 after improvements. This research introduces an innovative integrative
framework that combines physiological parameter monitoring with the AHP-FCE method
to quantitatively assess the psychological workload experienced by drivers in tunnel en-
vironments. This approach addresses a significant gap in the literature concerning the
quantitative relationship between tunnel lighting optimization and drivers’ psychological
workload responses.

Keywords: new luminescent coatings; AHP-FCE; tunnel; driving psychological load;
real-vehicle tests

1. Introduction

Highway tunnels, as essential elements of transportation infrastructure, possess en-
closed environments and low lighting conditions that may contribute to heightened anxiety
levels among drivers during transit [1-3]. Conventional tunnel lighting systems rely on
an uninterrupted power supply and are characterized by several limitations, including
excessive energy consumption, increased maintenance expenses, and inadequate lighting
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continuity. These factors collectively hinder the ability to fulfill long-term safety opera-
tional standards [4]. Abrupt variations in luminance at the entrances and exits of tunnels,
coupled with heterogeneous light distribution within the tunnel interior, induce substantial
fluctuations in drivers’ pupil diameter and irregular heart rate patterns. These conditions
contribute to challenges in visual adaptation and elicit physiological stress responses,
thereby directly elevating the psychological workload associated with driving. As a result,
tunnels represent environments with heightened risk for traffic accidents [5,6]. As a novel
functional material, new luminescent coatings possess the capability to absorb and store en-
ergy, subsequently emitting light autonomously under low-light conditions. This property
enables it to deliver continuous and uniform supplementary illumination within tunnel
environments [7].

Feng et al. [8] empirically validated the optimization effects of energy storage, self-
luminous multifunctional coatings within tunnel lighting environments through experi-
mental modeling. Their research substantiated the practical utility of these coatings for
auxiliary tunnel lighting and furnished critical performance data to inform engineering
applications. Cai et al. [9] conducted a comprehensive review of wall reflective materials
used in tunnel lighting, examining aspects such as material coverage, selection criteria, and
reflectance ratios. Their study contributes valuable insights for optimizing the design of
wall reflective materials, including the application of energy-storing luminescent coatings.
Yu et al. [10] utilized DIAlux numerical simulation to perform experimental investigations
on tunnel emergency lighting systems that integrate vehicle headlights with energy storage
luminescent coatings. The results of their research offer important references for the design
of emergency lighting in tunnels. Chen et al. [11] implemented multifunctional energy stor-
age luminescent coatings in the renovation of tunnel walls within a specific tunnel project,
resulting in an average brightness increase exceeding 30% in both entrance and exit zones.
Huang et al. [12] verified, through controlled indoor experiments, the capabilities of energy
storage luminescent coatings to enhance light intensity, provide delayed emission, and
improve illumination uniformity, thereby offering valuable guidance for energy-efficient
retrofitting of highway tunnel lighting systems. However, these studies fail to address the
human-centered effects of luminescent coatings, particularly their measurable influence on
diminishing the psychological workload experienced by drivers.

Kang et al. [13] conducted both dynamic and static control experiments, revealing that
a gradual reduction in tunnel brightness substantially elevates drivers’ visual operational
stress and psychological tension, which in turn leads to significantly increased reaction
times. He et al. [14] demonstrated that non-uniform illumination significantly affects
driving behavior by simulating spatial variations in brightness and color temperature be-
tween tunnel road surfaces and sidewalls. Zhu et al. [15] collected driver eye-tracking and
physiological data and employed statistical methods to compare psychological load charac-
teristics at tunnel exit sections of varying lengths. Zhu et al. [16] developed a psychological
load calculation model based on factor analysis using real-time electrocardiogram signals
from drivers. Guo et al. [17] gathered drivers’ eye-tracking and ECG data to construct a
psychological load calculation model through factor analysis. Liang et al. [18] collected
drivers’ eye-tracking and physiological data, combining TOPSIS with factor analysis to
evaluate and analyze psychological load during tunnel driving. Hu et al. [19] developed a
quantitative model for psychological load based on factor analysis by collecting drivers’
eye-tracking data. However, the majority of existing studies do not provide a compre-
hensive framework that integrates objective physiological monitoring with multi-criteria
decision-making methodologies to quantitatively assess the relationship between lighting
enhancements and psychological stress.
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Currently, the Analytic Hierarchy Process (AHP), fuzzy comprehensive evaluation
(FCE), and their combined methods are widely used for the comprehensive evaluation
of complex engineering problems. The Analytic Hierarchy Process (AHP), proposed
by American operations researcher Saaty in the 1970s, decomposes complex decision-
making problems into hierarchical levels. It constructs a judgment matrix to determine
factor weights, thereby facilitating the evaluation and selection of alternatives [20]. Fuzzy
comprehensive evaluation (FCE) is a method designed to evaluate objects with inherent
fuzziness. It constructs a fuzzy evaluation matrix and performs comprehensive calculations
on indicators using weights to derive overall evaluation results [21]. The AHP-FCE method
combines the indicator weighting determined by AHP with the advantage of FCE in
handling fuzziness, serving as a scientific approach for the comprehensive evaluation
of complex problems [22]. Zheng et al. [23] employed the AHP-FCE method to assess
operational risks in complex mountain tunnels. Tang et al. [24] developed a dynamic
evaluation model for lighting energy consumption in operational highway tunnels using
AHP-FCE, enabling quantitative dynamic assessment of tunnel lighting energy usage.
Chen [25] used the AHP-FCE method for a comprehensive evaluation of construction
safety management in building projects. Li et al. [26] adopted the AHP-FCE method to
establish a multidimensional, multilevel construction risk assessment indicator system for
evaluating construction risks in high-rise buildings. However, its utilization in quantifying
the relationship between lighting optimization achieved through luminescent coatings and
the psychological load experienced by drivers has not been extensively investigated.

In summary, the efficacy of the new luminescent coatings within tunnel environments
has been comprehensively validated. However, its influence on drivers’ psychological
burden and the corresponding evaluative measures remains insufficiently investigated.
The AHP-FCE method provides a systematic and adaptable framework for addressing
complex problems, thereby justifying its wider application in engineering contexts. This
research employs a physical tunnel as the experimental setting, applying new luminescent
coatings independently developed by our institution to enhance tunnel lighting conditions.
Additionally, an evaluation framework based on AHP-FCE methodology is developed
to quantitatively measure the effects of lighting improvements on drivers’ psychological
burden while navigating the tunnel.

2. AHP-FCE Method and Evaluation System
2.1. Method Overview

The AHP-FCE methodology proficiently manages uncertainty and complexity in-
herent in multi-criteria decision-making processes through the utilization of hierarchical
weight distribution combined with fuzzy mathematical techniques, thereby exhibiting
significant applicability within engineering disciplines [27]. As an integrative evaluation
approach, AHP-FCE synthesizes multi-criteria decision analysis with fuzzy mathematics
theory. Its principal strength resides in its capacity to harmonize qualitative and quantita-
tive assessments, effectively addressing subjectivity and uncertainty in the evaluation of
complex systems [28,29].

AHP supports systematic decision-making by employing hierarchical decomposition,
quantitative evaluation, and stringent validation procedures. Its adaptability and scalability
enable extensive application across a variety of disciplines [30,31]. Fundamentally, AHP
decomposes decision problems into multiple levels comprising objectives, criteria, and al-
ternatives, thereby establishing a hierarchical tree structure [32]. By pairwise comparing the
importance of elements across these layers, a comparison judgment matrix is constructed,
weights are calculated, and the consistency ratio (CR) is used to assess the matrix’s logical
consistency. If CR < 0.1, the matrix is considered acceptable [33].
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FCE proficiently combines qualitative and quantitative indicators through the appli-
cation of fuzzy mathematics theory, with its principal advantage lying in its capacity to
manage uncertainty within complex systems [34]. Initially, a hierarchical indicator sys-
tem is constructed in accordance with the evaluation objectives, and corresponding fuzzy
evaluation grades are delineated. Subsequently, expert assessments or fuzzy membership
functions are utilized to quantify the associations between the indicators and the evaluation
criteria [35].

2.2. Evaluation System Establishment Process
1. Establishing a Hierarchical Model

The model architecture is structured into three hierarchical levels: the objective layer,
the criterion layer, and the solution layer. The objective layer encapsulates the driver’s
mental workload, denoted as U. At the criterion layer, this objective is further specified; for
instance, abrupt luminance transitions at tunnel entrances and exits induce transient visual
blind spots, compelling drivers to rapidly adapt their vision and thereby substantially
elevating mental workload [36]. To ensure sustained driving comfort, tunnels necessitate
stable and uniform illumination conditions [37]. Therefore, the first indicator at the target
layer is brightness, Uj. The solution layer under brightness Uy is subdivided into average
brightness Uy, overall brightness uniformity Uy, and longitudinal brightness uniformity
Uj3. The second target-layer metric is illuminance, U,, with its solution layer subdivided
into average illuminance Uy, total illuminance uniformity Uyp, and longitudinal illumi-
nance uniformity Up3. While navigating tunnels, drivers concurrently contend with abrupt
lighting changes, spatial confinement, and potential hazards, factors that collectively induce
irregular pupil responses [38,39]. Therefore, the third target-layer metric is pupil diameter,
Us. Under pupil diameter Us, the solution layer is divided into pupil diameter change
amplitude upon tunnel entry Us;, pupil diameter standard deviation during tunnel travel
Usp, and pupil diameter change amplitude upon tunnel exit Uzs. Heart rate is a widely
recognized physiological indicator of mental workload. Given the visual constraints and
enclosed environment characteristic of tunnels, drivers must maintain heightened concen-
tration levels, which may lead to sustained elevations in heart rate [40-42]. Therefore, the
fourth indicator at the target layer is selected as heart rate Us. The scheme layer under heart
rate Uy is divided into driver heart rate increase rate upon entering the tunnel Uy, driver
heart rate standard deviation during tunnel driving Uy, and driver heart rate increase
rate upon exiting the tunnel Uys. The driving psychological workload indicator system is
shown in Table 1.

During tunnel driving, the psychological load experienced by drivers arises from the
interplay between external lighting conditions and physiological responses [43-45]. Key
lighting parameters, including brightness and illuminance, function as primary environ-
mental factors that indirectly contribute to psychological stress by affecting the driver’s
visual adaptation mechanisms [46,47]. Concurrently, physiological indicators such as pupil
diameter and heart rate serve as direct measures, providing real-time insights into the
driver’s load state. Collectively, these factors encompass the multidimensional aspects
necessary for a thorough evaluation of psychological load [48,49]. Consequently, the in-
tegration of these variables into a cohesive framework for comprehensive assessment is
justified and valuable in both practical engineering applications and theoretical investiga-
tions [50,51].
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Table 1. Driver psychological load indicator system.

Objective Layer

Criterion Layer Indicator Layer

Average brightness Uy
Brightness U Overall brightness uniformity Uy,
Vertical uniformity of brightness U3

Average illuminance Uy
[luminance U, Overall illuminance uniformity Uy
Vertical uniformity of illuminance Up;

Driver Psychological Load U Variation range of pupil diameter upon tunnel entry Us;

Pupil Diameter Us Standard deviation of pupil diameter during tunnel
travel Uz,
Change in pupil diameter upon exiting the tunnel Uz3

Driver heart rate increase rate upon entering the tunnel Uy
Standard deviation of driver heart rate during tunnel
driving Ugp
Driver heart rate increase rate upon exiting the tunnel Uys

Heart rate Uy

2. Establishing the Judgment Comparison Matrix

The judgment matrix constitutes a critical element of the AHP. In this matrix, elements
situated at the same hierarchical level are subjected to pairwise comparisons, with corre-
sponding values assigned to each comparison. Typically, a 9-point scale (1-9) is used as the
judgment scale for elements in the matrix, as detailed in Table 2.

Table 2. Comparison scale for judgment matrix elements.

No.

Scale Meaning Ratio

Element i is as important as element j when
comparing the former (i) with the latter (j)
When comparing the first element i and the second
element j, i is slightly more important than j.
When comparing the first element i with the second
element j, i is significantly more important than j.
When comparing the first element i and the second
element j, i is strongly more important than j.
When comparing the first element i and the second
element j, i is absolutely more important than j
Indicates that the importance of element i relative to
element j falls between the above judgments.

If the relative importance scale of element i to element
j is ajj, then the relative importance scale of element j reciprocal

toiis aji = 1/aij

aij =7
aij =9

aij = 2, 4, 6, 8

By evaluating each pair of elements in the matrix according to the scale in Table 2
above, a comparison judgment matrix A of order n is obtained, as shown in Formula (1).

a1 a2 ... Ain
azy dyp ... dyyn

Apxn = . . . . (1)
a1l Apl  --- OGun
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3. Consistency Check

The geometric mean method ensures consistency verification. The scoring matrices
formed by m experts (m = 1,2,.. k) are multiplied element-wise, and then the mth root is
taken to obtain the unique integrated matrix A, as shown in the formula below:

m

A= ([Td

k=1

S

(2)

This paper employs the sum-product method to calculate the relative weights of the
integrated matrix A. The specific calculation steps are as follows:
First, normalize each column vector of the matrix A = (ai]-) nxn to obtain B = (bij) nxn

by = < 3)
T

Next, sum the row vectors of the normalized matrix B.

M; =) bjj 4)
j=1
M,
M,
Finally, normalize the resulting vector M = | |
My
M:
Wi = i 5
= 6)
Wy
W>
This yields the eigenvectors W =
W

In practical applications, experts may produce inconsistent results when performing
pairwise comparisons of indicators. Consequently, it is essential to conduct a consistency
test on the existing judgment matrix to verify the validity of the assigned indicator weights.
Meanwhile, the academic community generally uses CR as the standard for judging matrix
consistency, where CR is the ratio of the consistency index CI to the random consistency
index RI. If CR < 0.1, the matrix meets requirements and requires no modification; otherwise,
experts should revise the judgment matrix until the calculated CR < 0.1.

The CR calculation formula is shown in Equation (6).

CI Amax — 1

CR — R~ (o DRI <01 (6)

The formula for calculating CI is shown in Equation (7).

Apax — 1

=

(7)

Amax represents the maximum eigenvalue of the judgment matrix, calculated as in
Equation (8), where Apmax is the maximum eigenvalue of the matrix. Here, A denotes the
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judgment matrix, W denotes the weight vector, and [AW]; denotes the i-th component of
matrix [AW].
= [AW];
max = ; W, (8)
The RI value is related to the order of the matrix, with specific values shown in
Table 3 below.

Table 3. Average random consistency index (RI) values for decision matrix.

Matrix Order 1 2 3 4 5 6 7 8 9 10 11 12
RI 0 0 052 089 112 1.26 1.36 1.41 1.46 1.49 1.52 1.54

4. Establish a Set of Comments

The comment set is divided into five levels: V = [Extremely Low, Low, Medium, High,
Extremely High], with corresponding values V = [0, 0.2, 0.4, 0.6, 0.8]. Experts are invited to
evaluate each factor at the indicator level. The indicator evaluation grading is shown in
Table 4.

Table 4. Evaluation interval table.

Grade Value Evaluation Range
Extremely Low 0 0-0.2
Low 0.2 0.2-04
Moderate 0.4 0.4-0.6
Higher 0.6 0.6-0.8
Very high 0.8 0.8-1

5. Establishing the Fuzzy Relationship Matrix

Twenty evaluators are invited to assess each indicator layer based on the comment
set. After quantifying the indicators, the membership degree F of factor i for evaluator j is
obtained, where F represents the proportion of evaluators who assigned rating j to factor
i out of the total number of evaluators. The fuzzy relationship matrix is constructed as
shown in Formula (9).

j1 j2 j5
F% F% F%
F, F, ... P
Fj = 2B . 2 )
j1 j2 j5
F. F ... F

6. Comprehensive Evaluation

Fuzzy operations between the weights Wi and the fuzzy matrix F(ij) are performed to
obtain the row vector Ui, representing the fuzzy evaluation result for the indicator layer, as
shown in Formula (10).

Ul‘ = Wi o F

i = [ul1 uud ... u’?} (10)

https:/ /doi.org/10.3390/buildings16040740


https://doi.org/10.3390/buildings16040740

Buildings 2026, 16, 740 8 of 26

Then, based on Uj, the fuzzy evaluation result U for the criterion layer is derived.
Following the maximum membership principle, the maximum value in the row vector U is
obtained as the final evaluation comment, as shown in Formula (11).

u% ui ui

Cojul ugz ... ou
u=woul= |2 32" 77 (11)

ul uzo... u

Subsequently, the most commonly used weighted average operator M(+) mode is
selected for fuzzy operations.

3. Test Plan and Results Analysis

This research employs an actual tunnel as the experimental setting. The tunnel is
designed for a speed of 60 km/h, with a subgrade width of 8.5 m and a roadway width of
7.5 m. During the experiment, the new luminescent coatings was applied to the interior
surfaces of the tunnel. Figure 1 presents a comparative visualization of the tunnel’s
appearance before and after the application. Key optical environmental parameters were
measured, including average brightness, brightness uniformity, average illuminance, and
illuminance uniformity on the tunnel pavement surface, both prior to and following the
application. Concurrently, physiological metrics such as variations in pupil diameter and
heart rate fluctuations of drivers traversing the tunnel were recorded, thereby providing
essential data for subsequent analyses aimed at quantifying psychological load.

(©)

Figure 1. (a) Pre-painting lighting rendering; (b) lighting effect rendering after painting; (c) pre-
painting light-off rendering.

(b)

The research was predominantly carried out under clear weather conditions, delib-
erately excluding adverse meteorological phenomena such as heavy rainfall or thick fog.
Testing sessions were scheduled consistently between 9:00 a.m. and 2:00 p.m. to guarantee
sufficient natural illumination. Participants were instructed to sustain a constant velocity of
60 km /h with an allowable deviation of £5 km/h, with instantaneous speed measurements
recorded through an onboard GPS system. Furthermore, prior arrangements with traffic
management authorities facilitated the closure of designated test lanes during the trials,
thereby eliminating potential disruptions from other vehicular traffic. The sequence of the
driver test remains unchanged both prior to and following the painting process.

In the assessment of variations in pupil diameter and heart rate during tunnel driv-
ing, it is essential to consider factors including driving proficiency, reaction time, visual
acuity, and habitual driving behaviors. To mitigate the influence of these variables on the
objectivity of the data, this study enlisted a heterogeneous sample of participants. All
individuals possessed prior experience driving on secondary highways and exhibited
diversity in critical attributes such as age, gender, and driving tenure, thereby representing
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a wide range of driver profiles. Detailed information on participating drivers is presented
in Table 5.

Table 5. Driver Information.

Years of
Driver Gender Age Driving Vision Status
Experience
Driverl Male 30 8 Normal
Driver2 Female 25 3 Good
Driver3 Male 40 15 Good
Driver4 Female 35 10 Normal
Driver5 Male 22 1 Nearsighted (wears corrective glasses)
Driver6 Male 28 5 Normal
Driver7 Male 50 25 Hyperopia
Driver8 Female 45 20 Normal
Driver9 Male 32 7 Normal
Driver10 Female 24 2 Good
Driverll Male 48 2 History of astigmatism, corrected vision
normal
Driver12 Male 38 12 Normal
Driver13 Male 27 4 Good
Driverl4 Female 33 9 Normal
Driver15 Male 55 30 Normal
Driverl6 Female 26 3 Nearsighted, corrected to normal
Driverl7 Male 42 18 Normal
Driver18 Male 30 6 Normal
Driver19 Male 36 10 Normal
Driver20 Female 29 7 Normal

3.1. Tunnel Lighting Environment Testing and Results Analysis
3.1.1. Brightness Testing and Results Analysis

1. TestPlan

The tunnel brightness parameters were assessed utilizing a Yuanfang LM-3 multi-field
brightness meter. Measurement points were horizontally situated at the W/4 position along
the sidewall, corresponding to a distance of 0.875 m. Additionally, the observation points
were positioned at a height of 1.5 m above the road surface. The brightness observation
points are shown in Figure 2.

Figure 2. Brightness observation points.

Brightness measurements were performed employing a central grid methodology.
Considering the measurement area and the lighting arrangement present on-site, the test
region was systematically partitioned into multiple uniform grids. The central points of
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these grids were designated as measurement locations, as depicted in Figure 3. At each
measurement point, brightness was recorded three times, and the mean of these readings
was regarded as the representative brightness value for that position. Subsequently, the
arithmetic mean of the representative brightness values obtained from all measurement
points within a given cross-section was computed to establish the effective brightness for
that cross-section.

L AT

N\
N\
N

......i
N
N

LA
L Measurement point

000000
PePDO O
N0 00 eee

N
N
)

Observation point E
PALEALLLELS

Figure 3. Brightness test point diagram.
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N
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N

2. Results Analysis

As illustrated in Figure 4, prior to the enhancement of the tunnel’s internal lighting
environment, the maximum brightness at the tunnel entrance was measured at 98.46 cd/m?.
Within the central section of the tunnel, the maximum brightness registered at 18.74 cd /m?,
while at the tunnel exit, it reached 107.88 cd/m?. The overall average brightness across the
tunnel was 51.98 cd/m?. The brightness uniformity in the middle section was calculated
to be 0.63, with a longitudinal uniformity value of 0.53. Following the improvements
to the tunnel’s internal lighting conditions, a marked enhancement in overall lighting
performance was observed. Specifically, the maximum brightness at the entrance increased
to 113.54 cd /m?, the maximum brightness in the middle section rose to 36.93 c¢d/ m?, and
the maximum brightness at the exit attained 125.65 cd /m?. Correspondingly, the overall
average brightness increased to 71.58 cd/m?, the brightness uniformity in the middle
section improved to 0.69, and the longitudinal uniformity in the middle section increased
to 0.55.

140
& | — o - After painting 9
= 120 C .
S Q Before painting d
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Figure 4. Comparison of brightness before and after tunnel lighting improvement.

https:/ /doi.org/10.3390/buildings16040740


https://doi.org/10.3390/buildings16040740

Buildings 2026, 16, 740

11 of 26

3.1.2. Mluminance Testing and Results Analysis
1.  TestPlan

INluminance measurements were performed employing a grid sampling approach,
wherein adjacent measurement locations were spaced 5 m apart in the longitudinal direction
and 1.875 m apart in the transverse direction. The specific illuminance test points are
illustrated in Figure 5. At each measurement location, three readings were taken, and the
arithmetic mean of these readings was considered the valid illuminance value for that point.
Subsequently, the arithmetic mean of the valid illuminance values from all measurement
points within the same cross-sectional area was computed to establish the representative
illuminance for that cross-section.

® ®
® ®
® ®
® )

Figure 5. Schematic diagram of illuminance test points.

QIONOIO),
OJONOIO),

2. Results Analysis

As illustrated in Figure 6, prior to the enhancement of the tunnel’s internal lighting
conditions, the maximum illuminance measured at the tunnel entrance was 1670.75 1x,
while the middle section exhibited a maximum illuminance of 197.05 1x, and the tunnel exit
recorded a maximum illuminance of 1888.8 Ix. The overall average illuminance across the
tunnel was 717.63 Ix, with an illuminance uniformity of 0.63 and a longitudinal uniformity
of 0.35 within the middle section. Following the improvements to the tunnel’s internal
lighting environment, the maximum illuminance at the entrance increased to 2457.55 1x, the
middle section’s maximum illuminance rose to 230.9 Ix, and the exit reached a maximum
illuminance of 2476.2 1x. Correspondingly, the overall average illuminance increased to
1011.48 Ix. Additionally, the illuminance uniformity in the middle section improved to 0.69,
and the longitudinal uniformity increased to 0.39.
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Figure 6. Comparison of illuminance before and after tunnel lighting improvement.
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3.2. Driver Physiological and Psychological Indicator Testing and Results Analysis
3.2.1. Pupil Diameter Testing

1. TestPlan

Utilizing the Dikablis Glass 3 eye-tracking system, variations in drivers’ pupil diameter
were measured across three distinct scenarios: entering the tunnel, traversing the tunnel,
and exiting the tunnel. These measurements were conducted both prior to and following
the application of new luminescent coatings on the tunnel surface. To reduce experimental
error and improve the reliability and accuracy of the data, each participant completed three
repeated trials. Subsequent to each trial, the collected data were subjected to an initial
review and systematic organization to verify their completeness and validity. The pupil
diameter test procedure is illustrated in Figure 7.

Figure 7. The pupil diameter test procedure.

2. Results Analysis

As illustrated in Figure 8, during the tunnel entry phase, prior to enhancements in the
tunnel’s internal lighting environment, the average pupil diameter of drivers exhibited a
rapid increase from approximately 2.81 mm to 5.87 mm, corresponding to a growth rate of
108.90%. Following the improvements in the tunnel lighting, the average pupil diameter
increased from approximately 2.72 mm to 4.72 mm, indicating a growth rate of 73.53%.

10
g i [ | Before painting

25 50 75 100 125 150 175 200 225

g I |:| After painting

The diameter of the pupil (mm)
(e}

0 25 50 75 100 125 150 175 200 225

The distance from the tunnel entrance (m)

Figure 8. Comparison of driver pupil diameter before and after improvement of the tunnel’s internal
light environment.
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Throughout the tunnel driving phase, before the lighting enhancements, the average
pupil diameter fluctuated between 5.42 mm and 5.16 mm, with a standard deviation of 0.20.
After the lighting conditions were improved, this fluctuation range narrowed to between
4.25 mm and 4.39 mm, accompanied by a reduced standard deviation of 0.05.

During the tunnel exit phase, the average pupil diameter decreased sharply from
5.33 mm to 2.76 mm prior to the lighting improvements, representing a reduction of 48.22%.
Subsequent to the lighting enhancements, the average pupil diameter decreased from
4.35 mm to 2.69 mm, reflecting a reduction of 38.16%.

3.2.2. Heart Rate Testing
1.  TestPlan

An MP160 multi-channel electrophysiological recording system was employed to
monitor drivers’ heart rate variations across three distinct scenarios: prior to and following
the application of the new luminescent coatings within the tunnel, during tunnel entry,
while driving inside the tunnel, and upon tunnel exit. The heart rate monitor was worn
as illustrated in Figure 9. Each participant completed three repeated trials. Following
each trial, the collected experimental data were subjected to preliminary verification and
organization to ensure data completeness and validity.

2. Results Analysis

As illustrated in Figure 10, during the tunnel entry phase, the driver’s heart rate rose
from 71 beats per minute to 111 beats per minute prior to enhancements in the tunnel’s
internal lighting environment, corresponding to a 56.34% increase. Following the lighting
improvements, the heart rate increased from 73 beats per minute to 105 beats per minute,
reflecting a 43.84% rise.

Throughout the tunnel driving phase, the driver’s heart rate fluctuated between 99 and
109 beats per minute, with a standard deviation of 3.89, before the lighting modifications.
Subsequent to the improvements, the heart rate ranged from 93 to 102 beats per minute,
with a standard deviation of 3.76.

A
—

y .

o—

s

Figure 9. Heart rate monitor attachment diagram.
During the tunnel exit phase, the heart rate increased from 99 beats per minute to
113 beats per minute before the lighting enhancements, indicating a 14.14% increase. After

the improvements, the heart rate rose from 92 beats per minute to 101 beats per minute,
representing a 9.78% increase.
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Figure 10. Comparison of driver heart rate before and after improvement of tunnel lighting conditions.

3.2.3. Statistical Analysis
1.  Methods

The present study utilized SPSS version 26.0 for the statistical analysis of the collected
data. Given that all participants completed assessments under both the “before paint”
and “after paint” conditions, the dataset followed a paired design. Consequently, a paired
t-test was conducted to evaluate the statistical significance of differences between the two
related groups. A 95% confidence interval was employed to estimate the range within
which the population parameter is likely to lie. Effect sizes were quantified using Cohen’s
d, with thresholds of 0.2 to 0.5 representing a small effect, 0.5 to 0.8 a moderate effect, and
values exceeding 0.8 indicating a large effect. The significance level was set at « = 0.05 for
two-tailed tests, with p-values less than 0.05 considered indicative of statistically significant
differences.

2. Results Analysis

Statistical analyses indicated that following the application of the paint, both pupil di-
ameter and heart rate in drivers exhibited significant reductions relative to pre-application
measurements. Specifically, pupil diameter decreased by an average of 0.48 mm (Cohen’s
d = 1.35), reflecting enhanced pupil constriction stability and a marked reduction in visual
load after application. Concurrently, heart rate declined by an average of 7.7 beats per
minute (Cohen’s d = 0.98), suggesting a substantial mitigation of driving-related fatigue.
The 95% confidence intervals for all measured variables excluded zero, thereby reinforc-
ing the statistical robustness of these observed differences. Collectively, these findings
demonstrate that the luminous coating substantially improves physiological parameters
associated with tunnel driving. The statistical analysis of drivers’ physiological indicators
before and after painting application is shown in Table 6.
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Table 6. Statistical analysis table of driver physiological indicators before and after painting.

Test Mean = 957% Effect Si
Indicator o Standard t-Value p-Value Confidence  Cohen’s d ect size
Conditions .. Level
Deviation Interval
Pupil Before paint  4.83 + 0.32 .
Diameter  After paint 435 = 0.28 1276 <0.001 [0.38, 0.56] 1.35 Big Effect
Before paint  102.3 £5.7 .
Heartrate .. paint  94.6 + 4.9 9.42 <0.001 [5.82, 9.54] 0.98 Big Effect
4. Driving Safety Evaluation
4.1. Weight Calculation
Weight calculations were conducted for the criterion layer. Upon verifying that the
20 expert judgment matrices satisfied the consistency criterion (CR < 0.1), these matrices
were aggregated utilizing Formula (7). The aggregated matrix is presented in Table 7 below.
Table 7. Integrated judgment matrix for criteria layer.
Brightness U IlIluminance U, Pupil Diameter U; Heart Rate Uy
Brightness Uy 1 1.3501 0.6584 0.8327
Muminance U, 0.7407 1 0.5586 0.5918
Pupil Diameter Us 1.5188 1.7903 1 1.4023
Heart rate Uy 1.2008 1.6897 0.7131 1
Next, Amax, CI, and CR were calculated using Formula (8), yielding the results shown
in Table 8.
Table 8. Weight calculation results.
Weight Amax CI CR
Brightness Uy 0.2245
[Nluminance U, 0.1707
Pupil Diameter Us 0.3388 4.0068 0.0023 0.0026
Heart rate Uy 0.2659

Following the same calculation steps as the guideline layer, the judgment integration
matrix and weight calculation results for the indicator layer are as follows:

The computed weights for the indicators corresponding to levels U;, Uy, Uz and Uy
are presented in Table A1, Table A2, Table A3 and Table A4, respectively.

Next, Amax, CI, and CR were calculated using Formula (8), yielding the results shown
in Table 9.

Table 9. Weight calculation results under Uy, Uy, U3 and Uy.

Amax CI CR
Brightness Uy 3.0032 0.0016 0.0031
Illuminance U, 3 0 0
Pupil Diameter Us; 3.0024 0.0012 0.0023
Heart rate Uy 3.004 0.002 0.0038

All passed consistency testing.
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Based on the assessment of each indicator, the calculation results for the integration
matrix and weights are summarized in Table 10.

Table 10. Weight summary table for driver mental load indicator system.

Objective Criterion Laver Relative Indicator Laver Relative Comprehensive
Layer y Weight y Weight Weighting
Average brightness Uy 0.4473 0.1004
Luminance Uy 0.2245 Overaggiil;;;tr;i? ;r;;fict)rnglfty U1p 0.3616 0.0812
. y 0.1911 0.0429
luminance Uj3
Average illuminance Uy 0.3857 0.0658
. Overall illuminance

Driver Nluminance Uy 0.1707 uniformity Uy 0.3575 0.0610

Psychological Vertical uniformity of
Load U illuminance Uy 0.2568 0.0438
Variation range of pupil diameter 0.3774 0.1279

upon tunnel entry Us;
Pupil Diameter 0.3388 Standard deviation of pupil 0.2693 0.0912

diameter during tunnel travel Usp ' '

Change. in pupil diameter upon 0.3532 0.1197

exiting the tunnel Us3
Driver hear.t rate increase rate 0.3506 0.0932

upon entering the tunnel Uy
Heart rate Uy 0.2659 Standard qu1at10n of d.rl.ver heart 0.3006 0.0799
rate during tunnel driving Ugp

Driver heart rate increase rate 0.3488 0.0927

upon exiting the tunnel Uy3

It is apparent that the assessment of driver cognitive load should predominantly
concentrate on variations in pupil diameter and heart rate variability, especially during the
phases of tunnel ingress and egress. These physiological metrics represent the most salient
indicators. Furthermore, the inclusion of lighting environment parameters facilitates a
comprehensive, multidimensional evaluation of driving workload.

4.2. Membership Function Calculation

This study engaged 20 participants who assessed the indicator layers within the indica-
tor system table through a questionnaire survey grounded in a predefined set of evaluation
criteria. Following the collection of the completed questionnaires, the results summarized in
Tables A1 and A2 were obtained. Subsequently, the membership degrees of each indicator
across various evaluation criteria were computed, as detailed in Tables A3 and A4, yielding
fuzzy membership matrices corresponding to each hierarchical level. By integrating factor
weights and employing matrix multiplication, fuzzy evaluation matrices were derived
for each individual indicator or factor. The multilevel fuzzy comprehensive evaluation
method thus synthesizes overall assessments by aggregating evaluations conducted at
single hierarchical levels.
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4.3. Evaluation Results Before Improvement of Tunnel Interior Lighting Environment
1. Criteria-Level Evaluation
Luminance U; Factor Evaluation: Fuzzy evaluation matrix formed by scoring indica-
tors for the luminance U; factor layer:
0.00 0.00 0.10 0.60 0.30

Fipp= (000 010 0.50 0.25 0.15
0.00 0.05 040 030 0.25

The comprehensive evaluation of the influence factors for the luminance U; factor is:

0.4473 0.00 0.00 0.10 0.0 0.30
Uy = Win o Fgp = [0.3616] o [0.00 010 050 025 0.15
0.1911 0.00 0.05 040 030 0.25

=(0 0.0457 0302 04161 0.2362)

Illuminance U, Factor Evaluation: Fuzzy evaluation matrix formed by scoring indica-

tors under the illuminance U, level:

0.00 0.00 0.10 0.60 0.30
Fp = (000 010 0.50 0.25 0.15
0.00 0.05 040 030 0.25

The comprehensive evaluation of the influencing factors for illuminance Uy is:

0.3857 0.00 0.05 0.10 0.60 0.25
Uy = Wip o Fiip = |0.3575| o [0.00 0.10 0.45 0.25 0.20
0.2568 0.00 0.05 055 0.30 0.10

=0 0.0679 0.3407 0.3978 0.1936)

Pupil Diameter Us Factor Evaluation: Fuzzy evaluation matrix formed by scoring
indicators under the pupil diameter U3 factor hierarchy:

0.00 0.10 0.20 0.30 0.40
Fy3 = [0.00 0.00 0.00 0.00 1.00
0.00 0.00 0.10 0.80 0.10

The comprehensive evaluation of the influence factors for the pupil diameter Us
factor is:

0.3774 0.00 010 020 0.30 040

Uys = Wys o Fys = |0.2693| o (0.00 0.00 0.00 0.00 1.00
0.3532 0.00 0.00 0.10 0.80 0.10

=(0 0.0377 0.1108 0.3958 0.4556)

Heart Rate Uy Factor Evaluation: Fuzzy evaluation matrix formed by scoring indica-

tors under the heart rate Uy factor hierarchy:

0.00 0.00 0.10 0.70 0.20
Fys = [0.00 0.00 0.00 0.00 1.00
0.00 0.00 0.05 070 0.25
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The comprehensive evaluation of the influence factors for the heart rate Uy factor is:

0.3506 0.00 0.00 0.10 0.70 0.20
Uys = Wiy o Fyg = |0.3006| o [0.00 0.00 0.00 0.00 1.00
0.3488 0.00 0.00 0.05 070 0.25

=0 0 0.0525 0.489% 0.4579)

Comprehensive Evaluation

Criterion-layer evaluation matrix:

0.0000
0.0000
0.0000
0.0000

0.0457
0.0679
0.0377
0.0000

0.3020
0.3407
0.1108
0.0525

0.4161
0.3978
0.3958
0.4896

0.2362
0.1936
0.4556
0.4579

Then the comprehensive evaluation of driving load indicators before improving the
internal lighting environment of the tunnel is:

0.2245 0.0000 0.0457 0.3020 0.4161 0.2362
U — Wi o Frr — 0.1707 . 0.0000 0.0679 0.3407 0.3978 0.1936
v ™ 10.3388 0.0000 0.0377 0.1108 0.3958 0.4556

0.2659 0.0000 0.0000 0.0525 0.4896 0.4579

=(0 0.0346 0.1775 04256 0.3622)

Based on the principle of determining comments by scores, the final score is calculated.
V represents the assigned values for the comment set, and Q represents the final score.
Multiplying them bitwise yields:

0

0.2
Q=U=x*V=(0 00346 0.1775 0.4256 0.3622) * [0.4| = 0.6230

0.6

0.8

4.4. Evaluation Results After Improvement of Tunnel Interior Lighting Environment
1.  Criteria Layer Evaluation
Luminance U; Factor Evaluation: Fuzzy evaluation matrix formed by scoring indica-

tors for the luminance U; factor layer:

055 025 0.15 0.05 0.00
Finn= (025 040 0.20 0.15 0.00
020 050 0.20 0.10 0.00

The comprehensive evaluation of the influence factors for the luminance U; factor is:

0.4473 055 025 0.15 0.05 0.00
Uy = Wyn o By = |0.3616| o [025 040 020 0.15 0.00
0.1911 020 050 020 0.10 0.00

=(0.3746 0.352 0.1776 0.0957 0)
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[luminance U, Factor Evaluation: Fuzzy evaluation matrix formed by scoring indica-
tors under the illuminance U, level:

0.70 025 0.05 0.00 0.00
Fu,= (015 045 025 0.15 0.00
020 0.55 0.25 0.00 0.00

The comprehensive evaluation of the influencing factors for illuminance U, is:

0.3857 070 025 0.05 0.00 0.00
Uy = Wy o Fyp = 103575 o (015 045 025 0.15 0.00
0.2568 020 0.55 025 0.00 0.00

=(0.3750 0.3985 0.1729 0.0536 0)

Pupil Diameter Uz Factor Evaluation: Fuzzy evaluation matrix formed by scoring
indicators under the pupil diameter Us factor hierarchy:

0.15 0.60 0.20 0.05 0.00
Fys = (005 020 040 0.25 0.10
020 0.60 0.20 0.00 0.00

The comprehensive evaluation of the influence factors for the pupil diameter Us

factor is:
0.3774 0.15 0.60 0.20 0.05 0.00
Uy = Wys o Fyz = [0.2693| o |0.05 0.20 040 025 0.10
0.3532 0.20 0.60 0.20 0.00 0.00

=(0.1407 0.4922 0.2538 0.0862 0.0269)

Heart Rate Uy Factor Evaluation: Fuzzy evaluation matrix formed by scoring indica-
tors under the heart rate Uy factor hierarchy:

0.00 0.05 0.60 0.25 0.10
Fys = [0.00 010 0.65 0.15 0.10
020 050 0.25 0.05 0.00

The comprehensive evaluation of the influence factors for the heart rate Uy factor is:

0.3506 0.00 0.05 0.60 0.25 0.10
Uys = Wig o Fyg = |0.3006| o [0.00 0.10 0.65 0.15 0.10
0.3488 0.20 050 0.25 0.05 0.00

=(0.0698 0.2220 0.4930 0.1502 0.0651)

2. Comprehensive Evaluation

Criterion-layer evaluation matrix:

0.3746 0.3520 0.1776 0.0957 0.0000
0.3750 0.3985 0.1729 0.0536 0.0000
0.1407 0.4922 0.2538 0.0862 0.0269
0.0698 0.2220 0.4930 0.1502 0.0651

Fy
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Then, the comprehensive evaluation of driving load indicators after improving the
internal lighting environment of the tunnel is:

0.2245 0.3746 03520 0.1776 0.0957 0.0000
U — Wi o Frr — 0.1707 . 0.3750 0.3985 0.1729 0.0536 0.0000
=T 4™ 10.3388 0.1407 0.4922 0.2538 0.0862 0.0269

0.2659 0.0698 0.2220 0.4930 0.1502 0.0651

=(0.2143 0.3728 0.2865 0.0998 0.0264)

Based on the principle of determining comments by scores, the final score is calculated.
V represents the assigned value for the comment set, and Q represents the final score.
Multiplying them bitwise yields:

0
0.2
Q=U = V=(0.2143 0.3728 0.2865 0.0998 0.0264) * |0.4| = 0.2702
0.6
0.8

In summary, the driving load level prior to the enhancement of the tunnel’s internal
lighting environment was categorized as “moderately high,” reflecting an elevated driver
workload. Following the improvement of the lighting conditions, the driving load level
was reduced to “moderately low.” These findings indicate that the implementation of the
novel luminous paint significantly alleviates driver workload within the tunnel.

5. Conclusions

This study, situated within the domain of optimizing the internal lighting conditions
of highway tunnels through the application of new luminescent coatings, utilizes the AHP-
FCE methodology to establish an evaluative framework for assessing drivers’ psychological
load within highway tunnels. The framework is organized hierarchically, comprising a
target layer, four criterion layers, and twelve indicator layers. Empirical data were col-
lected via real-vehicle experiments to analyze the mechanisms and patterns through which
modifications in the lighting environment affect drivers’ psychological and physiological
responses. The principal findings are as follows:

(1) The application of the new luminescent coatings to tunnel sidewalls resulted
in a marked enhancement in the uniformity and stability of the lighting environment.
Specifically, the overall average brightness and illuminance within the tunnel increased
by 37.71% and 40.95%, respectively. Furthermore, the total uniformity of brightness and
illuminance in the tunnel’s central section improved by 9.85% and 9.00%, respectively, while
longitudinal uniformity of brightness and illuminance increased by 3.75% and 10.24%,
respectively.

(2) Subsequent to the improvements in the tunnel’s internal lighting environment, the
variability in drivers’ physiological indicators exhibited a significant reduction across all
phases of tunnel navigation. During the tunnel entry phase, the pupil diameter growth rate
decreased from 108.90% to 73.53%, and the heart rate growth rate declined from 56.34% to
43.84%. In the tunnel driving phase, the standard deviation of pupil diameter diminished
by 75%, and the standard deviation of heart rate decreased by 3.34%. During the tunnel
exit phase, the rate of pupil diameter reduction lessened from 48.22% to 38.16%, and the
rate of heart rate increase declined from 14.14% to 9.78%, collectively indicating effective
mitigation of drivers’ physiological stress levels.
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(3) Quantitative assessments conducted via the AHP-FCE approach reveal that en-
hancements to the tunnel’s internal lighting environment substantially alleviate drivers’
psychological load. Prior to the intervention, the comprehensive tunnel driving load score
was 0.6230, corresponding to a “moderately high” rating. Following the improvements,
this score decreased to 0.2702, reflecting a shift to a “moderately low” rating.

(4) The AHP-FCE framework proposed in this study, which combines objective physi-
ological metrics with subjective evaluations of psychological load, provides a standardized
and replicable instrument for human factors research in tunnel engineering. Unlike as-
sessment approaches based on singular indices, this framework facilitates the quantitative
integration of lighting environment parameters, physiological responses, and psychological
load, thereby constituting a methodological reference for human-centered investigations in
traffic engineering.

This study employs new luminous coatings alongside the development of an AHP-FCE
framework to demonstrate the mitigating impact of optimized tunnel lighting environments
on drivers’ mental workload. Nonetheless, several limitations persist. Firstly, despite efforts
to minimize interference from extreme weather, peak traffic volumes, and other external
factors, it was not feasible to entirely eliminate confounding variables at both environmental
and operational levels. For example, minor fluctuations in background luminance at tunnel
entrances across different time periods may compromise the precision of driver pupil
adaptation measurements. Furthermore, the implementation of a flexible speed control
range of 60 km/h + 5 km/h, rather than maintaining a constant velocity, could introduce
slight variability in physiological indicators such as heart rate and pupil diameter due to
speed fluctuations.

To overcome these limitations and further the integration of human factors engineering
and lighting technology in tunnel environments, future research should pursue several
avenues. These include adopting standardized experimental designs that systematically
incorporate variables such as weather conditions, background luminance, and vehicle
speed, employing techniques such as group comparisons and data calibration to control
for confounding influences. Additionally, the development of tunnel driving simulators
for controlled indoor experimentation would allow precise manipulation of factors like
illumination and traffic flow. Validating findings from such simulations through real-vehicle
trials would enhance the robustness and generalizability of research outcomes.
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Appendix A

Table A1. Weight calculation results for indicators under the brightness U; level.

Total Brightness Vertical Uniformity

Average Brightness U Uniformity Uy, of Brightness Uy3 Weight
Average Brightness Ujq 1 1.3094 2.2130 0.4473
Total Luminance
Uniformity U, 0.7637 1 2.0033 0.3616
Vertical Brightness 0.4519 0.4992 1 0.1911
Uniformity Ujs
Table A2. Weight calculation results for indicators under the illuminance U, level.
Average Total Illuminance Vertical Uniformity Weiehtin
INIluminance Uy Uniformity Uj, of Illuminance Uj3 & 8
Average illuminance Uy 1 1.0781 1.5029 0.3857
Total uniformity of 0.9276 1 1.3906 0.3575
illuminance Uy,
Longitudinal uniformity 0.6654 0.7191 1 0.2568
of illuminance Uj;
Table A3. Weight calculation results for indicators under the brightness Uj level.
. Sta‘nc'lard Pupil Diameter
Pupil Diameter Deviation of Variation upon
Variation upon Pupil Diameter p P Weight
. Exiting the
Tunnel Entry Uz;  During Tunnel Tunnel U
Travel Us, u 33
Pupil diameter variation upon entering 1 1.3348 1.1223 0.3774
the tunnel Usz;
Standardldewahon of Pqpll diameter 0.7492 1 0.7258 0.2693
during tunnel driving Us,
Pupil diameter change upon exiting 0.8911 13778 1 0.3532
tunnel Us;
Table A4. Weight calculation results for indicators under the brightness Uy level.
Driver Heart Rate Standard Deviation Driver Heart Rate
Increase Rate Uyq of Driver Heart Rate  Increase Rate upon Weicht
Upon Entering During Tunnel Exiting the Tunnel &
Tunnel Travel Uy, Uys
Driver heart rate Increase rate 1 1.2427 0.9433 0.3506
Uy upon entering tunnel
Standard deviation of driver
heart rate during tunnel 0.8047 1 0.9182 0.3006
driving Ugp
Driver heart rate increase
1.0601 1.0891 1 0.3488

upon exiting the tunnel Uy
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Table A5. Questionnaire results for evaluation of driving load indicators before improvement of

tunnel interior lighting environment.

Criterion Layer Indicator Layer Xﬁrv\}; Low  Moderate Higher ngl
Average brightness Uy 0 0 2 12 6
Luminance U Overall brightness uniformity Uy, 0 2 10 5 3
Vertical uniformity of luminance Uj3 0 1 8 6 5
Average illuminance Uy 0 1 2 12 5
luminance U, Overall illuminance uniformity Uy 0 2 9 5 4
Vertical uniformity of illuminance Up; 0 1 11 6 2
Variation range of pupil diameter upon 0 5 4 6 8
tunnel entry Us;
Pupil Diameter Us Standard (.ieV1at10n of pupil diameter 0 0 0 0 20
during tunnel travel Us;
Change in pupil diameter upon exiting 0 0 5 16 5
the tunnel Us;
Driver heart rate increase rate upon
entering the tunnel Uy 0 0 2 14 4
Heart rate U, Standa;d (;leV1at10n of eryer heart rate 0 0 0 0 20
uring tunnel driving Uy
Driver heart rate increase rate upon 0 0 1 14 5

exiting the tunnel Uy

Table A6. Questionnaire results collection form for evaluation of driving load indicators after

improvement of tunnel interior lighting environment.

o . Very . Very
Criterion Layer Indicator Layer Low Low  Moderate Higher High
Average brightness Uy 11 5 3 1 0
Luminance U Overall brightness uniformity Uy, 5 8 4 3 0
Vertical uniformity of luminance Uj3 4 10 4 2 0
Average Illuminance Uy 14 5 1 0 0
[luminance U, Overall illuminance uniformity Uy 3 9 5 3 0
Vertical uniformity of illuminance Ups 4 11 5 0 0
Variation range of pupil diameter upon 3 12 4 1 0
tunnel entry Us;
Pupil Diameter Us Standard c.ieV1at10r1 of pupil diameter 1 4 3 5 5
during tunnel travel Us,
Change in pupil diameter upon exiting 4 12 4 0 0
the tunnel Us;
Driver hear.t rate increase rate upon 0 1 12 5 2
entering the tunnel Uy
Heart rate U, Standard (?leV1at10n of er.ver heart rate 0 ’ 13 3 5
during tunnel driving Uy
Driver heart rate increase rate upon 4 10 5 1 0

exiting the tunnel Uy

https:/ /doi.org/10.3390/buildings16040740


https://doi.org/10.3390/buildings16040740

Buildings 2026, 16, 740 24 of 26

Table A7. Membership functions of the driving load index evaluation system before improvement of
the tunnel’s internal lighting environment.

Indicator Layer ng Low  Moderate Higher ngl
Average brightness Uy 0.00 0.00 0.10 0.60 0.30
Overall brightness uniformity Uj, 0.00 0.10 0.50 0.25 0.15
Vertical uniformity of luminance Uy3 0.00 0.05 0.40 0.30 0.25
Average Illuminance Uy 0.00 0.05 0.10 0.60 0.25
Overall illuminance uniformity Uy 0.00 0.10 0.45 0.25 0.20
Vertical uniformity of illuminance Ups 0.00 0.05 0.55 0.30 0.10
Variation range of pupil diameter upon tunnel entry Us; 0.00 0.10 0.20 0.30 0.40
Standard deviation of pupil diameter during tunnel travel Uz, 0.00 0.00 0.00 0.00 1.00
Change in pupil diameter upon exiting the tunnel Us; 0.00 0.00 0.10 0.80 0.10
Driver heart rate increase rate upon entering the tunnel Uy 0.00 0.00 0.10 0.70 0.20

Standard deviation of driver heart rate during tunnel driving Uy 0.00 0.00 0.00 0.00 1.00

Driver heart rate increase rate upon exiting the tunnel Uy 0.00 0.00 0.05 0.70 0.25

Table A8. Membership functions of the evaluation system for driving load indicators after improving
the internal lighting environment of tunnels.

Indicator Layer ;/ery Low  Moderate Higher erry
ow High
Average brightness Uy 0.55 0.25 0.15 0.05 0.00
Overall brightness uniformity Uy, 0.25 0.40 0.20 0.15 0.00
Vertical uniformity of luminance Uy3 0.20 0.50 0.20 0.10 0.00
Average illuminance Uy 0.70 0.25 0.05 0.00 0.00
Overall illuminance uniformity Uy 0.15 0.45 0.25 0.15 0.00
Vertical uniformity of illuminance Ups 0.20 0.55 0.25 0.00 0.00
Variation range of pupil diameter upon tunnel entry Us; 0.15 0.60 0.20 0.05 0.00
Standard deviation of pupil diameter during tunnel travel Uz, 0.05 0.20 0.40 0.25 0.10
Change in pupil diameter upon exiting the tunnel Us; 0.20 0.60 0.20 0.00 0.00
Driver heart rate increase rate upon entering the tunnel Uy 0.00 0.05 0.60 0.25 0.10
Standard deviation of driver heart rate during tunnel driving Uy 0.00 0.10 0.65 0.15 0.10
Driver heart rate increase rate upon exiting the tunnel Uy 0.20 0.50 0.25 0.05 0.00
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