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ABSTRACT

This study examined the effects of illuminance level on physiological and perceptual
responses during simulated nighttime driving. Thirty licensed drivers, 15 younger
(21-45 years) and15 older (65-82 years), completed three driving trials under low,
medium, and high illuminance levels calibrated within roadway standards. Heart rate
(HR) and subjective comfort ratings were collected to evaluate autonomic activation
and perceptual experience. Results showed that illuminance level significantly affected
HR, F (3, 87) = 5.94, p = 0.001. HR increased under all lighting conditions relative to
baseline, but medium illuminance-maintained values closest to baseline, indicating
balanced arousal. Subjective comfort ratings also varied significantly across lighting
levels, F (2, 58) = 31.84, p < 0.001, with medium illumination rated highest. Age group
had no interaction effect on either measure. Convergent findings identify medium
illumination as the optimal level for nighttime driving, offering the best trade-off
between visibility, comfort, and physiological stability.
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INTRODUCTION

Lighting is a primary environmental factor influencing human performance,
comfort, and safety. In driving and other operational tasks, illuminance
determines hazard visibility, supports alertness, and affects perceptual
accuracy. Human-factors research shows that light intensity and distribution
influence both visual and physiological processes by affecting visual clarity,
workload, and arousal (Boyce et al., 2006; Smolders and de Kort, 2014).
Adequate illumination maintains visual comfort and attention, whereas
insufficient or excessive brightness causes eye strain, fatigue, and slower
responses (Abboushi, Fotios and Miller, 2023).

Physiologically, illumination regulates retinal and circadian mechanisms
that influence autonomic balance and cardiovascular activity (Cho et al.,
2025). The Yerkes-Dodson principle states that moderate arousal supports
optimal performance (Yerkes and Dodson, 1908). Lighting that maintains
this equilibrium supports perceptual comfort and vigilance, whereas extremes
either overstimulate or reduce alertness. Empirical findings support this
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optimal-arousal interpretation: intermediate illumination is associated with
steadier attention and reduced visual strain (Boyce, 2021).

Although illumination standards in transportation specify photometric
thresholds for safe visibility, few studies describe the physiological or
perceptual responses within those limits. Clarifying these relationships is
essential for defining lighting that maintains comfort and physiological
stability. Such evidence provides a foundation for illumination design that
supports human performance, safety, and sustainable energy use.

Research Gap, Objective and Significance

Lighting influences human performance (Boyce, 2021), but most applied
studies have tested only one or two intensity levels or compared general
layouts rather than controlled illuminance steps. Field investigations
examined office or task lighting and recorded comfort or performance
outcomes but rarely covered a graded illumination levels (Boyce et al., 2006;
Boyce, 2021). Laboratory studies comparing two illumination conditions
(e.g., 200 vs. 1000 Ix) reported improved alertness at higher intensity
but provided limited data for intermediate ranges (Smolders and de Kort,
2014). The bright light influences circadian activation and heart-rate
patterns but were not designed to test multiple controlled levels (Cho et al.,
2025). Comprehensive reviews confirm that experiments covering multiple
illumination levels within roadway-relevant ranges remain scarce, leaving
little evidence on graded physiological and perceptual effects (Lok et al.,
2018; Siraji et al., 2022). Roadway and illumination standards define
required luminance and illuminance ranges to ensure safe visual performance
for drivers (International Commission on Illumination, 2010; FHWA, 2018).
These standards rely on photometric visibility models rather than direct
human-centred physiological and comfort data. Experimental validation
linking illumination within standard ranges to changes in comfort, vigilance,
or physiological steadiness is limited.

Individual differences in lighting tolerance arise from variation in visual
and cognitive profiles, including contrast sensitivity, dark adaptation, and
glare resistance (Gibbons and Nussbaum, 2019). Age affects pupil response,
contrast sensitivity, and glare resistance: older individuals require higher
luminance for clarity yet experience discomfort more readily (Easa et al.,
2024; Yu et al., 2025). Few studies have compared younger and older drivers
across illumination intensities relevant to roadway vision. Such comparison
supports inclusive design and ensures that illumination standards meet the
needs of diverse populations.

Therefore, this study examines three illumination levels (low, medium, and
high) within IES and CIE standard ranges. The objective was to quantify
physiological and perceptual responses in younger and older drivers and to
identify the illumination level that optimizes both. It was hypothesized that
medium illumination would yield the most stable physiological responses and
highest perceived comfort compared with the low and high levels.

This study provides experimental evidence linking illumination level to
physiological and perceptual responses across age groups in simulated
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driving. All illumination parameters, apparatus settings, and analysis
procedures will be made available to qualified researchers for verification
and reproducibility. The experiment integrates physiological and perceptual
evaluation within one framework, establishing quantitative relationships
between illumination intensity, comfort, and arousal stability. Optimizing
intensity for comfort and efficiency supports the Pan-Canadian Framework
on Clean Growth and Climate Change and Canada’s Road Safety Strategy
2025 (Government of Canada, 2022; CCMTA, 2025). Overall, this work
strengthens the empirical foundation for ergonomic lighting standards and
demonstrates the contribution of human factors research to guiding safe,
inclusive, and sustainable transport design.

METHODOLOGY
Participants

We screened 70 participants, and 30 met the predefined inclusion and
exclusion criteria. Eligible participants held a valid Ontario G2 or G
driver’s license for at least two years, reported regular nighttime driving
experience, and had normal or corrected-to-normal vision. Individuals with
colour blindness, cardiac conditions, seizure history, or high motion-sickness
susceptibility were excluded. The final sample comprised fifteen younger
adults aged 21-45 years (M = 29.5, SD = 6.2) and fifteen older adults
aged 65-82 years (M = 72.7, SD = 5.8). Gender distribution was balanced
(53% male, 47% female). Younger drivers averaged 7.5 years of licensed
experience, and older drivers averaged 53.6 years. Annual mileage was
moderate in both groups, typically 5,000-10,000 km. All participants had
normal or corrected vision; a few used glasses or contact lenses. Older
participants were simulator-naive, and only a small subset of younger drivers
reported limited prior simulator exposure. Motion-sickness susceptibility
was low (MSSQ-Short: M = 6.2, SD = 4.3) and did not differ between
age groups (Golding, 2006). The study received ethical approval from the
University of Waterloo Research Ethics Board (REB #46838). Participants
were compensated at an average rate of $15 CAD.

Apparatus and Simulator Setup

The experiment was conducted in the Autonomous Vehicle Research and
Intelligence Laboratory at the University of Waterloo using a Vi-Grade
STATIC Driving Simulator configured with a Chevrolet SUV cabin and
Original Equipment Manufacturer controls (Umpaipant et al., 2024). The
fixed-base simulator provided a 278-degree cylindrical projection operating
at 120 Hz. It included functional mirrors, an instrument cluster, a 5.1-channel
surround sound system, and seat-integrated haptic feedback that reproduced
realistic steering resistance and vibration cues. The driving environment
was developed in Unreal Engine using RoadRunner for road network
generation and scene layout to replicate an urban collector corridor in
the city of Waterloo (Figure 1 (¢ &d)). The roadway model incorporated
consistent geometry, signage, and pavement reflectance representative of
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real urban infrastructure. Ambient illumination and contrast were calibrated
photometrically to maintain uniformity across experimental sessions.

Physiological data were recorded using the Empatica EmbracePlus wrist-
worn sensor (Figure 1(d) placed on the participant’s non-dominant wrist
(Alguindigue et al., 2024). The device uses photoplethysmography to detect
blood-volume pulse, sampling raw data at 64 Hz and deriving heart rate
(HR) and inter-beat-interval series at 1 Hz. Eye-movement behaviour was
captured using the Ergoneers head-mounted eye tracker (Figure 1(d), which
was compatible with participants wearing eyeglasses (Lee et al., 2025;
Shariatmadari et al., 2025). The system recorded first-person-view video at
1920 x 1080 pixels and 30 fps, and binocular pupil images at 648 x 488
pixels and 60 Hz. Data were processed in Ergoneers D-Lab software.

Subjective ratings of perceived comfort, visibility, and fatigue were
collected after each illumination condition using a brief 9-item post-session
questionnaire based on a 5-point Likert scale. The internal reliability of
this questionnaire was evaluated using Cronbach’s alpha to confirm the
consistency of participant ratings across illumination conditions. In the
present study, only HR and perceived comfort measures are reported
as physiological and perceptual indicators of participant response under
different illumination levels.

Eye Tracker
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Figure 1: Overview of the experimental setup: (a) simulator configuration within the
AVRIL facility; (b) participant view of the nighttime driving scene; (c) interior driving
perspective; (d) physiological and behavioural data acquisition instruments.
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Lighting Conditions

Three illumination levels i.e., low, medium, and high were implemented to
replicate realistic nighttime roadway lighting for urban collector and low-
speed arterial corridors. Figure 2 illustrates both the reference roadway under
day (a) and night (b) conditions and the three simulated illumination levels
(c-e) used in the experiment, showing the progression in brightness and visual
clarity across the calibrated range.

The luminance targets, approximately to 0.3-1.2 cd/m?2, were selected
within the standard ranges (International Commission on Illumination,
2010; FHWA, 2018). These levels were photometrically calibrated in the
simulator as described earlier to ensure realistic luminance distribution and
contrast consistent with roadway standards. All lighting conditions used a
neutral-white correlated colour temperature of 3500 K, representative of
LED luminaires widely adopted in municipal applications. This temperature
range was selected because prior studies have shown that neutral-white light
(~ 3500-4000 K) provides an optimal balance between visual clarity and
comfort, reducing glare and visual fatigue relative to cooler sources (> 5000
K) while maintaining adequate contrast and alertness compared with warmer
tones (< 3000 K) (Chen et al., 2024).

Figure 2: Reference and simulated lighting conditions. (a) Daytime and (b) nighttime
aerial views of the reference roadway. (c-e) Simulated driving scenes under low,
medium, and high illumination levels used in the experiment.

Procedure

The experimental protocol followed a structured sequence of briefing,
baseline recording, exposure to illumination conditions, and post-session
evaluation. All sessions were conducted individually in a quiet laboratory
environment to minimize distraction and external light interference.
Before beginning the experiment, participants completed a digital consent
form, demographic questionnaire, the Motion Sickness Susceptibility
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Questionnaire (MSSQ), and the Driver Behavior Questionnaire (DBQ). They
were then familiarized with the simulator controls and instructed to maintain
normal driving behaviour while obeying roadway signs and speed limits.
The Empatica EmbracePlus wrist sensor and the Ergoneers head-mounted
eye tracker were fitted and calibrated prior to each session. Physiological
and behavioural data were recorded continuously and synchronized with
simulator event logs for precise temporal alignment. Each trial began
with a three-minute baseline period in which participants sat quietly in
the stationary simulator to establish resting physiological measures. They
then completed three nighttime driving scenarios, each corresponding to
one illumination level (low, medium, or high). The order of illumination
conditions was counterbalanced across participants to control for sequence
and adaptation effects. Each driving segment lasted approximately eight
minutes and maintained constant roadway geometry, traffic conditions, and
environmental parameters. After each scenario, participants completed a
brief post-session questionnaire assessing perceived comfort, visibility, and
fatigue on a five-point scale. Upon completing all three conditions, they
provided overall feedback and were debriefed on the study objectives. The full
session, including setup and rest periods, lasted approximately 60 minutes per
participant.

RESULTS

[lluminance level had a significant effect on drivers’ physiological activation
as indexed by HR. Descriptive statistics by age group and lighting level
are presented in Table 1. A repeated-measures ANOVA across the four
conditions (baseline driving, low, medium, and high illuminance) revealed a
main effect of lighting, F (3, 87) = 5.94, p = 0.001. Mean HR increased when
any lighting was introduced relative to the baseline condition, indicating
increased cardiovascular arousal under illuminated environments.

Table 1: Mean HR (bpm) by lighting level and age group.

Age Group Baseline Low Medium High

Younger 74.5 (11.0) 77.6 (10.0) 76.8 (9.0) 78.5 (11.3)
Older 717 (12.4)  76.0 (15.1)  72.5(12.7)  73.8 (12.8)
Overall 73.1 (11.6) 76.8 (12.6) 74.6 (11.0) 76.1 (12.1)

Post-hoc comparisons summarized in Table 2 confirmed that HR rose
significantly from baseline to both low (p < 0.001) and high (p = 0.018)
illuminance levels, whereas differences among the three illuminated
conditions (low, medium, high) were non-significant (p > 0.05). When age
group was included as a between-subjects factor, neither the main effect of
age (p = 0.128) nor the interaction between age and condition (p = 0.999)
reached significance, indicating that younger and older participants exhibited
similar illumination-related trends.
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Table 2: Post-hoc pairwise comparisons for HR means (Holm-Sidak for overall;
Bonferroni for age-specific analyses).

Group  Condition Mean Difference Adjusted p Cohen’s d
Overall  Baseline — Low Light +3.69 0.0003"""  0.87
Baseline — Medium Light +1.51 0.315 s 0.28
Baseline — High Light +3.01 0.018" 0.58
Younger Baseline — Low Light +3.08 0.0037°"  1.04
Baseline —> Medium Light +2.24 0.585 ™%  0.35
Baseline — High Light +3.93 0.037" 0.74
Older  Baseline — Low Light +4.29 0.020" 0.82
Baseline — Medium Light +0.78 1.000 ™5 0.16
Baseline — High Light +2.10 0.401"-s 0.41

Note: n.s. = not significant; * p < 0.05; **p < 0.01; ***p < 0.001.

Within-group analyses showed that both age groups experienced
significant increases in HR from baseline to low illumination, but
only younger participants demonstrated an additional rise under high
illumination. No significant changes were observed between baseline and
medium lighting in either group. Older participants displayed greater
variability in HR across conditions, consistent with broader cardiovascular
dispersion typically observed with age, yet the direction and magnitude of
responses remained parallel between groups.

Cronbach’s alpha exceeded the standard reliability threshold of 0.70
for each condition, confirming that participants rated comfort items
coherently under different lighting environments: High (a = 0.848), Medium
(a = 0.936), and Low (a = 0.900). These values indicate that the scale
provided stable and interpretable measures of perceived comfort. Descriptive
statistics for overall and age-specific ratings are summarized in Table 3.
Medium illuminance yielded the highest mean comfort score (M = 4.30,
SD = 0.61), followed by High (M = 4.02, SD = 0.70) and Low (M = 3.57,
SD = 0.78). Low illumination also showed the widest response range,
suggesting that drivers’ reactions to insufficient light were less consistent than
their evaluations of brighter conditions. Younger drivers reported slightly
higher comfort overall, but both age groups exhibited the same rank order
(i.e., Medium > High > Low).

Table 3: Mean perceived comfort by lighting level and age group.

Age Group Low Medium High

Younger 3.86 (0.67) 4.56 (0.38) 4.19 (0.59)
Older 3.29 (0.84) 4.04 (0.75 3.85(0.77)
Overall 3.57 (0.78) 4.30 (0.61) 4.02 (0.70)

A repeated-measures ANOVA showed a main effect of illumination on
comfort, F (2,58)=31.84, p<0.001, #p*=0.523. Comfort increased with
lighting intensity, with High rated higher than Low (p = 0.0007), while
Medium-High (p = 1.000) and Medium-Low (p = 0.053) did not differ,
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indicating near-optimal comfort at medium intensity. Including age yielded a
smaller lighting effect, F (2,58)=3.93, p = 0.023, #p>=0.086, with no main
age effect (p = 0.855) or interaction (p = 0.948). Older participants rated
High more comfortable than Low (p = 0.022); younger showed no significant
differences. Overall, illumination strongly influenced comfort, but age did
not alter this trend. Medium levels provided balanced comfort and minimal
variability across participants.

Table 4: Post-hoc pairwise comparisons for comfort means (Holm-Sidak for
overall; Bonferroni for age-specific analyses).

Group Condition Adjusted p Cohen’s d
Overall Medium — High Light 1.000 ™ 0.17
Medium — Low Light 0.0529 - 0.59
High — Low Light 0.0007°** 0.76
Younger Medium — High Light 1.000 = 0.48
Medium — Low Light 0.4923 ns- 0.60
High — Low Light 0.0526 ™* 0.43
Older Medium — High Light 1.000 ™= 0.30
Medium — Low Light 0.1599ms- 0.76
High — Low Light 0.0225" 0.81

Note: n.s. = not significant; * p < 0.05; *** p < 0.001.

DISCUSSION AND IMPLICATIONS

[lluminance produced convergent effects on physiological activation and
perceived comfort, identifying medium illumination as the optimal level for
nighttime driving. HR analysis showed that illuminated conditions increased
cardiovascular activation relative to baseline, confirming elevated arousal
in the presence of roadway lighting. Among the three illumination levels,
medium illumination-maintained HR closest to baseline, indicating balanced
autonomic regulation and sufficient alertness without overstimulation.
Both low and high levels produced larger HR deviations, suggesting that
insufficient or excessive brightness increases physiological load. Perceptual
responses mirrored this pattern. Participants rated medium illumination
highest in comfort, while low illumination consistently reduced comfort
and high illumination offered no added benefit. The convergence between
physiological stability and perceptual preference shows that moderate
luminance provides the most favorable trade-off between visibility and
comfort, consistent with findings that excessive luminance elevates glare,
adaptation strain, and visual fatigue (Boyce, 2021). Age-related differences
were limited to response variability: older drivers exhibited broader HR
dispersion and slightly lower comfort ratings, yet their illumination-response
patterns remained consistent with younger drivers.

The combined physiological and perceptual evidence identifies medium
illumination as an ergonomic and energy-efficient target for urban nighttime
driving. This level supports visual clarity and sustained alertness while
minimizing physiological strain, aligning with modern lighting standards
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that emphasize context-sensitive design rather than maximum brightness.
The results provide a quantitative foundation for performance-based lighting
guidelines, where illumination design is validated through human-response
metrics rather than purely photometric criteria. Integrating HR and
comfort measures into roadway lighting assessment can help transportation
authorities optimize safety, energy efficiency, and user well-being within
sustainable infrastructure frameworks.

CONCLUSION, LIMITATIONS AND FUTURE SCOPE

The findings show that nighttime illumination significantly affects both
autonomic and perceptual responses during simulated driving. Among the
tested levels, medium illuminance yielded the most stable HR and the highest
comfort ratings, confirming the hypothesis. The results support a human-
performance-based criterion for roadway lighting, in which physiological
and perceptual evidence jointly define the range of safe, comfortable, and
energy-efficient illumination for varied driver populations.

The study used a limited sample (n = 30), restricting generalization.
Future studies should include larger and more diverse participants to capture
variability in age, vision, and driving experience. Only HR was analysed;
future work should integrate EEG, eye tracking, and HRV to assess neural
and attentional responses. The fixed-base simulator limited immersion;
motion or VR-based setups could improve ecological validity (Sun et al.,
2024). All conditions used a fixed colour temperature (3500 K); future studies
should vary spectral composition to test combined effects of luminance and
colour. [llumination effects were measured over short exposures; longer trials
are needed to assess adaptation and circadian influences. The single roadway
and traffic scenario limits generalization and requires validation across varied
driving context.
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