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Abstract

The influence of urban lighting on the visual tasks of pedestrians is well known and, in line with
this, numerous studies have explored the relationship between urban lighting and pedestrians’
feelings of safety. This earlier research has traditionally focused on minimal required illuminance
for various visual performance tasks (e.g., obstacle detection and face recognition). However, this
focus may have been too narrow, as other light-moderated factors, such as pedestrians’ general
attentiveness to the environment, may also be important for safety. Despite this, psychological
concepts related to the individuals’ attention, such as alertness, arousal and anxiety, have only
rarely been considered in street lighting research to date. The current study takes a first step in this
direction, by testing the sensitivity and direction of response of relevant metrics in a pilot study.
We decided for a conceptual replication of a field experiment from 1916 and managed to partly
replicate the findings (n = 29). Reaction speed (i.e., alertness) was fastest under lighting with lowest
uniformity whereas perceived environmental safety was highest under uniform lighting. Concepts
of energetic and tense arousal showed clear, opposite relationships with perceived environmental
safety. Limitations of the present study, as well as implications for future research in this domain

are discussed.

Keywords

urban lighting, alertness, perceived environmental safety, arousal, anxiety

This is an open access article distributed under the terms of the Creative Commons
@ ® Attribution 4.0 International License, CC BY 4.0, which permits unrestricted use,
BY distribution, and reproduction, provided the original work is properly cited.


https://crossmark.crossref.org/dialog/?doi=10.5964/gep.13019&domain=pdf&date_stamp=2025-09-09
https://orcid.org/0000-0001-9340-7931
https://orcid.org/0000-0002-9378-4152
https://orcid.org/0000-0002-8127-397X
https://www.psychopen.eu/
https://gep.psychopen.eu/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Pedestrians’ Alertness and Safety Under Urban Lighting 2

Non-Technical Summary

Background

Artificial light at night has become a common part of our lives but it also has harmful effects
on our environment. For example, the loss of the night sky or disruption of the lives of
nocturnal species. There is a growing desire to reduce artificial light at night only to the
required minimum. The problem is, we do not know what that required minimum should be.

Why was this study done?

Commonly, studies on understanding required minimum of lighting for pedestrians look
into tasks such as how well we see objects or people in our surroundings or what kind
of light we prefer in the setting. We suggest and try to investigate the inner psychological
and physiological states of pedestrians that could have an impact on their experience of the
environment.

What did the researchers do and find?

We measured the speed and accuracy of participants’ responses to unexpected sounds and
how safe they felt under different lighting conditions while walking down the street. We
found out that they reacted fastest under the most non-uniform lighting but felt the safest
under the most uniform lighting. We also found that the exact nature of how they felt, more
excited or more stressed, had an effect on how safe they rated their surroundings.

What do these findings mean?

The psychological and physiological inner states we introduced seem to have an impact on
pedestrians’ experience of their environment. If we would be able to target these inner states
with urban lighting design, it might give us a better idea of pedestrians’ experience than
when merely looking at how well pedestrians see a specific object. With such knowledge,
we could move closer to finding the required minimum lighting for pedestrians.

Highlights
« We replicated an experiment from 1916.
« Reaction speed (i.e., alertness) was fastest under non-uniform lighting.
« Perceived environmental safety was highest under uniform lighting.
« Nature of arousal important for studying perceived environmental safety.
« We suggest a shift of urban lighting research perspective towards studying also
psychophysiological concepts.

Urban lighting is essential for human functioning and sense of safety at night (Pefa-
Garcia et al., 2015), for the economy and, although debated (Falchi et al., 2011; Farrington
& Welsh, 2002), for crime prevention (Boyce, 2019; Davies & Smyth, 2018). Yet, urban
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lighting can have negative effects on the environment and brings non-negligible finan-
cial expenses to municipalities (Davies & Smyth, 2018; Falchi et al., 2011; Holker et al.,
2010; Stone, 2021). Hence, a balance needs to be found, which includes determining the
minimal required lighting for pedestrians’ safety.

Unfortunately, current pedestrian lighting recommendations lack a solid empirical
foundation (Fotios & Gibbons, 2018). Existing research on urban lighting for pedestrians
has mainly focused on how lighting supports various visual performance tasks, such
as obstacle detection or facial expression recognition (Fujiyama et al., 2005; Knight,
2010; Mao & Fotios, 2022; Yang & Fotios, 2015). Burtt (1916), however, claimed that
the mere range of individuals’ sight is insufficient for their safety if they are not also
attentive to their surroundings and able to react to possible dangers. In other words,
to understand how lighting affects pedestrian safety — and thus to develop minimal
lighting requirements — one must look beyond visual performance.

Figure 1 shows how, by focusing solely on the direct effect of lighting conditions
on visual performance and subsequent attention, we could overlook the possible media-
ting effects of psychophysiological concepts of alertness, arousal, and anxiety. We under-
stand alertness as a cognitive state of enhanced readiness and openness to incoming
information (Brown & Bowman, 2002; Chandrakumar et al., 2019; Matthias et al., 2010;
Petersen et al., 2017; Shapiro et al., 2006). This is reflected in faster and more accurate
reactions to incoming stimuli (Brown & Bowman, 2002; Matthias et al., 2010). Arousal,
the general state of both cognitive and physiological activation, can be distinguished in
two dimensions (Thayer, 1978). One is an energetic dimension, ranging from feelings
of vigour to drowsiness and tied in with circadian rhythms (e.g., sleep-wake cycle) and
voluntary motor activity (e.g., exercise). A second dimension is labelled tense arousal
and presumed to be connected with various negative emotions and stress reactions,
notably with anxiety. Anxiety, as a reactive state of readiness to uncertain potential
future threats, is negatively related to feelings of safety; the more anxious one is, the
less safe one feels (Adolphs, 2013; Ohman, 2008). From an evolutionary perspective
though, anxiety can also be considered a benefit to cognition as it facilitates physical
readiness and faster detection of potential threatening information (Bateson et al., 2011;
Eysenck et al., 2007). We can see that higher levels of alertness, arousal and anxiety
could lead, through increased reaction speed and accuracy, to improved objective safety
(i.e., obstacle detection, prevention of traffic collision) but could also influence perceived
safety (e.g., absence of tense arousal and/or anxiety could mean higher feelings of safety).
Therefore, we argue that it is not only the visual task performance that should be of
interest in pedestrian lighting research but also other concepts, namely pedestrians’
alertness, arousal and anxiety (Jedon et al., 2023).
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Figure 1

The Triad Conceptual Framework
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Note. Figure adapted from Jedon et al. (2023). All of the three interrelated main concepts — alertness, arousal
and anxiety — are related to attention, and all may be affected by lighting (shown by the full lines). The dashed
lines connect related concepts.

Curiously, these psychophysiological concepts have been scarcely considered in pedes-
trian lighting research. In one of the few such rare cases, Burtt (1916) employed an
auditory two-choice task (ATCT), a short memory task, and a motor coordination task
in a field experiment to compare pedestrians’ performance under different lighting con-
ditions. In general, his findings suggest better performance on all three tasks under
non-uniform lighting conditions than under more uniform ones. In Burtt’s study these
positive performance outcomes may have been caused either by changes in the average
intensity of illumination, or by the alternations between the illuminated areas under the
lamps and the dark, unlit, regions in between them. However, Burtt does not explain
via what mechanisms the two lighting conditions could lead to such results. Through
the lens of our triad conceptual framework (Jedon et al., 2023), we could offer potential
explanations. The dark spots and reduced ability to see ahead might have caused higher
tense arousal and/or anxiety, resulting in heightened alertness and attention, and hence
better performance. Burtt (1916) himself discusses that just the difficulty of seeing in
the dark areas might have improved alertness; if one’s vision is hindered one needs
to be more attentive. Alternatively, such changes in alertness and attention may also
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have been induced by positive increases in arousal, such as when the non-uniform
lighting conditions would be perceived by the participants as novel and stimulating.
Howbeit, finding a conclusive explanation for results like Burtt’s is difficult without first
disentangling the relations between the psychophysiological concepts and the impact of
light on them.

Research Aims

Burtt’s (1916) study, despite asking relevant research questions, received little attention.
No replication of Burtt’s study, or its parts, has been done to our knowledge. Therefore,
we conducted a conceptual replication of Burtt’s experiment using modern day measure-
ment equipment.

We designed a quasi-experimental field study. Given the findings of Burtt’s (1916)
experiment we had two main hypotheses on the possible effects of light. The first
hypothesis was that responses would be faster and more accurate (i.e., increased alert-
ness) on the streets with lower uniformity than on the streets with high uniformity
of illuminance. Uniformity is rarely studied in pedestrian safety research (Boyce, 2014).
Most of such research, with exceptions (Johansson et al., 2011), reports uniform lighting
to be associated with higher perceived safety (Bullough et al., 2020; Fotios et al., 2019;
Kimura et al., 2014; Narendran et al., 2016; Nasar & Bokharaei, 2017; Portnov et al., 2020).
Therefore, our second hypothesis was that the perceived safety would be lower on the
streets with lower uniformity than on the streets with high uniformity of illuminance.
For exploratory purposes, we were also interested in the sensitivity of, and the correla-
tions between, the various measures used.

Method

Participants

Sample size was determined primarily with feasibility in mind. Only four participants
could partake at the same time. Given that the experiment could only start in the last
week of April 2021, we had a short window of opportunity before the late sunset would
make it too troublesome for participants to come to the test site after dark. Based on
this and considering possible days with poor weather conditions, we expected to run
about 40 participants at best. A sensitivity analysis conducted in G*Power (Faul et al.,
2009) for a within-subject ANOVA with 4 repeated measures (i.e., on each of 4 streets; see
Design) and assuming a .50 correlation between repeated measures showed that with 40
participants we had 90% power to detect a small to moderate effect size of f= .21 at o =
.05.

Unfortunately, technical issues forced us to have three rather than four participants
simultaneously per session. As a result, only a total of n = 29 people participated in
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the experiment. An adjusted sensitivity analysis to this sample size showed that we had
90% power to detect a small to moderate effect size of f = .25 at a = .05. Participants
were recruited from the J. F. Schouten database of Eindhoven University of Technology
(TU/e). Out of the 29 participants, 13 (44.8%) identified as female and 16 (55.2%) as male.
The average age of the participants was M = 23.1 (SD = 3.3; range 19 to 30). Of the 29
participants, 12 (41.4%) and 10 (34.5%) indicated to be “very familiar” and “somewhat
familiar” with the TU/e campus respectively. Of the remaining participants, 3 (10.3%)
indicated to be “a bit familiar” with the campus and 4 (13.8%) to be “not familiar at all”.
Participants received €10 as compensation for their participation.

Design

We conducted a one-factor (4 streets), within-subject, quasi-experimental field study
with response time (RTs) and accuracy in an ATCT as objective markers of alertness, and
self-reports of sleepiness, arousal, safety and lighting appraisal as subjective outcomes.
The experiment took place on 4 pre-selected streets that differed, amongst other things,
in the uniformity of lighting (see Figure 2, Table 1 and Table 2). To reduce the time
needed to move from one street to the other, and to keep the experiment manageable, we
did randomize the starting street, but we did not fully randomize the order of the streets.
Instead, Street 2 always followed Street 1, Street 3 followed Street 2, Street 4 followed
Street 3, and Street 1 followed Street 4. During each 5 min walk participants engaged in
two simultaneous tasks. We selected a dual task approach to increase perceptual load and
reduce the chance that the slower and/or inaccurate responses were caused by boredom
(Fotios et al., 2015). The primary task was walking along the street, following coloured
ribbons that marked the path. An ATCT, which was adapted from the earlier study by
Burtt (1916) was the secondary task. Reaction times and accuracy to the ATCT were
recorded. At the end of each walk participants completed a short survey.

The experiment took place on the TU/e campus during six days between 22"¢ of April
and 5t of May 2021, at least 15 minutes after sundown. Each night consisted of one or
two experimental sessions with maximum three participants each, starting between 21:00
and 22:45 hrs. Weather conditions were rather similar between days, except for May 5
when it rained. The average temperature was 9° C. (range 3° C. to 15° C.).
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Figure 2

Map and Photographs of the Streets on the Site of the Experiment
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Note. Street 1 (top left), Street 2 (top right), Street 3 (bottom left), Street 4 (bottom right). Photographs were
taken 20-30 minutes after sunset (civil twilight). The four test streets on the TU/e campus were reasonably free
of traffic at the time of the experiment. They had an average length of 277.5 meters (range 215 to 390 meters).
Each street was marked with coloured ribbons (corresponding to the colours on the map) that the participant
had to follow. The streets differed in various aspects besides the lighting. On Street 2, for example, participants
walked on the pedestrian pathway that was separated from the main road by a several meters wide strip of
grass and trees. On Street 3, in contrast, the participants were asked to walk in the middle of the road as the
pedestrian pathway directly next to the street was partly inaccessible due to construction work on an adjacent
building.

Table 1

Extensive and Daily llluminance Measurements Per Street

Daily
Extensive Horizontal Vertical
Street E. E. U E. (SD) Range E. (SD) Range
Street 1 2.72 1.19 0.18 3.50 (0.44) 2.93-3.85 0.93 (0.31) 0.38-1.20
Street 2 1.20 0.60 0.17 1.11 (0.12) 0.90-1.25 0.41 (0.07) 0.33-0.55
Street 3 13.60 6.32 0.46 16.3 (1.99) 13.4-17.83 5.75 (1.25) 3.48-7.25
Street 4 4.15 2.30 0.07 5.29 (0.66) 4.45-6.00 2.02 (0.33) 1.70-2.55

Note. Average Horizontal llluminance (E.), Average Vertical Illuminance (E.), Uniformity (U). Average horizontal
illuminance (Eh), measured on the street surface, and vertical illuminance (Ev), measured at 1,5 m height in the
direction participants were facing at the starting position, are reported. Uniformity (U), which was calculated
as minimum Eh / average Eh, is also reported. Horizontal (E,) and vertical illuminances (E.) are in lux and
measured with LMT Pocket-Lux meters (ILLUMINANCE METER LMT POCKET-LUX 2, n.d.). For each street,
averages across all six days, their standard deviation (SD) and range are provided. The daily measurements
reveal that inter-street differences in vertical and horizontal illuminance remained similar across the six days of
experimentation. For further details see Appendix, Figure Al.
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Table 2

Characteristics of Luminaires in Each Street

SPD
Street Luminaire type Height CCT WI
Street 1°, 2, 3 PHILIPS SGS253 SON-T 70w 8 m. 1939 589
Street 4 PHILIPS SGS253 SON-T 150W DIM 10 m. 1918 588

Note. Luminaire type and height, Correlated Colour Temperature (CCT), and dominant wavelength (WI). For
each street the luminaire type, height, Correlated Colour Temperature (CCT) and Dominant Wavelength (WI)
are reported. SPD stands for Spectral Power Distribution. Measurements were taken with a JETI specbos 1211-2
spectroradiometer (Specbos 1211-2 Broadband Spectroradiometer, n.d.). Measurements for CCT are in Kelvin
and for WI in nm. Spectral radiance measurements can be found in the Appendix, Figure A2.

A small part of Street 1 was lit by different luminaires of the type HPS100 PLL 36W, height of 4 m. These had a
CCT of 2812 K and a WI of 584 nm.

Procedure

After a short introduction to the experimental procedure, each participant was guided
from the starting point to their respective first street. Here, they received a survey and
pen attached to a clipboard worn around the neck. They completed the first page of the
questionnaire (age, gender, and familiarity with the test site) and were then asked to
wear a backpack carrying a laptop to which were attached a two-button response box
and a pair of headphones (see Figure 3).

Figure 3

Scheme of the Experimental Procedure for Each Participant

Introduction Experiment Finish
Informed consent 1 session on each of the 4 streets Debriefing
Demographics survey 1) o Payment
%‘ %’
L08 202,
o e

O

1 example session in detail

60 0[]

(Walking the street during 5-minute ATCT Fill in survey in the middle of the street Walk to the end and move to the next street
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In the first session, participants practiced 10 trials of the ATCT. They were instructed
via a pre-recorded voice message to press as fast and as accurately as possible the
leftmost green button in response to a high pitch sound, and the right most red button
in response to a low pitch sound. During these trials they would receive feedback
whether they had responded correctly, incorrectly or not fast enough. No feedback
was given during the experimental sessions. When the participant started walking, the
experimenters positioned themselves out of the participants’ view. For five minutes the
participant walked the street back and forth while following the coloured ribbons and
performing the ATCT. After five minutes, the participant was asked, using a pre-recor-
ded message, to walk to the middle of the street and to complete the remaining pages
of the questionnaire. These consisted of the Stanford Sleepiness Scale (SSS; Shahid et
al., 2012), the Activation Deactivation Adjective Checklist (ADACL; Thayer, 1986), three
items for perceived environmental safety (PES; van Rijswijk et al., 2016) and six items for
perceived lighting quality (PLQ; van Rijswijk & Haans, 2018).

When they completed the survey, they were escorted to the next street by another
experimenter. After having walked all four streets, an experimenter escorted the partici-
pant back to the meeting location, where they were thanked and reimbursed for their
participation.

Measures

Alertness and Attention

We used an auditory ATCT and derived three metrics from it: the reaction time (RT),
the coefficient of variation in RTs (CV,,), and the proportion of error responses (PE).
Incorrect responses were excluded in the analyses of RTs as response errors may indicate
that something (e.g., occasional passing car or other pedestrian) interfered with the
process under investigation (Pachella, 1974). Missed responses were excluded in the
calculation of PE. CV,; was calculated by dividing the standard deviation of the reaction
time (SD,;) by the mean reaction time across each person and street (Flehmig et al., 2007).

Although established methods such as the Psychomotor Vigilance Task (PVT; Loh
et al., 2004) are typically used for this purpose, we wanted to use a response task that
resembled most closely the method employed by Burtt (1916). For stimuli, we used
randomly presented, 500 ms long, low (220 Hz) and high (880 Hz) pitched sounds. The
two stimuli were matched in loudness (Suzuki & Takeshima, 2004). The interstimulus
interval was randomly varied between 2000 to 10000 ms, always in full thousands of
ms. The participant was asked to give the correct response to each stimulus as fast and
as accurately as possible. Participants had to respond within 2000 ms. Non-responses
were treated as missing values. The total duration of the ATCT was 5 min. The ATCT
was programmed in E-prime 3 (Psychology Software Tools, 2016) running on HP ZBook
Studio G5 Mobile Workstations, and the stimuli were presented to the participants using
Sennheiser HD 265 linear headphones. Responses were recorded using Millikey SV-2
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response boxes (Labhackers, n.d.), where pressing the green button was the correct
response for the high pitch sound, and the red button for the low pitch sound. Each
participant was presented with 40 to 52 stimuli per street. Participants failed to respond
to the stimulus in 50 (0.9%) out of 5361 trials, leaving 5311 responses for further analysis.
The total number of responses per street across all participants ranged from 1325 to 1331.

Self-Reported Sleepiness (SSS)

Sleepiness was measured with the single item SSS (Shahid et al., 2012). Participants could
answer using a 7-point response format ranging from “Feeling active and vital; alert;
wide awake” (coded with a 1) to “Almost in reverie; sleep onset soon; lost struggle to
remain awake” (coded with a 7). There were no missing responses.

Self-Reported Arousal (ADACL)

Self-reported energetic and tense arousal were measured using the ADACL (Thayer,
1986). Each type of arousal was measured with 5 items, in which a term is presented
to the participant, such as “Active” (for energetic arousal) or “Fearful” (for tense arous-
al). We added Dutch translations to the English terms (i.e., “actief”, “nerveus”, “vitaal”,
“gejaagd”, “krachtig”, “angstig”, “levendig”, “verward”, “pittig”, and “gespannen”). Partici-
pants were asked to indicate the extent to which they were feeling those terms. They
could respond using a 4-point response format ranging from “Definitely feel” (coded with
a 1) to “Definitely do not feel” (coded with a 4). All responses were reverse coded to
ensure that a higher score means more energetic and tense arousal. We averaged the
responses to each set of 5 items to calculate four scores per participant (i.e., one per
street) for both energetic and tense arousal. These aggregated scores were used in the
analysis. For energetic arousal, reliabilities (Cronbach’s o) ranged from a = .74 to .88 and
for tense arousal, reliabilities ranged from o = .87 to .93 across the four streets.

Perceived Environmental Safety (PES)

PES was measured using three items from van Rijswijk et al. (2016), for example “How
safe or unsafe do you judge this environment?”. Participants could respond using a 5-
point response format, ranging, for example, from “Very unsafe” (coded with 1) through
“Neither unsafe nor safe” (coded with 3) to “Very safe” (coded with 5). Across all items,
streets, and participants, there were 3 (0.9%) missing responses. By averaging across the
three items, four scores were calculated for each participant, each corresponding to a
street. These aggregated scores were used in the analysis. Here and in other self-report
measures, a minimum of three responses per street and per participant were deemed
sufficient to calculate a reliable aggregate score. For one person and on two streets no
such reliable PES score could be calculated as this participant did not respond to all three
items. Reliabilities ranged from o = .79 to a = .91 across the four streets.
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Perceived Lighting Quality (PLQ)

PLQ was measured using the 6 items from van Rijswijk and Haans (2018), for example
“How good or poor do you think the quality of the lighting in this nocturnal envi-
ronment is?”. Participant could respond using a 5-point response format, ranging, for
example, from “Very poor” (coded with 1) through “Neither poor nor good” (coded with
3) to “Very good” (coded with 5). These items were originally intended to measure the
perceived darkness of the environment as well as the PLQ, but as in the research by van
Rijswijk and Haans (2018), the two measures were found to correlate very highly with
r=.82 and p < .001 (using within-subject correlations; Bland & Altman, 1995). Hence,
we decided to calculate a single PLQ score across all six items. Across all items, streets,
and participants, there were 7 (1.0%) missing responses. By averaging across the six items
four scores were calculated for each participant, each corresponding to a street. These
aggregated scores were used in the analysis. Due to missing responses, no reliable PLQ
score could be calculated for one person on one street. Reliabilities ranged from a = .87 to
.91 across the four streets.

Results

Differences in Response Accuracy, Reaction Time and the
Coefficient of Variation

Overall, participants gave the correct response in 5154 (i.e., 97.0%) of the 5311 trials.
Based on a series of Shapiro-Wilk tests — one for each street — with © = .97 as the
criterion for sufficient normality, the proportion of errors was not found to be normally
distributed in any of the streets with « < .88. Using the Skillings-Mack test, we found no
statistically significant differences between the streets on PE, with SM = 1.0 and p = .800
(see Appendix, Figure A3A; for descriptive statistics, see Table 3). There were no outliers
(i.e., with standardized scores of |Z| = 4; Shiffler, 1988). Graphical summary of the results
can be seen in Figure 4.

Reaction times ranged from 203 to 1996 ms. RTs did not meet our normality criterion,
with © < .84 (for descriptive statistics, see Table 3). Therefore, we used the inverse
of the reaction times (1/RT) or speed in the remainder of the analyses. After this trans-
formation, the Shapiro-Wilk tests showed sufficient normality for all streets with
> .98. To test for differences in speed, we used a Mixed Linear Model with speed as
dependent variable, street as fixed, and person as random factor. Residuals were found to
be normally distributed with © = .99. We found a statistically significant effect of street
with Wald x2(3) = 23.9 and p < .001. Post-hoc paired comparisons revealed that people
responded, on average, faster in Street 4 (473 ms) as compared to Streets 1 (490 ms), 2
(500 ms), and 3 (492 ms), with Z > 2.93 and p =< .003 (see Appendix, Figure A3B). None
of the other paired comparisons yielded a significant difference, with |Z| < 1.80 and p =
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Table 3

Descriptive Statistics: Means (M), Medians (Mdn), and Standard Deviations (SD) per Street on the Reaction Time
(RT; in ms), Proportion of Errors (PE), Coefficient of Variation (CV,), Sleepiness, Energetic and Tense Arousal,
Perceived Environmental Safety (Env. Safety), and Perceived Lighting Quality

Street RT (ms) PE (%) CV. Sleepiness Energetic arousal Tense arousal Env.safety Lighting quality

Street 1
M 542 2.9 23.6 2.7 24 1.6 3.7 3.1
Mdn 492 2.2 23.0 3.0 2.6 1.4 4.0 3.2
SD 142 3.2 55 1.0 0.8 0.9 1.1 0.8
Street 2
M 549 2.6 243 2.6 24 1.6 3.7 2.9
Mdn 516 2.2 21.2 3.0 2.4 1.2 4.0 2.7
SD 130 2.9 6.8 0.9 0.6 0.8 0.9 0.8
Street 3
M 551 33 23.7 2.6 2.5 1.5 4.0 3.8
Mdn 533 2.3 23.5 3.0 2.6 1.4 4.0 4.0
SD 151 3.7 6.2 1.0 0.8 0.7 0.9 0.7
Street 4
M 528 3 24.8 2.8 2.4 1.5 3.7 2.8
Mdn 499 2.2 24.4 3.0 2.6 1.4 3.7 2.8
SD 138 3.5 7.4 1.1 0.8 0.7 1.0 0.8

Note. Sleepiness was measured on a scale from 1 to 7; Energetic and tense arousal were measured on a scale
from 1 to 4.; Perceived environmental safety and lighting quality were measured on a scale from 1 to 5.

.072. Removal of 27 outliers (i.e., with standardized scores of |Z| > 3; Shiffler, 1988) did not
alter the interpretation of these findings. As Street 4 was the most non-uniform of the
four streets, this finding is consistent with the findings of Burtt’s experiments on ATCT
performance (1916), and thus in support of Hypothesis 1.

With o =< .95, CV,, scores did not meet our normality criterion in any of the streets,
and hence the Skillings-Mack test was used to test for differences between streets on
sustained attention. No statistically significant differences were found with SM = 0.4 and
p (with ties) = .929 (see Appendix, Figure A3C; for descriptive statistics, see Table 3).
There were no outliers (i.e., with standardized scores of |Z| = 4).
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Figure 4

Conceptual Diagram of Relationships

Light condition
(Uniformity)

Perceived
environmental
safe

Alertness

Note. Solid arrows indicate hypothesized relationships; dashed arrows indicate tested, yet not found effects
curved lines indicate correlations with significance < .01.

Differences in Sleepiness and Energetic and Tense Arousal

Responses to the sleepiness item were found to have sufficient normality for all streets,
with @ = .98. There were no outliers (i.e., with |Z| > 3). A repeated measures ANOVA with
sleepiness as dependent variable and street as factor, showed no differences in sleepiness
between the four streets (see Appendix, Figure A4A), with F3,84) = 0.38, and p = .750
(Huynh-Feldt corrected). Graphical summary of the results can be seen in Figure 4.

Energetic arousal was not found to be normally distributed in one street, with w =
.95. There were no outliers (i.e., with either |Z| > 3 or |Z| = 4) depending on whether
normality was met (Shiffler, 1988). Using the Skillings-Mack test, we found no differences
between streets in self-reported energetic arousal (see Appendix, Figure A4B), with SM =
1.7 and p (with ties) = .580.

Tense arousal was not found to be normally distributed in any of the streets, with ®
< .83. There were no outliers (i.e., with |Z| = 4). Using the Skillings-Mack test, we found
no differences between streets in self-reported tense arousal (see Appendix, Figure A4C),
with SM = 2.7 and p (with ties) = .205. Descriptive statistics per street are reported in
Table 3.

Differences in PES and PLQ

PES was not found to have sufficient normality in three of the streets, with © > .94. There
were no outliers (i.e., with either |Z| > 3 or |Z| = 4 depending on whether normality was
met; Shiffler, 1988). Using the Skillings-Mack test, we found streets to differ in PES to
a statistically significant extent, with SM = 6.3 and p (with ties) = .033 (see Appendix,
Figure A5A). Post-hoc paired comparisons revealed that Street 3 was perceived as safer
(M = 4.02) as compared to Streets 1 (M = 3.70), 2 (M = 3.70) and 4 (M = 3.75), with SM =
2.3 and p < .040 (in support of Hypothesis 2). No other statistically significant differences
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in PES were found between the other streets, with SM < 0.6 and p = .444. Graphical
summary of the results can be seen in Figure 4.

PLQ was not found to have sufficient normality in three of the streets, with » > .94.
There were no outliers (i.e., with |Z| = 4). Using the Skillings-Mack test, we found streets
to differ in PLQ, with SM = 31.3 and p < .001. Post-hoc paired comparison revealed that
Street 3 had better PLQ evaluations (M = 3.79) as compared to Streets 1 (M = 3.07), 2 (M =
2.89) and 4 (M = 2.77), with SM = 15.2 and p < .001 (see Appendix, Figure A4B). No other
statistically significant differences in PLQ were found between the other streets, with SM
< 0.9 and p = .216. Descriptive statistics per street are reported in Table 3.

Correlations Between Variables

We estimated all pairwise correlations using the within-subject method by Bland and
Altman (1995). For this purpose, we calculated an average speed on the ATCT for each
participant and each street. We found a moderate negative correlation between energetic
arousal and sleepiness of r = -.58 (see Table 4). As expected, higher energetic arousal
was associated with less sleepiness. Tense arousal also had a negative association with
sleepiness albeit to a lesser extent with r = -.25. As expected, PLQ was positively correla-
ted with PES with a moderate correlation of r = .53. In line with our expectations, we
found a different association between PES on one hand, and energetic and tense arousal
on the other hand. Whereas, as expected, tense arousal was associated with lower ratings
of PES, with r = -.43, energetic arousal was found to be positively related to PES, with
r = .34. Correspondingly, the two dimensions of arousal showed a dissimilar association
with PLQ, with energetic arousal positively correlated, with r = .29, and tense arousal
negatively, with r = -.27. We found a positive correlation between PE and ATCT speed
(1/RT) which suggests the presence of a speed-accuracy trade-off. However, we found
only very small and statistically non-significant correlations between ATCT speed and
any of the self-report measures. Exclusion of outliers did not affect the interpretation of
these correlations. Graphical summary of the results can be seen in Figure 4.

Discussion
Findings

We managed to partially replicate Burtt’s (1916) findings about the positive effect of
non-uniform lighting on pedestrian’s alertness, indicated by their reaction speed. People
responded, on average, faster on Street 4, which had the lowest uniformity. However,
there were no differences in the accuracy of responses across the four streets. Similar
to the results of Burtt’s experiment, we also found no clear relation between lighting
uniformity and CV,,. Regarding our second hypothesis, differences on self-reports were
indeed in line with previous studies showing positive effects of illuminance levels and
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Table 4

Within-Subject Correlations: Reaction Time (1/rt), Proportion of Error Responses (PE), Coefficient of Variation
(CV.,), Tense Arousal, Energetic Arousal, Perceived Environmental Safety (Env. Safety) and Perceived Lighting
Quality

Correlation PE CV,. Sleepiness Energetic arousal Tense arousal Env.safety Lighting quality
1/RT 29" .01 -.08 .07 0.1 0.07 -0.01

PE -.09 18 -.23% -0.1 -0.01 -0.02

CV. 12 -.05 0.18 0.05 -0.02
Sleepiness .58 -.25" -.21 -15
Energetic arousal .13 .33 29**
Tense arousal -.40™** -.27"

Env. safety 52"

*p<.05."p< .01 "p<.001.

uniformity on perceived lighting quality (PLQ) and perceived environmental safety (PES)
(Boyce, 2014; Bullough et al., 2020; Fotios et al., 2019; Narendran et al., 2016; Pefia-Garcia
et al., 2015; Portnov et al., 2020). Street 3, which had the highest horizontal and vertical
illuminance values and highest uniformity, was perceived significantly safer and PLQ
was rated significantly higher than the other streets. However, Street 4, which had the
lowest uniformity, was not rated lower in perceived safety than the other streets. Hence,
we did not manage to confirm our second hypothesis.

We succeeded in finding some insights regarding our proposed research framework
(Jedon et al., 2023). The correlation between energetic arousal and Stanford Sleepiness
Scale (SSS) is in line with our expectations as the energetic dimension is presumed to
be linked with the sleep-wake cycle (Thayer, 1978; Thayer, 1986). However, SSS and
energetic arousal did not vary between streets. We found no correlations between the
ATCT and any of the other metrics. The lack of any correlation between RTs and either
SSS or energetic dimension of arousal can be considered as a confirmation of the litera-
ture about sleepiness and alertness being two different constructs and captured through
different metrics (Matthias et al., 2010; Shapiro et al., 2006). Alternatively, although RT
tasks are commonly used as a measure of alertness (e.g., PVT, Go / No-Go) they might
not be sensitive enough, or can be confounded by effort invested. This needs to be
further investigated, for example by having more extreme conditions (e.g., very dark,
very bright), a more demanding dual task (e.g., scanning the environment rather than
walking), or the addition of effort measures. Using other metrics, namely the PE and CV,
showed, although not always significant, slightly higher and more promising correlations
with the self-reports and might be therefore of further interest in future research.

We found, as expected (Boyce, 2014; Bullough et al., 2020; Fotios et al., 2019;
Narendran et al., 2016; Pefia-Garcia et al., 2015; Portnov et al., 2020), a correlation be-
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tween PES and PLQ. Next, we found correlations of both dimensions of arousal with PES
and PLQ but in different directions. The energetic dimension of arousal was positively
correlated with both PES and PLQ. The tense arousal seems to have a reverse impact;
the higher the tense arousal the lower were the ratings of PES and PLQ. Arousal is often
measured only in its intensity. Our findings suggest that Thayer’s (1978) categorization
of energetic and tense arousal can bring more insights in research on urban lighting and
pedestrian safety perceptions.

Limitations

The current study reintroduced attention towards concepts of alertness and arousal in
the domain of urban lighting via a replication of a largely overlooked study (Burtt, 1916).
It tested the sensitivity of relevant metrics in a quasi-field experiment and managed to
find effects of urban lighting conditions, potentially uniformity driven, on both perceived
safety and alertness. Moreover, promising correlates of perceived environmental safety —
energetic and tense arousal — showed opposing relationships with this outcome variable.
The study combined both subjective and objective measures and exposed participants to
real settings, instead of using proxies (e.g., photographs, videos).

One major limitation of the present study was that we, in contrast to Burtt (1916),
were not able to directly manipulate uniformity and illuminance. The streets differed
in other characteristics as well, such as the presence of greenery, construction works
or surrounding buildings. Hence, we cannot make any causal claims with respect to
the effect of lighting on alertness and PES. In addition, and as in any field experiment,
there were also momentary situational events that may have affected the results. A few
examples include fireworks, passers-by (pedestrians, bicycles and cars) or the presence of
animals. Furthermore, headlights from cars and uncontrolled lighting from surrounding
buildings could have affected the lighting conditions at the time. These spontaneous
events could not be captured in our daily measurements of lighting conditions as they
were done after finishing the experimental sessions. The occurrence of these real-life
events, however, also adds to the ecological validity of this study as all of these effects
could possibly occur in daily life. Future studies should directly manipulate the light
conditions within otherwise similar environments or otherwise attempt to measure and
control for other (not necessarily light related) street characteristics (e.g., by measuring
prospect, concealment, entrapment; van Rijswijk et al., 2016; van Rijswijk & Haans,
2018). Alternatively, one could employ day—-night time comparisons (Fotios et al., 2019).

The sample of participants was rather homogenous in the manner of their familiarity
with the site, as most of the participants were students from the university and knew
the campus. This may explain why the PES ratings of all streets were relatively high
and with little variation as familiarity with the environment is found to have a strong
impact on its perceived safety (Crosby & Hermens, 2019; Day et al., 2003; Traunmueller
et al,, 2016). Hence, the streets might not have been perceived as unsafe at all because the
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participants were familiar with the environment. If the streets would be unfamiliar to the
participants, they might consider them as more unsafe and have different requirements
from the surrounding lighting, in particular on its uniformity (Bullough et al., 2020;
Fotios et al., 2019; Kimura et al., 2014; Narendran et al., 2016; Nasar & Bokharaei, 2017;
Portnov et al., 2020). Future studies should try to use participants that are not familiar
with the environment. Another solution would be to manipulate the environmental
factors in a way to make the setting more unfamiliar and/or make them seem more
unsafe (e.g., manipulate the factors of concealment and entrapment).

Another possible confounding variable that we did not take into account, was the
walking speed of participants. Donker et al. (2011) found that lower illuminance levels
lead to increased walking speed, but Pedersen and Johansson (2018) found the opposite
relationship. However, walking could also be understood as a form of exercise. Hence,
participants’ speed could have an effect on the energetic dimension of arousal, as it
is connected with the voluntary motor activity (Thayer, 1978). Moreover, Donker et al.
(2011) proposed increased fear of the participants as an explanation for the faster walk-
ing speed under darker conditions. Walking speed could therefore be also an indicator of
perceived safety, anxiety and/or tense arousal.

Last, the current field study does not allow us to attribute effects on alertness or safe-
ty perceptions to either visual or non-visual pathways. In fact, both may well play a part:
for instance, alertness may be enhanced by visually perceived external cues (Matthias et
al., 2010) as well as by non-visual pathways (Cajochen, 2007; Lok et al., 2018; Xu & Lang,
2018). As acknowledged earlier, our study does not even allow to conclusively attribute
effects to lighting parameters per se. If, in future studies one would like to disentangle
the underlying visual and non-visual mechanisms, one may have to make use of meta-
meric light conditions. Such however, was not the goal of the present study. Our main
aim was to explore and test, for the first time, methods and measurement instruments
for disentangling the relationships between safety perceptions, anxiety, alertness, and
arousal.

Conclusion

To uncover what pedestrians’ needs are in respect to urban lighting, we suggest a shift
of research perspective from a primary (or even singular) focus on visual performance
tasks towards studying also psychophysiological concepts, such as alertness, arousal and
anxiety. Our results show that these psychophysiological concepts, mainly energetic and
tense arousal, are relevant when studying safety perceptions. However, more controlled
experiments are needed to ascertain whether results such as ours were affected by
lighting conditions or other environmental characteristics. Likewise, further research
is needed to understand how exactly alertness, arousal and anxiety interrelate in the
manifestation of the experience of safety.
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Our findings about the impact of non-uniform lighting, its positive effect on the
speed of responses without a negative effect on perceived safety, could be important
for the discussion on minimizing the unfavourable effects of urban lighting. Positive
effects of non-uniform urban lighting could be also welcomed by architects and lighting
designers as these are more encouraging for creative and artistic lighting (Boyce, 2014;
International Association of Lighting Designers, 2012; Jedon et al., 2022). However, due
to the lack of experimental control and other confounds typical for field experiments we
should not draw firm conclusions and should not attribute any effects found solely to the
uniformity of urban lighting. It is impossible to make claims on the causal relationship
between lighting characteristics, including uniformity, and RTs, in a quasi-experimental
field study. Therefore, better controlled research is needed on uniformity of lighting.
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Appendix
Figure A1

Hluminance Measurement Area (Black Line) Displayed Around a Footpath (Grey)
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Note. Black dots represent the measurement grid for the extensive illuminance measurements. For each street
section there were always 3 measurement points perpendicular to the walking direction, with distance W = 1.67
m. Distance L depended on the distance between the two lampposts (open circles). There were at least 10
measurement points parallel to the footpath with max. L = 1.0 m. Black squares show the three measurement
points for the daily measurements.

The extensive measurements (see Table 1) were obtained on the night before the first experimental
trial. Horizontal and vertical illuminance was measured in each point of — depending on the
distance between the poles — a 3 by 10 or a 3 by 14 measurement grid as recommended in
European road lighting standards (CEN, 2016). The measurement area that was representative for
that particular street and its length was determined by the distance between two consecutive lamp
posts and varied between 30.0 to 40.6.

Daily measurements were taken every day of the experiment using three measurement points
(black squares). To keep measurements comparable across street sections, the width of the meas-
urement area was the same for all street sections: 5 m. This was based on the width of the road
of Section 3, where the walking path was most constrained due to the construction works. The
daily measurements for Eh and EV were calculated by taking the weighted average of the three
measurements giving 0.5 weight to the two outermost measurements and a weight of 1 to the
middle one (van Bommel, 2015).
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Figure A2

Spectral Radiance Measurements of Luminaires for Street Sections 1, 2 and 3 (Panel A), for Street Section 4 (B) and
Small Part of Street Section 1 Lit by Different Luminaires (C)
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Figure A3

Violin Plot for Proportion of Error Responses (PE; Panel A), Marginal Estimated Mean Speed and 95% CI (B) and
Violin Plot for Coefficient of Variation (CVrt; C) for Each Street
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Figure A4

Violin Plots for Subjective Sleepiness (SSS; Panel A), Energetic (B) and Tense Arousal (C) for Each Street Section
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Figure A5

Violin Plots for Perceived Environmental Safety (Panel A) and Perceived Quality of Lighting (B) for Each Street
Section
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